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Preface to “Left Versus Right Asymmetries of Brain
and Behaviour”

Asymmetry of the brain and of behaviour is a characteristic of a wide range of vertebrate species,
as shown by an increasing number of studies testing animals in the laboratory and in the natural
environment. Some asymmetries of behaviour have also been found in invertebrate species. Given
its ubiquity, lateralization must confer an advantage for survival, despite the apparent disadvantages
of side biases in perception and response. A disadvantage of lateralized responding is evidenced
by the fact that many species are more likely to respond to a predator when it is seen on their left
side and to their prey when it is seen on their right side. How do different species deal with these
asymmetries? The topics covered in this book address this question and report further evidence
of lateralized brain and behaviour in non-human species. In addition, the brain function involved
in lateralized processing and control of response is discussed, and also the relationship between
lateralized behaviour and animal welfare.

The paper by Frasnelli and Vallortigara addresses the question of why the majority of individuals
in a population are lateralized in the same direction (population-level lateralization). They show
that, although the cognitive advantage of having a lateralized brain places no constraints on the
direction of lateralization, population-level lateralization develops as an evolutionary stable strategy
when lateralized organisms must co-ordinate their behaviour with other lateralized organisms. This
explains why population-level lateralization is a characteristic of social species. In this paper, the
authors affirm that population-level asymmetry is also an advantage in so-called “solitary” species
when individuals have to interact, as in aggressive and mating behaviour. They clarify an important
point about inter-individual interaction and the evolution of lateralization as an evolutionary stable
strategy:.

The paper by Boeving and Nelson considers the link between social and affiliative behaviour
from another perspective; by relating research showing that lateralization influences social structure
in spider monkeys. Previous research had shown that social affiliative behaviour—embrace and
face-embrace—in spider monkeys is left-side biased. In this paper, the authors apply social network
analysis and find that laterality of affiliative behaviour influences social structure. Network patterns
that are left-lateralized for affiliative behaviour are more cohesive than those that are right lateralized.

The paper by Uver, Xiao and Giintiirkiin reports research on the mechanism by which the brain
deals with the conflicting responses elicited by each hemisphere’s differing reaction to the same
stimulus. In short, they reveal how one hemisphere achieves dominance (meta-control) over the
other. Experiments addressing this issue involved sectioning the anterior commissure of pigeons,
the largest commissure connecting the left and right sides of the avian brain. The results showed
that meta-control is modified by interhemispheric transmission via this commissure, although it does
not seem to depend entirely on it. The results suggest that the two hemispheres compete to take
control of a particular behaviour and they do so on the basis of their processing speed. Since the
hemisphere specialised to respond to a particular stimulus processes information faster than the other
hemisphere, it takes control of the response.

From early research on lateralization of song production in the zebra finch, there has been
speculation about the possibility that lateralization in this species differs from the general pattern
found in other avian species and generally in vertebrates. The chapter by Rogers, Koboroff and
Kaplan discusses more recent evidence refuting this idea and reports experimental evidence showing



that population-level lateralization is present in preferred-eye use by zebra finches when they view
a predator. Since zebra finches often alternate looking with the monocular field of one eye and then
the other eye, a new method had to be developed in order to score eye preferences. The experiments
showed that the birds have a significant preference to view a monitor lizard with their left-eye (using
their right hemisphere). This result is discussed together with evidence of other asymmetries in zebra
finches, for visual searching and courtship behaviour and for processing, producing and learning of
song. The authors conclude that, contrary to earlier suggestions, the zebra finch brain is lateralized

with the same pattern as that of that found in other vertebrate species.

Hausberger and colleagues consider lateralization of auditory processing. Auditory stimuli of
differing salience (e.g., familiar versus novel sounds) were presented to Campbell’s monkeys and
only novel sounds elicited laterality. The monkeys had a significant right-hemisphere preference
to attend to novel sounds but no preference to attend to familiar sounds. The authors also
considered auditory lateralization in starlings. In starlings, the right hemisphere was found to process
sounds of individual identity, whereas the left hemisphere was more involved in processing socially
meaningless stimuli. The authors suggest an attention-based explanation to reconcile the different

hypotheses about right-hemisphere specialisation.

Although many behavioural responses have a directional bias within the population, some types
of laterality occur with equal numbers of left and right biased individuals in the population. Laterality
in scale-eating cichlid fishes is such an example, discussed in the chapter by Hori and colleagues.
These fish have asymmetry of the body, in the direction of the mouth opening either to the left or right
side. The distribution of laterality within a population is bimodal (anti-symmetry). The authors have
investigated the relationship between behavioural laterality and morphological asymmetry in two
species studied over three decades. They found that the dimorphism is maintained dynamically with
a cycle of four years oscillating between more left and more right individuals. This cycling is caused
by frequency-dependent selection (the minority type having an advantage) between predator and
prey species. Since both predator and prey fish are lateralized, the authors examine cross-predation

versus parallel-predation in terms of the physical and sensory abilities of fishes.

The development of lateralization in Port Jackson sharks is dependent on temperature of the
sea, as Pouca et al. report. They found that, under water temperatures predicted for the end of
the century, development of sharks is affected, as seen by measuring preferences of direction taken
during a detour test. Sharks incubated at the higher temperature had stronger lateralization (biased
to detour to the right) than did sharks incubated at current sea temperature. The authors suggest that
this change in lateralization might be a way by which the species could cope with deleterious effects

of climate change.

Two papers deal with different aspects of laterality in dogs and its relationship to behaviour and
welfare. The paper by Siniscalchi and colleagues reports on turning behaviour in sheepdogs. The
dogs showed significantly more aggressive behaviour toward the sheep when they were circling
the herd in an anticlockwise direction and so could see the sheep in their left visual field and
process the information in their right hemisphere. Dominance of the right hemisphere in aggressive
behaviour has been found also in a number of other vertebrate species. As the authors say, this
relationship between motor lateralization and aggressive behaviour has practical implications for
training sheepdogs.

The paper by Wells and colleagues relates laterality to the welfare of dogs. The subjects were
rescued dogs and they were tested during the first week after they had been placed in a rescue shelter.



Paw preference measured in a food-retrieval task was linked to stress-related behaviour. The results
showed that stronger left-paw preference was associated with higher stress-related behaviour, such
as frequent change of state, vocalisations and lower body posture. This finding is in keeping with
other findings of the association between left-limb preference and vulnerability to stress. The authors
suggest that testing paw preference may be a useful tool for detecting different coping strategies in
dogs entering a kennel environment and for targeting individuals at risk of experiencing reduced

welfare.

Lesley J. Rogers
Special Issue Editor
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Abstract: Lateralization, i.e., the different functional roles played by the left and right sides of
the brain, is expressed in two main ways: (1) in single individuals, regardless of a common
direction (bias) in the population (also known as individual-level lateralization); or (2) in single
individuals and in the same direction in most of them, so that the population is biased (also known
as population-level lateralization). Indeed, lateralization often occurs at the population-level, with
60-90% of individuals showing the same direction (right or left) of bias, depending on species and
tasks. It is usually maintained that lateralization can increase the brain’s efficiency. However, this may
explain individual-level lateralization, but not population-level lateralization, because individual
brain efficiency is unrelated to the direction of the asymmetry in other individuals. From a theoretical
point of view, a possible explanation for population-level lateralization is that it may reflect an
evolutionarily stable strategy (ESS) that can develop when individually asymmetrical organisms
are under specific selective pressures to coordinate their behavior with that of other asymmetrical
organisms. This prediction has sometimes been misunderstood as it is equated with the idea that
population-level lateralization should only be present in social species. However, population-level
asymmetries have been observed in aggressive and mating displays in so-called “solitary” insects,
suggesting that engagement in specific inter-individual interactions rather than “sociality” per se may
promote population-level lateralization. Here, we clarify that the nature of inter-individual interaction
can generate evolutionarily stable strategies of lateralization at the individual- or population-level,
depending on ecological contexts, showing that individual-level and population-level lateralization
should be considered as two aspects of the same continuum.

Keywords: lateralization; individual-level; population-level; evolution; ESS; social interactions

1. Introduction

Lateralization, defined as the different specialization of function of the left and right sides of the
nervous system, is a widespread phenomenon in the animal kingdom. In the last three decades, many
studies have provided evidence that many animal species, from the evolutionarily closest to the most
evolutionarily distant from humans, show asymmetrical biases in behavior [1]. Examples range from
the asymmetrical use of limbs to handle objects or perform motor activities (for a review, see [2]) to
the asymmetrical use of sensory pair organs, such as eyes, nostrils, ears, and antennae to detect a
specific stimulus, such as a potential predator; from motor biases in escape directions or navigation
to the asymmetrical processes involving learning and memory and the processing of emotions [3,4].
All this evidence of brain and behavioral asymmetries in vertebrates [1], together with some in
invertebrates [5,6], suggests that having an asymmetrical brain must confer advantages to complex
brains, as well as to “simpler” ones.

Symmetry 2018, 10, 739; doi:10.3390/sym10120739 1 www.mdpi.com/journal /symmetry
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Lateralization varies in strength (an individual may be less or more strongly lateralized) and
direction (left or right) among individuals of the same species, of different species, and also depending
on the task considered. Moreover, it can be present at the individual- or population-level (when most
individuals within the population show the same direction of bias). Population-level lateralization
has been explained as a consequence of selective social pressures that have pushed individuals to
coordinate with each other and align their biases in the same direction [7]. In this paper, we discuss the
advantages and disadvantages connected with having a (less or more) strong lateralized brain and the
complexity of this fascinating phenomenon, while claiming that individual-level and population-level
lateralization should be interpreted as two aspects of the same continuum.

2. Advantages of Having an Asymmetrical Brain (at the Individual Level)

Having an asymmetrical brain provides several advantages (see, for an extensive discussion, [7-9]).
If the left and right sides of the brain perform different functions, it is possible to save energetic
resources in cognitive tasks. Indeed, lateralization avoids the duplication of functions in the two
hemispheres (otherwise, animals should probably have a brain double the size). Another big advantage
related to lateralization consists of the possibility to separately and simultaneously process external
stimuli, increasing the efficiency of the cerebral capacity. This is particularly easy to observe in animals
with laterally placed eyes, such as birds, which mainly have monocular vision when using their lateral
visual fields, i.e., they use their right and their left eye separately. More precisely, in birds, the lateral
part of the right retina only communicates with the left hemisphere and vice versa. Because of this
peculiarity, species such as the domestic chick Gallus gallus have been widely studied to assess the
preferential use of the left and right side of the brain in specific tasks [10,11]. Chicks are better at
discriminating grains of food from pebbles randomly mixed on the ground when they use their right
eye (and thus their left hemisphere as, in vertebrates, the left hemisphere controls the right part of the
body and vice versa; [12] see also for quails [13]). At the same time, chicks are better at detecting the
presence of a potential predator when this appears in their left visual hemi-field (and it is perceived by
their left eye and thus by the right hemisphere; [12]). Because of this functional specialization, chicks
can feed from the ground using their right eye and, simultaneously, they can keep their left eye ready
to respond to and protect themselves from potential predators [14].

Furthermore, when one hemisphere controls a specific behavior (for example, detecting potential
predators), it is not competing with the other hemisphere to take control of that specific behavior.
This leads to a more rapid and efficient response. Cerebral lateralization is indeed linked to better
cognitive performances. Some studies have shown that more strongly lateralized individuals are more
successful in some cognitive tasks compared to weakly lateralized conspecifics. In fact, behavioral
asymmetries may vary not only in direction, but also in strength, among different individuals of the
same species: some individuals can be more or less left-biased, others right-biased, and yet others
unbiased. This is the case, for example, for chimpanzees, when fishing for termites using a stick:
individuals with a strong preference to consistently use one hand (regardless of whether it is the left
or the right one) are more efficient than individuals that do not have any preference to use one or
the other hand [15]. Children with consistent early hand preferences exhibit advanced patterns of
cognitive development compared to children who develop a hand preference later, although this could
be a matter of synchronized development [16]. Strongly lateralized parrots showing a significant foot
and eye preference are better at solving novel problems, such as a pebble-seed discrimination test and
a string-pull problem, than less strongly lateralized parrots [17]. In domestic chicks (Gallus gallus), a
right-eye superiority has been documented in inhibiting pecks at pebbles while searching for grain
and this ability is impaired when lateralization is not present [14,18]. Similarly, pigeons (Columba livia
domestica) with the strongest eye lateralization in discriminating grains from pebbles are the most
successful in selecting grains when tested binocularly, suggesting that stronger lateralization increases
the efficiency of a performance [19].
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Surprisingly, insects also seem to have a preference for using one limb. Locusts crossing a gap
have been shown to preferentially use the left or the right leg in this task [20]. Different individuals
showed different biases not only in the direction (left or right), but also in the strength of the bias.
However, as in chimpanzees [15], the individuals with a strong preference were those that made fewer
mistakes in the task and thus were most successful [21]. This suggests that in this specific context,
stronger lateralization confers a benefit in terms of improved motor control. Strong lateralization also
seems to influence learning ability, as shown in larval antlions (Myrmeleon bore), with strong lateralized
righting behavior being better at associating a vibrational cue with prey removal [22].

Not only behavioral asymmetries may vary in direction and strength among different individuals
of the same species; biases can also change, depending on the task that an animal is performing
(e.g., handedness in marmosets, [23]). This indicates that lateralization is a complex phenomenon that
varies at the species, group, and individual level, bringing us to the question of what are the advantages
of having individuals with different biases in the population. Individuals with a strong lateralization
seem to have an advantage in terms of improved motor control [15,21] or problem solving [14,17-19].
However, in strongly lateralized fish, a consistent lateral bias to turn in one direction reduces their
ability to orient in a maze [24]. This makes the scenario more complex and opens further questions
about the optimal degree (and direction) of bias that an individual should have, depending on the task
and functional context.

In sage grouse (Centrocercus urophasianus), successfully mating males are in general more strongly
lateralized in courtship behavior than non-mating males, but this depends on the behavior of the
male and the social environment in which he is acting [25]. Larger male fallow deer (Dama dama)
display a greater tendency to show a right-sided bias when terminating the parallel walk during
fights and they terminate parallel walks sooner than smaller individuals, suggesting that lateralization
provides a mechanism by which contestants can resolve contests at a low cost [26]. Accordingly, in
dyadic contests, domestic pigs (Sus scrofa) with strong lateralization in the orientation towards their
opponent (regardless of the direction) have a shorter contest duration than conspecifics with a weak
bias. However, although lateralization seems to play a role in conflict resolution, it does not influence
fighting success, as winners and losers showed a similar strength and direction of bias [27]. Less
lateralized wild elk (Cervus canadensis) for front-limb biases (i.e., handedness) respond more intensely
to aversive stimuli (predator-resembling chases by humans), but the same animals are also more
inclined to reduce their flight responses (i.e., habituate) to human approaches when the latter are
benign [28]. On the other hand, more lateralized elks are bolder and more likely to move around,
whereas less lateralized animals tend to remain near humans year-round [28].

Substantial individual variation in the strength of cerebral lateralization may be associated with
individual variation in behaviour. For example, non-lateralized domestic chicks emitted more distress
calls and took longer to resume pecking at food after exposure to a simulated predator than lateralized
chicks [29]. Strongly lateralized convict cichlids (Amatitlania nigrofasciata) are quicker to emerge from a
refuge indicative of boldness [30]. The degree of laterality seems to be positively correlated with stress
reactivity in Port Jackson sharks (Heterodontus portusjacksoni) [31].

Recently, Whiteside and colleagues [32] showed that pheasants with a strong foot preference in
motor tasks were more likely to die earlier in natural conditions than conspecifics with a mild foot
preference. This study is the first trying to link lateralization with fitness in terms of survival and seems
to suggest that the degree of lateralization does not linearly associate with benefits and that there is an
optimum degree of laterality for pheasants in order to get the highest fitness (i.e., survival). Indeed, as
stated by Rogers, Vallortigara and Andrew [1], arguing for computational advantages associated with
the possession of an asymmetrical brain is not the same as arguing that the more asymmetric a brain,
the more computationally-efficient it will be. In humans, there is a clear inverted U-shape curve in
the relationship between degree of laterality and performance in word matching and face decision
tasks [33], suggesting that a moderately asymmetrical brain would provide the greatest advantage.
Finally, the relationship between lateralization and performance is task dependent [34]; therefore, a
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degree of laterality that may benefit one task may not benefit another. Survival requires an individual
to detect predators, discriminate and handle food, cope with disease, navigate a complex environment,
and learn strategies and much research on proxy measures of fitness looks at single factors, often in
highly controlled environments.

3. Population-Level Lateralization as an Evolutionarily Stable Strategy (ESS)

Lateralization presents an intriguing aspect: it is often present at the population-level
(i.e., directional asymmetry, where more than 50% of individuals within a population show the same
direction of bias, such as handedness in humans, where about 90% of people are right-handed; [35]).
If lateralization confers several advantages to the single individual in terms of brain efficiency, this
cannot explain the alignment of the bias in the population.

The first evidence for a role of social behavior in population-level lateralization was provided by
Rogers and Workman [36], who showed that more strongly lateralized chicks acquire a higher position
in the social hierarchy than less lateralized chicks. Subsequently, Vallortigara and Rogers [7] reviewed
the overall evidence and argued for a role of social interaction in the evolution of population-level
brain asymmetry. The hypothesis was supported by a theoretical model developed by Ghirlanda
and Vallortigara ([37]; see also [38]) showing that, in the context of prey-predator interactions,
population-level lateralization can develop as an evolutionarily stable strategy (ESS) when individually
asymmetrical organisms must coordinate their right-left behavioral patterns with those of other
asymmetrical organisms. As a lateralized brain leads to behavioral biases when escaping from
predators (e.g., [39]), the model considered the fitness consequences that the lateralization of one prey
has when it interacts with other group-living prey subject to predation. The model assumed that the
fitness was influenced by two contrasting selection pressures: (1) the benefit of being lateralized in
the direction of the majority as a consequence of the “dilution effect” (i.e., prey in large groups have a
lesser risk of being targeted by predators; [40]); and (2) the cost of being lateralized in the direction of
the majority as a consequence of predators learning to anticipate prey escape strategies. In this second
case, individuals who escape in a different direction from the majority have a benefit as they can
surprise predators and survive more often. By varying the contribution of these costs and benefits, the
model showed that population-level lateralization emerges as an ESS when neither of the two selection
pressures is much stronger than the other. Thus, the successful strategy of group-living prey is to
have a majority of individuals gaining protection from the group and escaping in the same direction
when facing a predator and a minority of them being able to surprise the predator by escaping in
the opposite direction. Empirical support for this hypothesis comes from fish schools, where animals
showing the same turning bias as the majority of the group have an improved escape performance
than fish at odds with the group [41].

A few years later, the mathematical model by Ghirlanda and Vallortigara [37] was extended
by considering intraspecific interactions instead of interspecific prey-predator interactions [42].
Specifically, the new model considered the selective pressures of synergistic (cooperative) and
antagonistic (competitive) interactions on individuals being lateralized in the same or opposite
direction within the same species. It assumed that individuals lateralized in the same direction
have a benefit in engaging in synergistic interactions as they can, for example, efficiently use the same
tools or coordinate better. On the other side, individuals lateralized in the direction different from that
of the majority have an advantage when engaging in antagonistic interactions for the same reason as
in the previous model: they can surprise the opponent by adopting a strategy to which opponents
are less accustomed. Empirical support for this assumption comes from the success of left-handers
(i.e., lateralized in the opposite direction compared to the majority) in competitive sports such as
fencing, boxing, and tennis (e.g., [43]; see also [44]). The ESS model for intraspecific interactions [42]
showed that when the pressure of synergistic interactions becomes more and more important compared
to that of antagonistic interactions, individually asymmetric organisms must interact with conspecifics
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and coordinate their activities and, consequently, asymmetry aligns in the majority of individuals in a
population (i.e., directional or population-level asymmetry).

In order to provide empirical evidence for this prediction, the relationship between the level
of lateralization and the presence of social behaviors was investigated using different species of
bees as a model system (summarized in [45]; see also [46]). A series of experiments provided
striking evidence that the alignment of lateralization within the population may be a consequence
of social interactions frequently encountered during the course of evolution [47-49]. In fact, eusocial
honeybees Apis mellifera [47], three species of primitively social Australian stingless bees [48], and
annual social bumblebees Bombus terrestris [49], but not the solitary bees Osmia rufa [47], were found to
be asymmetrical at the population-level for the use of the left and right antennae in recalling olfactory
memories. However, all these studies investigated the use of a preferred antenna in recalling a learnt
memory of an association between an odor and a food reward, and not really social interactions.

The first evidence of the role of antennal asymmetries in social interactions was shown in highly
social ants Formica rufa [50]. By looking at “feeding” contacts where a “donor” ant exchanges food with
a “receiver” ant through trophallaxis, the researchers [50] observed population-level asymmetry, with
the “receiver” ant using the right antenna more frequently than the left antenna. The role of antennal
asymmetries has also been investigated by observing the behavior of different dyads of honeybees
with only the left, only the right, or both antennae in use, and belonging to the same or different
hives [51]. In bees belonging to the same hive, dyads having only the right antenna in use took less
time to get in contact and interacted more positively then dyads with only the left antennae, which
instead interacted more aggressively than the other two groups. Interestingly, for bees belonging to
different hives, dyads with only the right antenna in use displayed more aggressive interactions than
bees with only the left or both antennae [51]. This suggests that the right antenna seems to control
the correct behavioral response, depending on the social context, i.e., positive interactions between
individuals of the same colony and negative interactions between individuals belonging to different
colonies. A similar pattern of behavior between individuals of the same colony has been found in
primitively social stingless bees Trigona carbonaria, where the right antenna stimulates positive contact
and the left stimulates avoidance or attack [52].

Advantages of the population-level lateral bias have also been documented in the preference for
keeping the mother on the left side in several terrestrial and aquatic mammal infants, supporting the
idea of the role that lateralization plays in social interaction [53].

4. Individual- or Population-Level Lateralization as an ESS

Only recently, however, our research provided surprising findings: not only social species, but
also so-called “non-social” species, of insects show asymmetries at the population-level when their
limited interactions with others individuals are considered. This is the case for Osmia rufa, a species
that does not show behavioral asymmetry in the recall of short-term olfactory memory [47], but shows
population-level lateralization in aggressive displays [54], similarly to eusocial honeybees [51] and
social stingless bees T. carbonaria [52]. Clearly, being engaged in interactions with other individuals,
rather than the way in which the species nests (socially or not), may affect lateralization.

In honeybees, so far, all the identified biases occur at the population-level: in the use of the right
visual pathway to learn visual stimuli [55], in the different use of the antennae in learning and recall
of olfactory memories [56-58], and in context-dependent social interactions with conspecifics [51].
A recent study, however, suggests that honeybees tested in a tunnel with gaps of different apertures to
the right and left sides, do not show population-level lateralization [59]. In this task, some individuals
showed a bias to the right, some others a bias to the left, and yet others no bias. This may indicate
that behavioral biases in bees vary in strength and direction, depending on whether the task requires
coordination among individuals. Note, however, that very few bees showed individual bias in this
task, and thus it is not clear whether individual lateralization was observed. Another example may be
provided by foragers of F. pratensis ants, a species which does not use trail pheromones, moves more
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often to the left side than to the right whilst walking towards the nest, and does not show any bias
when leaving the nest [60]. Moreover, it is still not clear to what extent the alignment occurs. Red wood
ants Formica rufa belonging to different colonies show population-level biases in different directions
when tested for forelimb preference during a gap crossing task, suggesting that social pressures act to
coordinate individuals within the same colony and not necessarily at the species-level [61].

The different types of social interaction can generate evolutionarily stable strategies of
lateralization at the individual- or population-level, depending on ecological contexts. Indeed, as
we showed, population-level asymmetries have been observed in aggressive and mating displays in
so-called “solitary” insects (e.g., tephrid flies, [62]; mason bees, [54]), suggesting that engagement in
specific inter-individual interactions rather than “sociality” in general may generate population-level
lateralization. This implies that lateralization is not necessarily a static feature of the neural
organization, but is modulated by the functional context. For example, the nematode C. elegans exhibits
a pronounced motor bias: males show a right-turning population-bias during mating. Interestingly,
this motor bias is also observed in nematodes with mirror-reversed anatomical asymmetry, perhaps
driven by epigenetic factors rather than by genetic variation [63].

The hypothesis that lateralization arises as an ESS is general and thus can predict either
population- or individual-level lateralization, depending on the type of interactive behavior considered
(e.g., cooperative or competitive) and ecological context. Although the advantage of being aligned
in the same direction is clear in cooperative behavior, it is not in aggressive interactions. Indeed, it
may be more advantageous for an aggressive display to not be directional, since population-level bias
would also mean predictability [7]. For example, if an individual attacks another individual, it would
be more convenient for it to be unpredictable. As a consequence, although each individual would have
an (individual-level) bias, there will be 50:50 right:left-biased individuals in the population. This is
the case for some predators, such as sailfish, which are lateralized at the individual-level in attacking
schooling sardines on one side (and the stronger they are lateralized, the more successful they are at
capturing their prey), but that overall, do not show a population-level bias [64]. However, if we think
specifically about aggressive displays (and not the interactions), the alignment within the population
may be linked to the need of an individual to position itself in a congruent way from a postural /motor
point of view, as happens in mating (for a review, see [65]).

If being aligned in the same direction may help individuals to better coordinate with each other
in specific tasks that require coordination between two or more individuals, being more or less biased
in opposite directions may also have a potential benefit in other tasks where it is important to make
best use of the available resources. This is something that future studies should address.

5. Conclusions

The ESS remains the single most powerful and widespread evolutionary hypothesis to explain
lateralization. The ESS theoretical models [37,42] are well-supported by the new data showing
population-level lateralization in interactions in the so-called “solitary” insects [54] and individual-level
lateralization in social insects for tasks not requiring coordination [59], as the models predict that when
social pressures become higher, population-level lateralization arises.

It is important, however, in order to avoid misunderstanding of the theory, to distinguish the
claims of the ESS theory as an evolutionary hypothesis (i.e., in terms of natural history) and the claims
concerning current living organisms. In terms of natural history, the ESS model hypothesizes that
individual-level lateralization emerged first (because of the computational advantages associated with
the individual possession of a slight asymmetry between the two halves of the brain) and that an
alignment in the direction of the asymmetries evolved subsequently as a result of the interactions
between individually-asymmetric organisms. For current-living organisms, any neat distinction
between social and non-social species is obviously meaningless because definitions attain to the formal
convention of specific disciplines. In entomology, honeybees are social and mason bees are solitary.
But of course, this does not mean that mason bees do not interact with conspecifics. Thus, for the
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EES theory, the crucial issue is not the abstract definition of a species as social or not social, but
rather whether a specific lateralized behavior entails constraints associated with the presence of other
individuals performing the same lateralized behavior.

Importantly, the theory does not predict in a simplistic way that all living species that are
not “social” should be lateralized at the individual level and that those that are “social” should be
lateralized at the population level. What is important is the presence of inter-individual interactions in
which the asymmetry of the individuals influences that of others (e.g., aggressive interactions in mason
bees, [54]). In other words, a major prediction of ESS theory is that alignment in lateralization should be
expected whenever asymmetric individuals exhibit a benefit from coordination with other asymmetric
individuals which is higher than the cost associated with the predictability of their individual behavior.
Vice versa, the lack of alignment in lateralization should be expected whenever costs associated with
the predictability of individual behavior overcome the benefit of coordinating the behavior among
different asymmetric individuals. This is a testable hypothesis that holds true, irrespective of whether
individuals of a species are conventionally defined as “social” or “solitary”.

For the ESS theory, individual-level and population-level lateralization are the two sides of the
same coin or, even better, of the same continuum: the stability (i.e., an ESS) can be obtained with
an individual-level or population-level asymmetry, depending on the context. In other words, the
theory does not predict that social species need to be lateralized at the population-level, but rather
that individual-level or population-level lateralization emerges as an ESS. Indeed, as discussed above,
there may be cases in which, within the group, it is stable to be asymmetrical at the individual level

(e.g., [64]).
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Abstract: Reports of lateralized behavior are widespread, although the majority of findings have
focused on the visual or motor domains. Less is known about laterality with regards to the social
domain. We previously observed a left-side bias in two social affiliative behaviors—embrace and
face-embrace—in captive Colombian spider monkeys (Ateles fusciceps rufiventris). Here we applied
social network analysis to laterality for the first time. Our findings suggest that laterality influences
social structure in spider monkeys with structural differences between networks based on direction
of behavioral bias and social interaction type. We attribute these network differences to a graded
spectrum of social risk comprised of three dimensions.

Keywords: social networks; laterality; social behavior; spider monkey; risk; social interaction

1. Introduction

Reports of lateralized behavior are widespread, particularly in the visual and motor domains [1,2].
Decades of research have led to the general consensus that behavioral lateralization is subserved by
asymmetric brain function. These brain-behavior asymmetries may serve to streamline neurobiological
processes, thereby increasing behavioral efficiency in unpredictable or arousing situations, such as
social interactions [3,4]. Thus, laterality may be particularly advantageous in gregarious species such
as primates.

In a recent synthesis of prior research, Rogers and Vallortigara [1] linked left biases in social
behavior to the right hemisphere as a general pattern of lateralization in vertebrates. However, we later
showed that not all social behaviors are associated with this pattern of laterality [5]. Specifically,
we found that two variations of embracing, but not grooming, were lateralized in Colombian spider
monkeys. We argued that the differences in lateralization in social affiliative behaviors were due to the
social dynamic in which these behaviors occurred, with grooming considered a low-stakes routine state
while embraces were high-stakes risky events. In this study, we focused on assessing the behavioral
patterns among individuals within a group, and did not take into account the relational patterns of
the group as a whole (e.g., interaction history). While consistent with other laterality investigators,
this reductionist approach does not capture the true dynamics of a social system, begging the question:
does laterality influence social structure?

Spider monkeys are one of a handful of primates living in fission-fusion [6], a social dynamic
defined by separations and reunions. Embraces are a contact greeting gesture that occur at the
time of reunions in spider monkeys [7]. In the standard embrace, the hands are wrapped around
the body and the face is placed along the trunk [7,8]. A variation is the face-embrace, in which
faces touch [5]. Fission-fusion is characterized by marked unpredictability and low social cohesion
compared with species that have a known stable hierarchy, cohesive social groups, and low variability
in interactive exchanges [9,10]. With these differences in mind, social interactions within species
living in fission-fusion may consist of a level of risk unlike that experienced in other social dynamics,
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and laterality may play a role in negotiating this risk [2]. In general, social behavior in fission-fusion
species is remarkably multi-dimensional, and can be difficult to tease apart.

One method for teasing apart complex social systems is social network analysis [11], a concept
with roots in the mathematical field of graph theory. Social network analysis is a tool used to compute
and visualize structural relationships in relational data. There is a long history of applying network
analysis in the study of sociality in primates (for a review, see [12]) and other species [13]. Yet social
network analysis has never been applied in the area of behavioral laterality. Network analysis alone has
the unique ability to characterize and mathematically represent global inter-connected elements [14].
Within behavioral laterality, network level information may provide a more sophisticated method
to examine topological patterns that represent potential advantages of laterality for behavior, and to
accurately depict the multi-dimensional nature of social interaction.

As our primary objective, we leveraged social network analysis in the dataset reported by
Boeving, Belnap and Nelson [5] to examine whether similarly lateralized behaviors (i.e., embrace and
face-embrace) also have similar network structures, and we predicted that these networks would
not differ. In our secondary objective, we examined social networks based on direction of laterality
(i.e., left or right) regardless of behavior type by pooling embrace and face-embrace into an affiliative
category. We hypothesized that laterality would influence network structure, and we predicted that
global left and right affiliative networks would diverge. Finally, we examined the influence of both
direction of laterality and behavior type on social network structure by creating four sub-networks of
left embrace, left face-embrace, right embrace, and right face-embrace. We hypothesized that laterality,
but not behavior type, would alter network structure. We predicted that the left sub-networks
would differ from the right sub-networks, but that sub-networks within a behavior (i.e., embrace or
face-embrace) would not differ.

2. Materials and Methods

2.1. Social Network Construction from Live Coded Behavior

We constructed social networks from live coded behavioral observations of 15 captive Colombian
spider monkeys (Ateles fusciceps rufiventris). Portions of these data were previously reported in Boeving,
Belnap and Nelson [5]. To briefly summarize, 186 h of data were captured between May and August
2015 using the Animal Behaviour Pro mobile iOS application on apple iPod 5th generation [15].
The application was programmed with information about the individual monkeys to capture initiators
and receivers of embrace and face-embrace with the modifier set as side (i.e., left or right positioning).
Left or right was recorded with reference to the positioning of the faces regardless of whether there
was contact or not. Directionality was not determined by any positioning of the limbs. Data were
collected using the continuous sampling method, and ad libitum recording method [16,17] so that all
occurrences of the target behaviors could be captured across three equally distributed time periods
throughout the day to avoid disruptions due to husbandry procedures. The DuMond Conservancy
Institutional Animal Care and Use Committee approved the research, and the study was conducted
in accordance with the laws of the United States. The research adhered to the American Society of
Primatologists (ASP) Principles for the Ethical Treatment of Non-Human Primates.

2.2. Social Network Analysis

We utilized social network analysis as the computational method to investigate potential
structural differences within all networks. Networks were computed and visualized in Cytoscape
(http:/ /www.cytoscape.com) (Version 3.4.0; [18]), an open source software project for modeling
interaction networks. The network metric of degree centrality, which provides a composite score from
the in-degree value (i.e., interactions directed towards a monkey) and out-degree value (i.e., interactions
directed by a monkey to others), was examined because this metric quantifies the number of edges
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(i.e., social interactions) shared between nodes (i.e., monkeys). The degree centrality of node (v) for a
given graph (G) = (V, E) with | V| nodes and | E| edges defined as:

Cp (v) =deg (v)

Using the metric degree centrality, the total number of interactions for each individual was
computed where monkeys with the most connected interactions (initiated or received) were
positioned in the center of the graph and monkeys with fewer connected interactions were positioned
along the perimeter. Within Cytoscape, we used a variant of the “Kamada-Kawai Algorithm,”
a spring-embedded algorithm that forces connected nodes together while also forcing disconnected
nodes away from the center [19]. We constructed weighted networks because this method is best suited
for graphically representing the variation in social bonds [20,21]. All edges were weighted based on
frequency of interaction with thicker edges denoting more interactions and thinner edges denoting
fewer interactions. Node size denotes variation in rank of degree centrality where larger nodes indicate
higher values of degree centrality and smaller nodes indicate lower values of degree centrality.

2.3. Statistical Analysis

To examine whether similarly lateralized behaviors (i.e., embrace and face-embrace) have similar
network structures, we first pooled frequency data from each behavior separately regardless of side
to create global embrace and global face-embrace networks. To investigate the potential effect of
laterality on social network structure, we then pooled affiliative frequency data according to side of
positioning to create global left affiliative and global right affiliative networks. Finally, we examined
the effect of laterality within each type of embrace by constructing four direction x behavior networks:
left embrace, right embrace, left face-embrace, and right face-embrace. t-Tests and ANOVA with post
hoc comparisons were used to compare the resulting networks.

3. Results

A total of 1623 social interactions were examined. Of these, 1270 were embraces and 353 were
face-embraces, corresponding to 1227 left affiliative and 396 right affiliative interactions. Individual
raw frequency scores for each behavior are reported in Table Al. Four juveniles were excluded from
further analysis due to multiple zero values for out-degree, which we suggest is age-related and would
not accurately portray degree centrality in the spider monkey group. Network degree centrality values
for the global comparisons can be found in Table 1. Unpaired t-tests found a significant difference
in degree centrality between the global embrace and face-embrace networks (£(28) = 3.43, p < 0.01,
d =1.296; Figure A1), and a significant difference in degree centrality between the global left and right
affiliative networks (#(20) = 3.92, p < 0.001, d = 1.753; Figure A2). There was no sex difference in the
global left affiliative, global right affiliative, or global embrace networks (all p > 0.05). However, there
was a sex difference in the face-embrace network such that females initiated the face-embrace behavior
more than males, and males received more of these interactions compared to females (F(1,13) = 4.82,
p < 0.05, 4% = 0.270). To further examine structural differences between embrace and face-embrace
within the context of laterality, we examined the four sub-networks (left embrace, right embrace,
left face-embrace, right face-embrace). ANOVA revealed a significant difference in degree centrality
among the sub-networks (F(3,40) = 20.72, p < 0.001, > = 0.608; Figure 1). Post hoc analyses found that
each sub-network was different from the others (all p < 0.05).
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Table 1. Individual degree centrality values.

Monkey Sex Left Affiliative =~ Right Affiliative Embrace Face-Embrace
Bon Jovi (Bon) M 202 57 214 62
Butch (Bu) M 294 82 263 128
Carmelita (Carm) F 76 25 82 24
Cleo F 208 62 208 73
CJ F 108 32 123 19
Dusky (Dusk) F 164 46 191 31
Mason (Mas) M 372 104 342 141
Mints (Min) F 79 38 136 4
Molly (Mol) F 94 25 110 15
Sunday (Sun) M 261 101 296 83
Uva M 386 144 445 121

M = Male, F = Female. The higher the degree centrality value, the more highly connected a monkey is to others.

© (D)

Figure 1. Clockwise from top left: (A) Left embrace; (B) Right embrace; (C) Left face-embrace; and (D)
Right face-embrace. Networks are ordered on social risk index (see text for details). Red denotes
females, and blue denotes males. Nodes are weighted such that the larger the node, the higher the
degree centrality. Edges are weighted such that thickness denotes frequency of interactions.
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4. Discussion

The primary objective of this study was to examine if behaviors with similar patterns of behavioral
laterality would also have similar social network structures. We examined the social affiliative
behaviors, embrace and face-embrace, which we previously have shown to be left lateralized in
spider monkey behavior [5]. Contrary to our predictions, we found that the network for embrace was
structurally different from that of face-embrace. We then explored our secondary objective examining
whether the side with which the social affiliative behaviors were performed had an effect on network
structure. Here our results confirmed our prediction that the global left affiliative network was
structurally different from the global right affiliative network. Finally, our analysis of sub-networks
parsing direction within each behavior partially supported our prediction. All four sub-networks were
different from each other, suggesting an interaction between laterality and behavior type. We discuss
these differences in social network structure in the context of three dimensions of social risk.

The concept of risk is often described in the non-human primate literature in the context of risk of
aggression from neighboring groups [22], predation [23], and loss of resources [24], all of which are
typical challenges for species living in the wild. Rebecchini et al. [25] first identified embracing as a
component of risk in spider monkeys, and Boeving, Belnap and Nelson [5] suggested that embrace
risk may be graded according to the type of physical contact with face-embrace having higher risk
given the close placement of the faces. By comparison, embrace is lower risk because the faces do not
touch. Here, we label this type of risk contact risk. Although embrace and face-embrace have a similar
left behavioral lateralization pattern, the finding that they do not have similar network structures
supports the conclusion that these behaviors are related but distinct. The graphical representation of the
embrace network conveys the robustness of this behavior (Figure A1A). Specifically, most individuals
engaged in embracing, and with high frequencies, yielding a network graph with most monkeys
having high values for degree centrality. Overall, this pattern indicates strong cohesion in the embrace
network. In contrast, the face-embrace network depicts interactive patterns in which only a few males
were strongly bonded (Figure A1B). When in-degree and out-degree were examined, both males and
females initiated and received within the embrace network, but there was a significant difference in
the face-embrace network where females initiated more face-embrace and males received more of this
behavior. This sex difference is notable because aggression towards females from male spider monkeys
is a known pattern [26], making the social lives of female spider monkeys especially risky. In captivity,
intra-group aggression is an important consideration given that wild female spider monkeys emigrate
from their natal group [26,27]. We envisioned the face-embrace to be the riskier of the two embraces
given the close face contact. Yet, with the known pattern of aggression towards females in mind,
our social network analysis points to a second aspect of social risk within the face-embrace: partner risk.
Social risk in relation to sex roles has been widely discussed in the human literature. For example,
female sexual risk taking within certain communities is associated with greater risk of male aggression
towards them [28,29]. Contact and partner variables have also been examined in the literature on
social touch laterality in human kissing [30-34] and embracing [35,36], although these studies have
not framed their findings in the context of risk, which may be an avenue in the future to connect these
two streams of research.

A third type of risk identified by our network analyses is laterality risk. This dimension of
risk was informed by our analyses that identified a structural difference between the global left
affiliative and global right affiliative networks. In the left affiliative network, several monkeys were
central. In contrast, the right affiliative network had a significantly different architecture in which
fewer monkeys were central to the network, and in which the behavior occurred less frequently.
Previous work has suggested that the right hemisphere plays an important role in the monitoring
and detection of uncertain events in the environment, while the left hemisphere is more involved
in routine behavior [2]. This role differentiation between hemispheres is particularly relevant when
considering the positioning of the body for embrace and face-embrace. Specifically, if the functional
split between hemispheres is correct, then positioning others on the right side for either behavior would
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be risky. Moreover, face-embrace would be especially risky given the close contact of the face coupled
with the hypothesized decrease in ability for social monitoring when engaging others on the right
side. It would thus be advantageous to position conspecifics on the left side given the hypothesized
neural processing benefit. In line with this hypothesis, the structure of the left lateralized affiliative
network pattern can be characterized as a highly cohesive network where all monkeys engaged in
the behavior, and engaged frequently (Figure A2A). In contrast, the right lateralized network was
lower in cohesion; engagement occurred less frequently, with only a few monkeys reaching high
values of degree centrality (Figure A2B). Although not recorded in this study, capturing the sequence
of behaviors that follow these risky interactions would further test this theory, and is a goal for
future work.

Although we collected data over a four-month period, one limitation of this study is that we were
not able to assess the stability of these networks over time. Juvenile data were excluded from analyses
due to the low frequency of engagement in the behaviors we examined. However, we would expect
this pattern to change as individuals mature and develop social bonds. The novel application of social
network analysis could quantify this process, not only in primates, but other highly social species.
Moreover, here we have utilized a between-networks approach based on our research question, but a
within-networks approach across two or more timepoints could provide information about how an
individual’s position in a network changes as a function of development. A developmental network
approach would also broaden our knowledge of the factors that contribute to the emergence of social
laterality and its function.

Taken together, the structural differences between the four sub-networks confirmed a
graded spectrum of social risk in spider monkeys along the three dimensions of risk: contact,
partner, and laterality (Table 2). The sub-network with the lowest risk (i.e., left embrace) had
the most participation and strongest cohesion, whereas the sub-network with the highest risk
(i.e., right face-embrace) had the least participation and was the most disjointed of the networks
indicating low cohesion (Figure 1). To answer our original question posed in the introduction,
these findings suggest that laterality influences social structure. However, we acknowledge that
social structure may also influence laterality, or that the relationship is bidirectional. Future work
using longitudinal designs may address this point. Additional studies should also aim to include
network analyses of other behavioral domains that could be related to laterality, such as cognition
and motor skill. In conclusion, social network analysis is an exciting new avenue for characterizing
brain-behavior relationships. In using this unique computational method to elucidate factors that
drive global differences in social network topology, we advance our understanding of laterality within
a social framework.

Table 2. Dimensions of social risk.

Behavior Laterality Contact Partner Risk Index
Left Embrace Low Low Low Lowest
Right Embrace High Low Low Mild
Left Face-Embrace Low High High Moderate
Right High High High Highest

Face-Embrace

See text for details.

Author Contributions: Conceptualization, E.R.B. and E.L.N.; Analysis, E.R.B.; Writing—original draft, E.R.B.;
Writing—review & editing, E.R.B. and E.L.N.

Funding: This research received no external funding.

Acknowledgments: We thank Monkey Jungle for supporting this project and members of the HANDS Lab for
their assistance with data collection, and Starlie Belnap for her input on the statistical analysis. Alyssa Seidler
provided the drawings in the graphical abstract. This is DuMond Conservancy publication no. 60.

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

16



Symmetry 2018, 10, 390

Appendix

Table Al. Individual Raw Frequency Scores.

Monkey Sex Embrace Face-Embrace
Bon Jovi (Bon) M 92 16
Butch (Bu) M 107 39
Carmelita (Carm) F 36 17
Cleo F 126 63
CJ F 78 14
Dusky (Dusk) F 92 27
Mason (Mas) M 181 61
Mints (Min) F 47 2
Molly (Mol) F 81 11
Sunday (Sun) M 151 22
Uva M 198 80

M = Male, F = Female. Frequency is summed across interactions where the monkey initiated or received the behavior.

(A) (B)

(A) (B)

Figure A2. Global left affiliative and global right affiliative networks differ. Red denotes females,
and blue denotes males. Nodes are weighted such that the larger the node, the higher the degree
centrality. Edges are weighted such that thickness denotes frequency of interactions.
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Abstract: Meta-control describes an interhemispheric response conflict that results from the
perception of stimuli that elicit a different reaction in each hemisphere. The dominant hemisphere for
the perceived stimulus class often wins this competition. There is evidence from pigeons that
meta-control results from interhemispheric response conflicts that prolong reaction time when
the animal is confronted with conflicting information. However, recent evidence in pigeons
also makes it likely that the dominant hemisphere can slow down the subdominant hemisphere,
such that meta-control could instead result from the interhemispheric speed differences. Since both
explanations make different predictions for the effect of commissurotomy, we tested pigeons in a
meta-control task both before and after transection of the commissura anterior. This fiber pathway
is the largest pallial commissura of the avian brain. The results revealed a transient phase in which
meta-control possibly resulted from interhemispheric response conflicts. In subsequent sessions
and after commissurotomy, however, the results suggest interhemispheric speed differences as a
basis for meta-control. Furthermore, they reveal that meta-control is modified by interhemispheric
transmission via the commissura anterior, although it does not seem to depend on it.

Keywords: birds; hemispheric interactions; brain asymmetry; reaction time; color discrimination

1. Introduction

Meta-control refers to the one hemisphere taking charge of response selection when the
two hemispheres are brought into conflict [1-3]. This phenomenon was first demonstrated in
split-brain patients and healthy people [1,4], but was also later revealed in monkeys [5], chicken [6],
and pigeons [2,3,7]. It is often assumed that meta-control results from one hemisphere inhibiting
the other via the various commissures that connect the two halves of the brain at the midbrain and
telencephalic level [8,9].

Meta-control becomes especially visible in species with pronounced brain asymmetries.
Depending on the type of stimulus, one or the other hemisphere regularly gains control. Birds are
ideal subjects for these studies [10]. Their left hemisphere is superior in discrimination, categorization,
and memorization of visual patterns (chicks: [11]; quail: [12]; pigeons: [13,14]) and visuomagnetic
cues (pigeons: [15]; chicks: [16]), while their right hemisphere is superior in visually guided
interactions with emotionally charged stimuli (chicks: [17]), attentional shifts (chicks and pigeons: [18]),
social interactions (chicks: [19]), as well as in relational and spatial analyses of visual information
(chicks: [20]; pigeons: [14,21]).

Meta-control could result from either inter-hemispheric response conflict or differences in
hemisphere-specific speed. If inter-hemispheric response conflict was the cause, situations in which
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each half-brain competes to present a different response should produce longer reaction times than
non-conflicting situations [2,8]. This is because decision making with two incompatible options
usually requires a longer processing time [10]. If, however, meta-control simply results from
hemisphere-specific processing speed, the outcome would be different. The decision time would
be determined solely by the faster hemisphere, which would always win. Two competing hemispheres
would then be as fast as the faster hemisphere.

A recent study conducted by Unver & Guntiirkiin [2] in pigeons collected evidence for the
inter-hemispheric response conflict model. In their study, pigeons were trained by a forced-choice
color discrimination task monocularly, and each hemisphere learned to discriminate between its
own stimulus pair. Then, under binocular conditions, the birds were exposed to two types of test
stimuli. These test stimuli were created by combining positive and negative patterns learned by each
hemisphere. If the animal had to discriminate between a stimulus pair that consisted of two positive
(left- and right-hemispheric) patterns on one pecking key and two negative patterns on the other,
the choice was easy. Both hemispheres agreed to peck the pattern combination that was positive for both
half-brains. Consequently, the animals responded quickly to this “super stimulus”. The situation was
different when each stimulus was composed of the positive pattern of one hemisphere and the negative
pattern of the other hemisphere. In the case of such an “ambiguous stimulus”, the overall pattern
signaled an interhemispheric reward history conflict. As it turned out, the ambiguous stimulus caused
a significant response delay. This makes it likely that meta-control rests mainly on an inter-hemispheric
response conflict and not on hemisphere-specific speed.

A recent study, however, proposed a different mechanism. Qian Xiao & Gtintiirkiin [22] recorded
signals from the sensorimotor arcopallium of pigeons while the birds were conducting a color
discrimination task under monocular conditions. All birds in their study learned faster and responded
more quickly with their right eye/left hemisphere. The arcopallium not only harbors descending
premotor neurons but also commissural neurons that constitute the commissura anterior—the largest
avian interhemispheric connection at the pallial level. As shown by Letzner et al. [23], the commissura
anterior originates from the telencephalic arcopallium/amygdala-complex and contains a small cluster
of non-GABAergic sensorimotor and amygdaloid fibers that project onto a wide range of contralateral
structures such as the posterior amygdala, the sensorimotor arcopallium, as well as further sensory
and motor components of the nidopallium. We chose this commissure for our study due to these
widespread projections onto the contralateral hemisphere. Xiao & Giintiirkiin [22] transiently blocked
the arcopallial activity of one hemisphere and recorded from the contralateral arcopallium during
color discrimination to determine the effect of left-to-right and right-to-left information transfer.
They discovered that the left hemisphere was able to modify the timing of individual activity patterns
of the neurons in the right hemisphere via asymmetrical commissural interactions. In contrast to that,
right arcopallial neurons were hardly able to alter the activity pattern of left arcopallial cells. Thus,
under conditions of interhemispheric competition, left arcopallial neurons could delay the contralateral
spike time of those in the right hemisphere. As a result, the neurons of the right hemisphere would
come too late to control a response and the left hemisphere would govern decisions. This finding
could imply that hemispheric dominance in birds is realized at least in part by time shifts of the neural
activity of one or the other hemisphere.

The studies by Unver & Giintiirkiin [2] and Xiao & Giintiirkiin [22] make contradictory predictions
of the mechanisms of meta-control. Both would assume that the commissura anterior plays a decisive
role in inter-hemispheric response conflicts but would predict different choice patterns from birds
in a meta-control task after commissurotomy. Unver & Giintiirkiin [2] would infer that the loss of
the commissura anterior should reduce reaction times when presented with an ambiguous stimulus
because an inter-hemispheric response conflict could no longer result in an inter-hemispheric delay
in processing time. In contrast, Xiao & Giintiirkiin [22] would not expect a change in reaction
times under the ambiguous stimulus because the dominant hemisphere already determines the
response. They would, however, expect that the dominance of the left hemisphere would weaken
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after commissurotomy because the left-to-right control of the neuronal spike times could no longer
be executed. To test these predictions, we conducted a meta-control study as published by Unver &
Glinttirkiin [2], and subsequently transected the commissura anterior to re-test the animals with the
same task.

2. Materials and Method

2.1. Subjects

Nine naive pigeons of unknown sex were used in the study. All pigeons were housed in single
cages with other conspecifics and maintained on a 12:12 h light-dark cycle. Their body weight was
maintained at 80-90% of their free-feeding weight by feeding diet food on weekdays and a mixture of
peas, corn, and sunflower seeds on the weekends. Water was provided ad libitum. For the monocular
sessions, velcro rings were fixed around the eyes of the pigeons using glue that was non-irritating
to the skin. Cone-shaped eye caps that were attached to the other sides of the velcro rings at their
bases and were created using cardboard. These eye caps could be easily attached and removed from
the rings surrounding the eyes for monocular testing (Figure 1). All procedures were conducted in
compliance with the guidelines for the care and use of laboratory animals and approved by the local
committee (LANUV).

TRAINING TEST
LE RE BIN BIN
TRAINING TRAINING SUPER AMBIGUOUS

S- S+

S- S-

S+

N 8
e

Figure 1. The stimuli used in the experiment. Super stimuli consisted of a combination of two positive
and two negative stimuli presented to the left eye (LE) and right eye (RE) during the training phase.
Ambiguous stimuli were created by combining a negative stimulus for one hemisphere and a positive
stimulus for the other. Both eyes (BIN = binocular) were open during the test phase. The color
combinations shown in the figure are merely examples of the various combinations used. Below are
photographs showing the animals with a cap on one eye (left) or both eyes uncovered (right).

2.2. Apparatus

A custom-made operant chamber measuring 40 x 35 x 35 cm (W x D x H) in size was used
for the experiment. The chamber was equipped with a feeder and illuminated using a house light.
The feeder was immediately illuminated when food was presented. The stimuli (5 x 5 cm in size) were
introduced on a TFT LCD touchscreen monitor with 1024 x 768 resolution. The monitor was placed
on the same side of the chamber as the feeder to ensure that the pigeons could easily reach the feeder
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immediately after pecking at the stimuli on the screen. The experimental sessions were controlled by a
custom-written MATLAB program (MathWorks, Natick, MA, USA) using the Biopsy Toolbox [24].

2.3. Procedure

Before learning the color discrimination task, all pigeons were trained in autoshaping sessions
consisting of 40 trials. In these sessions, the pigeons were made to peck on a white square presented
on the screen under monocular conditions. The white square was presented for 4 s, and food was
delivered immediately following a single peck on the white square. These sessions were conducted
according to a fixed ratio (FR1) schedule. The birds were trained in a counterbalanced manner—on one
day, only the left eye (LE) was blocked, whereas on the next day, only the right eye (RE) was blocked.
Response to the white square in >85% of the trials in two consecutive sessions per eye condition
was set as the criterion for progress to the subsequent schedules. Once the birds met this criterion,
their training progressed to a variable ratio (VR) schedule wherein they were progressively trained
with variable ratios VR2, VR4, and VR8 under monocular conditions again, with the same criterion.
All the sessions in the VR schedule consisted of 40 trials.

Once the birds met the response criterion for the VR, we commenced the color discrimination
training. Rectangles of four different colors (red, yellow, green, or blue) were used as stimuli. The color
discrimination sessions were conducted under monocular conditions, and the color combinations were
balanced among pigeons to prevent color preferences. As shown in Figure 1, they were always placed
in a compound at the upper or lower position of a larger white rectangle. Each eye of the pigeons was
exposed to a different pair of stimuli (e.g., red and yellow for the LE; blue and green for the RE). One of
these colors served as S+ and the other as S— for each eye. The pigeons had to choose between an
upper and a lower compound stimulus that each consisted of a colored and a white rectangle. Pecks on
the S+ compound were rewarded regardless of whether the peck location was on the colored or on
the white part of the compound. The same rule was applied for the S— compound. The monocular
sessions were conducted in a counterbalanced manner, similar to the autoshaping sessions.

The stimuli were presented for 4 s. A single peck on the S+ compound immediately activated
the feeder for 2 s, whereas a peck on the S— compound resulted in switching off the house lights
for 5 s and playing a loud noise for 1 s. Once the birds responded to the S+ compound in >85% of
the trials in two consecutive sessions for each eye condition, the number of trials per session was
increased to 200 in steps of 20. The criteria that was applied in each step was that the pigeons had to
make at least 85% correct choices (responses to the S+ compound) for each eye condition in a single
session. As the number of trials in each session was increased, the reward ratio (responses to S+) was
decreased in steps of 10% until reaching 40%. This procedure was employed to prevent extinction
learning in subsequent catch trials. As a final step, a new stimulus pair, a white (5+) square and a
gray (S—) square, were introduced. Because the birds had already been trained to respond to the
white square during the autoshaping sessions, we expected them to be able to rapidly discriminate
between this new stimulus pair. This white/gray “dummy” discrimination procedure was necessary
to maintain the birds’ responses during the critical test sessions that included catch trials. In the catch
trials, the colored stimuli were re-arranged to create “super” and “ambiguous” stimuli that were not
rewarded. Each of the final sessions consisted of 200 trials, with 80% of the stimuli being presented
as white (5+) and gray (5—) dummy stimuli. As outlined above, both S+ (the S+ of the LE and the S+
of the RE) on one pecking key and both S— on the other key were termed super stimuli. Unlike the
other sessions, the critical test sessions were performed under binocular conditions. The gray/white
stimuli represented a common associative background for both stimuli. This was not applied to the
ambiguous stimuli. On each key, the S+ of one hemisphere was always combined with the S— of
the other hemisphere. The proportion of catch trials in the final session was 20% (i.e., the number
of catch trials was 40, with 20 being ambiguous and 20 being super stimuli). The remaining trials
consisted of the white/gray stimuli pair (the number of white/gray stimuli was 160). No feedback
for the catch trials was available, whereas the white/gray stimuli discrimination had a 40% reward
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probability. Following the first critical test session that included catch trials, the pigeons were further
trained using the well-known training stimuli under monocular conditions. These sessions using
the well-known training stimuli between each critical test session were conducted because it was
necessary to maintain the pigeons’ response at a stable level during the subsequent critical test sessions.
Therefore, this sequence was repeated until enough catch trial responses were collected.

After six sessions at most of testing for meta-control, pigeons underwent a commissurotomy
operation. After a two-week recovery period, the same task and procedure were applied, and data
were collected.

2.4. Surgery

Before surgery, nine birds participating in the experiment were given a mixture of ketamine
(ketamine hydrochloride, 100 mg/mL; Zoetis, Berlin, Germany) and xylazine (xylazine hydrochloride,
23.32 mg/mL, methyl-4-hydroxybenzoate, 1.5 mg/mL; Bayer Vital, Leverkusen, Germany) by
intramuscular injection (7:3 ratios, 0.12 mL/100 g body weight). The anesthetized birds were placed
on a warming pad in a stereotaxic device. Their heads were fixed at a 45° angle in the head holder
according to the coordinates of the pigeon brain atlas [25]. Prior to the commissurotomy, the scalp was
opened and a window was opened in the skull with a drill, centered at the anterior 7.75 and lateral
0.0 coordinates. Then, the dura mater was removed. The main vessel in the gap between the two
hemispheres was delicately pulled aside with a hand-made hook. Finally, a 2-mm-wide, 0.3 mm thick
blade was slowly lowered into the region with the following coordinates: Anterior 7.75, lateral 0.0 at
a depth of 9.0 mm from the surface of the brain [25]. The blade was lowered in increments of 1 mm,
with a 2 min pause between each increment. Thus, the risk of damage to the brain due to the pressure
caused by the blade was minimized. At the end of the operation, the knife was removed in the same
mannet, i.e., by lifting 1 mm every 2 min. The skin was stitched after a medical sponge was placed
on the operation area. Finally, a painkiller was sprayed over the operation area and an antibacterial
powder (Tyrasor; Engelhard Arzneimittel, Niederdorfleben, Germany) was applied. In addition,
an intramuscular painkiller (Rimadyl, 0.04 mL/100 g body weight; Pfizer, GmbH, Miinster, Germany)
was administered. The pigeons were kept in their individual cages for one week to allow them to
overcome the effects of the operation. Then, the tests were conducted.

2.5. Histology

The pigeons were deeply anesthetized with equithesin (0.55 mL/100 g body weight) and
perfused with 4% paraformaldehyde (VWR Prolabo Chemicals, Leuven, Belgium) after the last
post-operation tests. The brain was removed, immersed in gelatin (Merck, Darmstadt, Germany) and
sectioned into 40-um frontal slices using a freezing microtome (Leica Microsystems Nussloch GmbH,
Nussloch, Germany). Sections were mounted, nissl and kliiver-barrera stained, and the success of the
commissurotomy was verified microscopically. In all nine birds, the commissura anterior was verified
to be completely sectioned (Figure 2). In some animals the blade had been successfully lowered along
the midline (Figure 2b), in others it was slightly off the midline and had damaged the medial most
parts of the hemispheres in the medial meso- and nidopallium, as well the area above the commissura
anterior (Figure 2a). These are not areas associated with the visual system and we could not see any
correlation between our histological verifications and our behavioral results.
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Figure 2. A nissl (a) and a nissl/kliiver-barrera (b) stained frontal section of two pigeons with
transections of the commissura anterior. The straight arrows point to the tissue rupture resulting

from the passing of the blade, while the broken arrows indicate remaining fibers of the commissura.
Note that in (a) the blade has damaged the area above the commissure since it was slightly off the
midline. This is not the case in (b). Scale bar in (b) also applies to (a).

3. Results

Two variables were important in studying the effect of the commissurotomy on meta-control. First,
how many individuals display significant meta-control before vs. after commissurotomy? Meta-control
in our task is defined as a significantly higher number of choices that are dominated by one hemisphere
being faced with an ambiguous pattern. Second, how did the reaction times to ambiguous- and
super-stimuli change after the commissurotomy?

Meta-control: A meta-control effect was observed in three out of nine birds before
commissurotomy (for each individual: chi square test, p <0.05). In two birds the right eye dominated
the decisions of the animal, and in one bird the left eye was dominant. Overall, this number was not
sufficient to produce a significant meta-control effect at the population level (paired-sample f-test,
t = 0246, p = 0812, n = 9). These three birds all ceased to demonstrate meta-control after
commissurotomy. On the other hand, post-commissurotomy meta-control was observed in two
different animals (one left, one right eye) that had not exhibited meta-control before the operation
(chi square test, each p < 0.05). During the post-commissurotomy period, no significant meta-control at
the population level was observed (paired-sample t-test, t = 0.939, p = 0.375, n = 9).

Reaction times: When first confronted with the ambiguous stimulus, the birds showed
significantly higher reaction times to the ambiguous (1.14 s) than to the super stimulus (1.03 s)
(paired-sample t-test, t = 2.540, p = 0.035, n = 9). In the second and subsequent sessions, however,
this effect disappeared, such that the reaction time responses to super and ambiguous stimuli were
no longer significantly different from each other (super stimulus: 1.07 s; ambiguous stimulus: 1.1s;
(paired-sample t-test, t = 0.479, p = 0.646, n = 8)). There were no significant reaction time differences to
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the super stimulus between session 1 and sessions 26 (paired sample t-test; t = 0.755, p = 0.475, n = 8).
The same applied to the ambiguous stimulus (paired-sample f-test; t = 0.033, p = 0.975, n = 8). Note that
the average values of sessions 2-6 were derived from 8 birds, since one pigeon stopped working on the
task after session 1 (and then restarted after surgery). Similarly, in the post-surgery tests, no significant
differences in the reaction times between super and ambiguous signals were observed (super stimulus:
1.24 s; ambiguous stimulus: 1.29 s; (paired-sample t-test, t = 0.614, p = 0.556, n = 9)). Moreover, there
was no significant difference between the response times to the two stimulus types in the pre-surgery
sessions (excluding session 1) and post-surgery sessions (mean of super stimulus sessions 2-6: 1.07 s;
post-surgery session: 1.15 s; (paired-sample t-test, t = 0.680, p = 0.518, n = 8); mean of ambiguous
stimulus sessions 2-6: 1.1 s; post-surgery session: 1.22 s; (paired-sample t-test, t = 1.097, p = 0.309,
n = 8)) (Figure 3).

1.6
. Ambiguous Stimuli

. Super Stimuli
1.4+ *

Reaction Time in Seconds

Session 1 Sessions 2-6 Post-surgery
session

Figure 3. Average reaction times of subjects to ambiguous and super stimuli during sessions prior to
the commissurotomy and in the first session after the commissurotomy. Significant differences are
indicated by an asterisk (p <0.05). Error bars are 1 SEM. Note that the averages of sessions 2—-6 were
derived from 8 birds, because one pigeon stopped working on the task after session 1, but restarted
after surgery.

4. Discussion

Meta-control can occur when the two hemispheres compete with each other to produce a
hemisphere-specific response [1,2,4,5,7]. In studies with birds working on color discrimination tasks,
the dominant hemisphere is usually the left [10,11,13]. Concomitantly, there is some evidence for a
higher incidence of left-hemispheric meta-control in such tasks with pigeons [7]. The present study
tested two different possible mechanisms of meta-control. One of these assumes that meta-control
results from each hemisphere inhibiting the other [8]. Such a mechanism should cause conflicting
(in our case ambiguous) stimuli to produce longer processing times, resulting in longer reaction times.
A recent study found evidence supporting this prediction, and therefore suggested that meta-control
results from the interhemispheric conflict [2]. An electrophysiological study, however, found evidence
for a different mechanism: Xiao & Giinttirkiin [22] discovered that arcopallial neurons of the left
hemisphere dominate the response of the animal during color discrimination through a faster activation
of motor responses. Furthermore, the left hemisphere controls the right hemispheric spike times, and is
thus able to delay reaction times of the other hemisphere. This effect would increase the advantage of
the left hemisphere. These findings make different predictions for the effect of the commissurotomy on
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meta-control. The mechanism based on the interhemispheric conflict would imply that a section of the
commissura anterior should reduce reaction times to ambiguous stimuli (no commissural exchange
— no interhemispheric conflict), whereas the model based on hemisphere specific speed would not
predict post-surgery changes in reaction time to ambiguous stimuli (no commissural exchange — no
change in hemisphere-specific speed). At the same time, the results of Xiao & Giintiirkiin [22] suggest
that the advantage of the left hemisphere would be smaller after commissurotomy (no commissural
exchange — no possibility to further delay response execution of the right hemisphere). Our findings
suggest that the birds only experience interhemispheric conflict on the first session with ambiguous
stimuli, and the effect disappears in the following sessions. A subsequent commissurotomy does not
alter reaction times to ambiguous stimuli but does modify meta-control. Overall, our data would be
compatible with a model according to which interhemispheric conflict occurs in a short, initial period,
but then gives way to lateralized reaction patterns determined by hemisphere-specific speed.

As visible in Figure 3, reaction times to super and ambiguous stimuli were the most different in
the first session in which the animals were first presented these two stimulus types under binocular
conditions. However, in subsequent sessions reaction times became increasingly similar. Unver &
Glntiirkiin [2] had based their conclusion of interhemispheric conflict on the first session after
introducing ambiguous stimuli. This conclusion may remain valid but is obviously restricted to
this initial session. In subsequent sessions, a different mechanism seems to prevail. It is indeed
conceivable that the animals quickly learned about the absence of negative or positive feedback
when responding to the ambiguous stimuli. It is known that pigeons are extremely sensitive to
reward alterations in operant categorization tasks, and subsequently tend to bias their choices towards
initially favored alternatives [26]. Similar findings were also observed in studies with monkeys [27,28].
This makes it likely that our commissurotomy was performed at a point in time in which the pigeons
were no longer pondering response conflicts but instead biased their choices according to mechanisms
based on hemisphere-specific speed. Consequently, response times to ambiguous stimuli were not
altered by commissurotomy.

This scenario is compatible with the explanation that each hemisphere rushes with its own
hemisphere-specific speed to motor areas. During color discrimination, the left hemisphere usually
produces faster reaction times. This has been observed in various studies with pigeons [29] and
other birds [17,30]. This was also observed by Xiao & Giintiirkiin [22] when recording from the
pigeon arcopallium during color discrimination. This study also offers a mechanistic explanation
of this observation by revealing that the left hemisphere can modify the spike time of the right
hemisphere. Thus, under conditions of conflict, the left hemisphere could delay the right hemispheric
response speed, thereby accelerating its own advantage. From this point of view, a transection of the
commissura anterior should reduce, but not completely terminate the left hemispheric superiority.
Indeed, we observed major alterations of meta-control after surgery. Usually, an individually significant
extent of meta-control is observed in only a fraction of pigeons [2,3,7]. With the procedure used in this
study, it was mostly the left hemisphere that evinced meta-control [2,7]. In the current experiment,
three out of nine birds demonstrated meta-control before commissurotomy (two left hemispheric,
one right hemispheric). This is a typical result pattern [2,7]. After transecting the commissura anterior,
however, all three birds lost their hemisphere-specific advantage. Instead, two other birds displayed
significant meta-control (one left, one right). Although this is certainly not a strong proof of the
conclusion of Xiao & Giintiirkiin [22], it is conceivable that the changes observed in meta-control
in our nine pigeons resulted from the loss of a left hemispheric advantage that resulted in biased
interhemispheric interactions. If indeed neuronal speed differences cause the bias towards the right
eye in metacontrol studies, the large individual differences may result from the fact that neurons show
within the pigeon’s visual system substantial latency differences between individual birds [22,31-33].

It is known that the commissura anterior connects with the anterior and intermediate arcopallium.
These structures project onto a wide cluster of visual and sensorimotor areas. Our study focused on
the contribution of the commissura anterior to visual asymmetries. However, further commissural

27



Symmetry 2019, 11, 124

systems may also play a role in metacontrol since studies of both chicks [34] and pigeons [35-37]
suggested that subpallial commissures also play key roles in visually-guided lateralized behavior.
The supraoptic decussation (DSO) is one such subpallial connection, and is known to be responsible
for interocular transfer during visual discrimination [38]. This may be due to the indirect connection
of the DSO to telencephalic visual structures such as Wulst. More recently, it has been shown that the
nucleus of the lateral ponto-mesencephalic tectum (nLPT), a midbrain structure, contains GABAergic
neurons and its projections terminate in the contralateral optic tectum (TeO) via the commissura
tectalis [39]. Therefore, this midbrain commissure may also play a crucial role during meta-control.
Thus, the present study must be complemented by further experiments to reveal the full scenario of
interhemispheric interactions of lop-sided bird brains.

Although our study was centered on the mechanisms of meta-control, it might also offer some
more general insights on the behavior of organisms with lateralized brains. A key problem of these
species is the production of a single response from two asymmetrically specialized hemispheres.
Our results suggest that the default option in such situations could be to let both hemispheres compete
based on hemisphere-specific processing speed. Because the dominant hemisphere for a certain
stimulus class usually produces faster responses [22], the most competent half-brain would primarily
determine the response. The commissural slowing mechanism discovered by Xiao & Giintiirkiin [22]
would amplify this interhemispheric speed difference to ensure that the dominant hemisphere controls
the overall response.
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Abstract: Lateralisation of eye use indicates differential specialisation of the brain hemispheres.
We tested eye use by zebra finches to view a model predator, a monitor lizard, and compared
this to eye use to view a non-threatening visual stimulus, a jar. We used a modified method of
scoring eye preference of zebra finches, since they often alternate fixation of a stimulus with the
lateral, monocular visual field of one eye and then the other, known as biocular alternating fixation.
We found a significant and consistent preference to view the lizard using the left lateral visual field,
and no significant eye preference to view the jar. This finding is consistent with specialisation of the
left eye system, and right hemisphere, to attend and respond to predators, as found in two other avian
species and also in non-avian vertebrates. Our results were considered together with hemispheric
differences in the zebra finch for processing, producing, and learning song, and with evidence of
right-eye preference in visual searching and courtship behaviour. We conclude that the zebra finch
brain has the same general pattern of asymmetry for visual processing as found in other vertebrates
and suggest that, contrary to earlier indications from research on lateralisation of song, this may also
be the case for auditory processing.

Keywords: asymmetry of brain function; lateralised behaviour; song; songbirds; zebra finch;
predator inspection; eye preference; hemisphere differences; monocular viewing; general pattern
of lateralisation

1. Introduction

It is timely to bring together and discuss the evidence for asymmetry of brain function in the zebra
finch for two reasons. Firstly, the zebra finch is a model species used frequently to understand the links
between neural structure and behaviour. Secondly, early research reporting lateral asymmetries in the
species was equivocal, largely because it seemed to be at odds with lateralities reported in other avian
species and because results of different studies were not always consistent. Therefore, we decided to
summarise the available literature showing, or not showing, lateralisation in the zebra finch and to
add some data on eye preference to view a predator.

The zebra finch has featured amongst those songbirds investigated for song learning, song
production, and perception. Zebra finch song is stereotyped and has a rich spectro—temporal structure,
which some researchers have compared to human speech sounds [1]. Furthermore, male zebra finches
learn their song from other birds, by imitating the song of a tutor heard during a sensitive period of
development [2,3]. These and other aspects of zebra finch song have been studied in considerable
detail and compared to speech in humans [4-7].

Another feature of song is differential control of its production and processing by the left and
right hemispheres. This has been studied in number of avian species, and studies of species other
than the zebra finch have demonstrated a dominant role of song centres in the left hemisphere for
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controlling song production [8,9] and differential roles of the hemispheres in perception of song [10].
However, lateralisation of the song system in the zebra finch seemed not to fit this pattern.

Initially, Nottebohm et al. [10] cited unpublished observations that indicated little hemispheric
asymmetry of song control in the zebra finch, and differing from the canary, zebra finches were
reported to have no asymmetry in the size of the left and right hypoglossal nuclei, i.e., the collections
of cell bodies with axons that form the hypoglossal nerves, a branch of which innervates the syringeal
muscles used to produce song [11]. However, later research revealed the presence of asymmetry for
song in the zebra finch, albeit not the same as that found in other passerine species.

Williams et al. [12] found right hemispheric control of song production in zebra finches; opposite
to the direction of asymmetry reported for other songbirds. Lesioning the auditory areas of the right
hemisphere of zebra finches was found to decrease the birds’ ability to process harmonic structure in
song [13]. Floody and Arnold [14] also reported evidence that the right song system is dominant in the
zebra finch. Using functional magnetic resonance imaging (fMRI), Voss et al. [15] revealed hemispheric
asymmetry in neural activity during stimulation by song: significant discrimination between songs
was found only in the right hemisphere. Recognition of the zebra finch’s own song versus the song of
a conspecific was also found to be biased to the right hemisphere [16]. All of these studies indicated
that perceptual production and processing was a function of the right hemisphere in zebra finches,
and thus the asymmetry seemed to be reversed compared to other songbird species studied. However,
measuring expression of the immediate early gene ZENK in zebra finches exposed to the auditory
and/or visual aspects of courtship, Avery et al. [17] found left hemispheric dominance (i.e., hearing
courtship song and seeing dancing by the courting male causes more neural activity in the left than
the right hemisphere). Recent studies have demonstrated that both hemispheres attend to song but
to different aspects of it [1], and that the direction of asymmetry depends on whether the memory of
song is old or new [6].

It is possible that variation in the direction of asymmetry occurs depending on previous exposure
to song and to what extent the birds recalled their previous exposure to song. Demonstrating that the
direction of lateralisation depends on learning and memory, Moorman et al. [18] reported left-sided
dominance of ZENK expression in the higher vocal centre of juvenile male zebra finches exposed to
their tutor’s song but not in those exposed to unfamiliar song. Olson et al. [6] found that the direction
of laterality of song memory depends on strength of learning; the more the zebra finches learnt and
remembered the song of their first tutor, the more right lateralised they were, as assessed by ZENK
expression. By contrast, the more they learnt from a second tutor, the more left-lateralised they were.
Hence, new and old memories of song appear to be located in opposite hemispheres; older memories
in the right hemisphere and newer memories in the left hemisphere. In fact, Yang and Vicario [7]
showed that exposure of adult zebra finches to novel hetero-specific sounds (vocalisations of canaries)
can shift lateralisation for song processing from the right to the left hemisphere.

Using fMRI measurements of neural processing of song in zebra finches, Van Ruijevelt et al. [1]
provided evidence that the spectral aspect of song is processed in the right hemisphere. By comparison,
presentation of song with the spectral component filtered out, but with the temporal component
remaining, led to greater neural activity in the left hemisphere [1]. Hence, the left hemisphere processes
the temporal domain of song, whereas the right hemisphere processes the spectral component of song.
This role of the left hemisphere in processing temporal aspects of song is supported by finding higher
expression of ZENK in regions of the left hemisphere in males when they responded to arrhythmic,
but not rhythmic, song [19].

A female zebra finch hearing a male’s song directed towards her (as compared to the
song produced by the male when he is alone) expresses a higher level of activity in the
caudocentral-nidopallial region of the left hemisphere and the caudomedial-mesopallial region of the
right hemisphere, as shown by functional magnetic imaging (fMRI) and early gene expression [20].
This result demonstrates that both hemispheres respond to hearing the song, but in each hemisphere
the information is processed in different regions.
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None of the above studies considered a possible role of visual asymmetry in association with
lateralised auditory perception, learning, and production of song. Although it was known that
fledgling zebra finches learn their tutor’s song only when they can see the tutor [21], possible eye
preference and lateralisation was not studied at this time. It was in the late 1970s that asymmetry
of visual behaviour in an avian species was discovered (i.e., in the domestic chick [22]). Almost a
decade later, the first asymmetry recorded for visual behaviour of the zebra finch concerned courtship.
Workman and Andrew [23] reported evidence that during courtship males show a preference to use
the right eye when viewing their female. This asymmetry was found by measuring the approach of
the male to his female partner as he moved along a perch. Using a different method (viz., direction of
movement in a circular corridor around cages containing females), Ten Cate et al. [24] failed to find any
evidence for asymmetry, a result which Workman and Andrew [25] attributed to the males being tested
with females that were not necessarily their own partners (see reply by Ten Cate [26]). A subsequent
study by George et al. [27] resolved this debate by measuring brain activity during courtship singing
by male zebra finches, and by measuring the amount of singing when only the left or right eye could
be used. Males sang more song motifs when they could see a female with their right eye than they did
when they could see her with their left eye. However, birds tested binocularly sang with more motifs
than either of these groups.

Right eye preference during courtship approach to the female and in producing song with more
motifs implies that this behaviour depends on the left hemisphere, since inputs from the eyes are
largely processed by the contralateral hemisphere. In the study by George et al. [27], brain activity
during courtship singing was assessed by assaying the expression of the immediate early genes, egr-1
and c-fos, in the optic tecta. The optic tectum on each side of the brain is the first relay station for visual
inputs from the retina, and each eye sends its inputs to the contralateral optic tectum [28]. In males
able to view the female with both eyes, neural activity was found to be higher in the left than the right
optic tectum [27], and also in other regions of the left hemisphere [29]. This result is consistent with
the preference to use the right eye during courtship singing, as found by Workman and Andrew [23].
It might be explained by the ability of the left hemisphere (and right eye) to sustain attention on a
preferred and familiar stimulus [30-32] and to maintain attention on a stimulus towards which a motor
response is planned [27].

A right eye preference during courtship by zebra finch males was confirmed by testing birds with
monocular eye patches [33]. Birds that could see with their right eye only courted females more than
those using their left eye only. The former also expressed preferences for orange-beaked (high quality)
females over grey-beaked (low quality) females, whereas birds using their left eye only expressed no
such preference [33].

Asymmetry in the motor behaviour of the zebra finch has also been reported. Alonso [34]
measured side biases in allopreening and bill wiping and found significant preference to turn to the
right side of the body for both of these responses. Since no left-right bias had been found for turning
in a Y-maze, Alonso [34] interpreted her results as reflecting visual and not motor asymmetry, arguing
that allopreening demands visual precision or that there is a need to keep the bird being preened in
the right visual field. In the case of bill wiping, it was argued that the right-side preference reflects a
right eye preference for pecking at food.

The zebra finch also uses the right eye and left hemisphere when it pecks at grain scattered
amongst distracting pebbles. Alonso [35] found zebra finches tested with monocular eye patches could
distinguish grain from pebbles when they were able to use their right eye only but not when they
were able to use their left eye only [35]. This asymmetry reflected the role of the left hemisphere in
performing this task. Indeed, this result replicated earlier research on domestic chicks, which had
shown specialisation of the left hemisphere for learning a pebble-grain discrimination task [22,36],
found also in pigeons [37,38].

Since attention and response to predators have been shown to be a specialisation of the right
hemisphere, and left eye, in other avian species (domestic chicks [30], Australian magpies [39,40],
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as well as in amphibian [41] and mammalian [42] species), it seemed appropriate to test zebra finches
for possible lateralisation of attention to a predator. Lombardi and Curio [43] have described the zebra
finch’s response to seeing a live owl as including side to side movements of the head which allow
monocular fixation. Fixation refers to holding the head still after a rapid movement of the head.

We therefore needed to assess not only single monocular fixations of a stimulus, as in the species
tested so far, but also biocular alternating fixations. Biocular alternating fixation refers to swapping
from the lateral field of one eye to the lateral field of the other eye, as defined by Butler et al. [44], and
it is distinguished from binocular fixation that uses the frontal visual field of both eyes.

Zebra finches have many predators in their natural environment, including snakes, monitor
lizards, raptors, and a variety of other avian species [45], and they are particularly vulnerable to
predation when they are fledglings [46]. Snakes and monitor lizards are especially well-documented
nest predators of the species [45,47]. Therefore, we decided to present a taxidermic specimen of a lace
monitor lizard, Varanus varius, to zebra finches.

The zebra finch has laterally positioned eyes, and in the horizontal plane, each eye has a visual
field of 170° [48]. The binocular field is 30° to 40° in front and the optical axis and fovea are at 62° from
the sagittal axis of the head [48]. Hence, acute vision, especially of moving stimuli, requires monocular
vision, whereas the binocular field is myopic. Even grain is viewed with the lateral monocular field
before the bird pecks [48]. Potential predators are also viewed in the lateral, monocular field of vision.

Therefore, our aim was to assess eye use and eye preference to view a model predator and so
determine whether or not the zebra finch shows the same left eye (right hemisphere) preference to
view this stimulus as found in other vertebrate species.

2. Materials and Methods

2.1. Subjects

Twenty adult zebra finches were purchased from a breeder, who housed the birds in outdoor
aviaries in rural NSW, Australia. They had been exposed to species occurring naturally in this
environment. These species included predators (monitor lizards and raptors), rodents, and other
free-ranging animals (i.e., dogs, cats, and other native birds). At the University of New England,
the zebra finches were housed in same-sex groups, in four aviaries (1.5 m x 1 m x 2 m) located in a
single room.

Each aviary was furnished with branches for perching and nest baskets. Ambient temperature
was maintained within a range of 18-27 °C. The light cycle was 13L:11D, the main lights were turned
on at 06.00 h and off at 19.00 h. A small lamp with a 40 W globe was placed in the centre of the room
and was switched on at 19.00 h and switched off at 19.30 h. The latter was to provide a cue to the
birds to begin to roost and to provide some light for a brief period once the main light source had been
switched off. A Hitachi 40 W fluorescent light with an UV output of 7.5 was activated for 30 min from
07.30 h to 08.00 h daily to provide a source of UV light. Food, water, and cuttlefish bone were supplied
ad libitum. The seed used was a mixture of two commercial brands of food for finches (Lovitt and Trill).
Vitamin and calcium supplements were provided once every 2 weeks and lettuce was provided once a
week. The cage floor was lined with newspaper and replaced once a week.

Individual birds were identified using the following features: Female zebra finches were identified
by noting their colour morph (wild type, fawn, or white morph), beak colour and size, and shape of
the markings on their heads/faces. Males were first categorised by their colour morph and then the
characteristics that were used to identify individual males of the same morph were beak colour, size,
and shape of chest band, presence or absence of a white patch of feathers under beak, and the colour
or the pattern underneath the wings. All of these markings were individually distinctive, and since the
birds were housed in small home groups, identifying individuals was accurate. Ring bands were not
used to identify individual birds since this could have influenced their behaviour [49].
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Housing and testing of the zebra finches was conducted with the authority of the Animal Ethics
Committee of the University of New England (AEC numbers 06/091, 07/014, 06/090).

2.2. Testing Room and Aviary

Testing occurred in the birds’ second year of life after some pilot tests had been conducted (see
below) and 9 months after the birds had been purchased and housed at the university. All experiments
were conducted in an aviary (3 m x 1.5 m x 2 m) located in a room separated from where the home
aviaries were kept (Figure 1). The testing aviary was divided into two virtual sections of equal size
(1.5m x 1.5 m x 2 m). Section A was the half of the aviary where the stimuli were presented, and
Section B was the other half of the aviary. Two perches were placed in Section B, in the corners of the
aviary furthest from location of the stimulus, from one of which the bird could see into Section A of
the aviary and could see the stimulus at a distance. The other perch in Section B was located behind a
visual barrier to provide a place of refuge at some distance from the stimulus.

Section A contained some branches spanning from the floor to the roof of the aviary and located
at the border of Section A and B. The main perch was 80 cm in length, 40 cm from the shorter side of
the aviary where the stimulus was presented and at 30 cm above a platform on which the stimulus was
presented (i.e., the bird was approximately 50 cm from the platform and stimulus). The platform was
40 ecm x 60 cm, located midway in the shorter side of the cage and 140 cm from the floor of the aviary.

80 cm
} .
[

Y2
Figure 1. A view of the testing cage from above. The cage was divided into two virtual sections, A and

B. The video recorders are C1 and C2. P indicates the platform on which the stimuli were presented.
See text for details. Note this diagram is not drawn to a precise scale.

Two digital video recorders (Panasonic NVGS35) were located outside the aviary (camera 1 at 120
cm from it) behind the stimulus presentation area. One video recorder was placed 30cm above the
platform so that it recorded a clear, close-up view of the bird on the main perch near the stimulus. The
other was placed so that a wide-range view incorporated most of the aviary with the exception of the
refuge area. The experimenter was located behind a visual barrier and could observe the finches via
a monitor.

2.3. Testing

Some pilot tests were conducted using birds tested alone but this was found to be unsuccessful
because separation from the group caused stress. The isolated birds tended to freeze and not move or
feed in the testing aviary and this was considered undesirable for the bird, and counterproductive
for the testing procedure. Therefore, pairs were tested (each pair treated as N = 1) in order to avoid
confounding our results with effects of stress through social isolation [50]. During these preliminary
tests, the birds were between 6 and 12 months of age.

In all cases, the pairs were same-sex cage mates. Zebra finches in captivity may form same-sex
pair bonds [51]. To determine whether individuals had formed a bond, each cage group was observed
for 30 min per day over four consecutive days and the interactions between the individuals were
noted. Seven bonded pairs (five same-sex male pairs and two same-sex female pairs) were identified.
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Individuals that had formed a bond were seen allopreening and no agonistic behaviour between the
pair was recorded. By contrast, agonistic events were regularly directed toward individuals not part of
the pair. Only those that had formed pair-bonds were selected for testing

Collecting the finches for transport to the testing room and testing aviary was achieved by turning
off the lights. Since zebra finches have poor eyesight in dim light, they could be collected from their
perches without undue stress (no flight response). The experimenter was able to take each finch and
place it in a small transport box and then release it into the testing aviary. The pair then remained in
the test-cage for 5 days before the actual tests were conducted. This allowed them to adjust to the new
surroundings before the stimuli were presented.

To present the stimuli, the experimenter placed the stimulus in the aviary through a door next to
the presentation platform. The stimulus was retrieved using the same procedure. Note, only the arm
of the experimenter was visible to the birds briefly while the stimulus was placed on the platform or
retrieved from it. The experimenter was otherwise visually isolated from the birds throughout testing.
Behaviour was scored from the video-footage.

2.4. Stimuli and Their Presentation

The non-threatening stimulus was a white opaque plastic container, hereafter referred to as a jar,
with a red lid (height 16 cm, base diameter 9 cm, lid diameter 5 cm; Figure 2A). The zebra finches had
been previously exposed to similar containers although not this particular one.

A

Figure 2. The stimuli presented to the zebra finches. (A) Plastic jar. (B) Taxidermic specimen of a
monitor lizard sized relative to the jar—bar length 5 cm. (C) The monitor lizard enlarged to show detail
and photographed from the same angle as it would be seen by the bird looking down from the perch in
Section A of the cage.
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The predator used, as already indicated, was a taxidermic specimen of a monitor lizard, Varanus
varanus, 125 cm in length (Figure 2B,C).

Total time for a test was 15 min. At the end of a 5-min pre-test period, and when both the birds
were in Section B of the cage, the experimenter opened a small door cut into the aviary wire and placed
the stimulus on the platform. The test period was of 5-min duration, after which the stimulus was
removed and then there was a post-test period of 5 min. Behaviour performed in all three periods was
recorded on videotape.

Each stimulus was presented to each pair once per day at 9.30 a.m. or 10.30 a.m. for a total of
6 days. The order of presentation was random.

2.5. Data Collection

For a zebra finch to fixate a stimulus monocularly, it needs to make an exaggerated head
movement. This provided an opportunity to score whether there was an eye preference to view
the stimulus. After approaching a stimulus (i.e., landing on the perch directly in front of the stimulus),
the zebra finches performed monocular fixation movements, described by Lombardi and Curio [43,52].
This was classified as inspection behaviour. To ensure that the bird was fixating the stimulus
monocularly (i.e., for 1 or more seconds) during an inspection event, the angle of the bird’s beak
to the stimulus had to be 90° 4 20° (Figure 3).

Figure 3. An illustration of the angle of viewing the stimulus, at a right angle to the line of the beak.

Scoring used playback of video recordings which allowed frame-by-frame analysis, particularly
for scoring eye use (Numbers 4 and 5 below). The following behaviour was scored from the videotapes:

1. Latency for the first bird to enter Section A (i.e., the Section in which the stimulus was presented);
see Figure 1.

2. Time spent in Section A in the pre-test, test, and post-test periods. Each bird was scored
individually, and the final tally was the total for the pair.

3. Number of visits into Section A.

4. Number of monocular fixation events and alternating monocular fixation bouts per pair. These
were scored only when the bird was in Section A on the perch directly in front of the stimulus.

5. Eye used in each fixation event of at least one second duration.

2.6. Statistical Analysis

Data were analysed for normality and equal variances and if the assumptions for parametric
tests were not met, non-parametric statistics were conducted. The non-parametric data were analysed
using Friedman'’s test with testing day as the repeated measure. Post hoc analyses used two-sample
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Wilcoxon signed ranks tests. The parametric data were analysed using t-tests. Note that the sample
size used was the number of pairs, not the number of individuals.

3. Results

Scores were obtained for all 7 pairs over the 6 days of testing and with both stimuli.

3.1. Time Spent in Section A, Near the Stimulus

The mean latency to move into Section A, and so approach the stimulus, was 76 + 12 s when
the lizard was presented, compared to 30 & 8 s when the jar was presented (2-tailed, paired t-test,
t=—2952, p=0.026).

In tests involving presentation of the jar, the time spent in Section A did not vary significantly
between pre-test, test, and post-test periods (Friedman’s test with period as a repeated measure,
x? =0.240, p = 0.887; Figure 4). By contrast, time spent in Section A did vary significantly in tests in
which the lizard was presented (x? = 17.532, p = 0.001); during presentation of the lizard, the birds
spent significantly less time in Section A than they did in the pre-test period (Wilcoxon, Z = —3.194,
p = 0.001) or in the post-test period (Z = —3.210, p = 0.001). In other words, compared to periods
without presentation of a stimulus and during presentation of the jar, the birds stayed further away
from the lizard by remaining in Section B. The difference between these scores during presentation of
the jar versus the monitor lizard was significant (t-test, t = —2.796, p = 0.031). Despite their avoidance of
the lizard, the birds made no fewer visits from Section B into Section A when the lizard was presented
compared to the number of such visits in the pre-test and post-test periods (Friedman'’s test, x> = 3.920,
p=0.141).
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Figure 4. Time spent in Section A of the cage in the pre-test, test, and post-test period, each of 5 min.
Asterisk indicates a significant difference between the time spent during presentation of the lizard
versus the jar (see text for details). The birds spent less time in Section 1 when the lizard was presented,
which indicates that it was perceived as threatening.

3.2. General Characteristics of a Looking Event

The zebra finches fixated the stimulus (i.e., for one or more seconds) monocularly and did so
either in a single monocular viewing event or by alternating between the monocular fields of each
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eye, turning the head from side to side. Single monocular fixations occurred in 39 & 8% of the
viewing events when the jar was presented and 43 + 5% when the lizard was presented (no significant
difference, 2-tailed paired t-test p = 0.69).

In biocular alternating fixation bouts (looking first with monocular field of one eye and then
turning the head to look with the monocular field of the other eye and so on; see Introduction and [44]),
the number of monocular fixations per bout was a mean and standard error of 2.28 + 0.35 for the
jar and 2.66 £ 0.26 for the lizard (not significantly different, 2-tailed t-test, p = 0.40). Nevertheless,
when viewing the jar, the birds were more likely to end a fixation bout using the eye opposite to
the one with which they had begun the bout than they were to end the bout viewing with the same
eye with which they had started (2-tailed paired t-test, p = 0.001). This means that, to view the jar,
the alternating fixation bouts were mostly LR or RL, where L refers to left eye and R to right eye
(Figure 5). When viewing the lizard, there was no difference between the number of bouts with odd
versus even numbers of fixations (2-tailed paired t-test, p = 0.471; Figure 5). In other words, when
viewing the lizard LRL was as common as LR (see later for eye preference).

@ Single fixations

@ 0dd number of fixations
per bout

O Even number of fixations
per bout

Number of fixations

Lizard Jar

Figure 5. Types of looking bouts. The mean number of each type of looking bout (with standard error
bar) is presented for all days of testing. The categories are single fixation bouts (fixating the stimulus
with one eye only), biocular alternating fixation bouts with an odd number of fixations (left-right-left
or right-left-right), and biocular fixation bouts with an even number of fixations (left-right or right-left).
Very occasionally the alternating fixation bouts were longer than the examples stated in the brackets,
and these were included in the appropriate category.

The total number of fixation events (monocular looking without alternation plus biocular
alternating fixation) did not differ between the two stimuli (mean and standard error of the mean, sem,
for the jar was 35.43 & 7.27 and for the lizard was 29.71 + 5.77; U-test comparison p = 0.599). Therefore,
although the birds spent less time in Section A of the cage during presentations of the lizard compared
to presentations of the jar, when they were in Section A of the cage, they viewed both of these stimuli
to the same amount.

However, differences did occur between stimuli when comparison was made of the number
of inspection events across days. The pattern of responses across days differed for the two stimuli.
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As shown in Figure 6, on presentation of the jar, the events of fixation declined significantly across
days (Friedman’s test with testing day as a repeated measure, x> = 12.14, p = 0.033). The decrease from
day 1 to day 2 did not reach significance (Wilcoxon, 1-tailed, p = 0.061) but the decrease from day 1 to
day 3 was significant (Wilcoxon test, 1-tailed, p = 0.028). Habituation of the response had occurred.
By comparison, no significant habituation of the number of inspection events was found in tests with
presentation of the lizard (x* = 8.233, p =0.144).
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Figure 6. The mean number of fixation bouts is plotted for each stimulus and for each day of testing.
Standard error bars are marked. Blue diamonds and dotted lines are for presentations of the jar. Red
squares and lines are for presentations of the lizard. See text for details.

3.3. Eye Preferences

The eye used to fixate the stimulus was determined. These scores included monocular fixation
of one or more seconds duration, in bouts without alternation and in bouts of alternating monocular
viewing (i.e., all fixations were included regardless of whether there was a single fixation or a bout of
biocular alternating fixations). Scores from all trials were included in the initial analysis. A significant
left eye preference was found for viewing the lizard (percent left eye preference = 56 + 2%, 1-tailed
t-test, p = 0.001, direction of difference predicted). This compared to no significant eye preference to
view the jar (49 + 3%, 2-tailed t-test, p = 0.681). The difference between eye used to view the stimuli
was significant (1-tailed, paired f-test, p = 0.031).

Considering only the first fixation per bout (i.e., eye used to view the stimulus in a single bout or
at the start of an alternating bout) calculated over all days, a significant preference to use the left eye to
view the lizard was found (65 £ 7% left eye; 1-tailed t-test, p = 0.034). For viewing the jar, there was no
significant eye preference (42 + 6% left eye; 2-tailed, t-test, p = 0.230). The difference in eye preference
to view the two stimuli was significant (2-tailed, paired t-test, p = 0.023).

We noticed 37 occasions on which the bird initially glanced at the stimulus for much less than a
second and immediately switched to using the other eye to fixate it. When the lizard was presented,
17 of such switches were from the right eye to the left eye, compared to only two from left eye to right
eye. This is consistent with the preference to view the lizard using the left eye. When the jar was
presented, 18 switches were recorded, and half of these were from left eye to fixate with the right eye
and half in the opposite direction (i.e., revealing no eye preference).
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Next the data were analysed using only the first monocular look on the first day of presentation.
The percent left eye preference was 72.4 & 13.5% for the lizard and 42.8 + 12.6% for the jar (Figure 7:
1-tailed t-test for the comparison of these two groups, p = 0.031). Preferred use of the left eye to view
the lizard was, therefore, evident from the very first look at the lizard, compared to no significant eye
preference to look at the jar.
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Figure 7. The mean percent left-eye preference is plotted with mean and standard error bars for the
first and the last presentation of each stimulus. Note the significant left-eye preference to view the
lizard, compared to no significant eye preference to view the jar (see text below).

In fact, these eye preferences remained unchanged across presentations. On the last trial,
the percent left eye preference was 80.4 £ 4.9% for the lizard (significant left eye preference, 1-tailed
t-test, p = 0.008) and 25.7 £ 12.8% for the jar (Figure 7: 1-tailed t-test for the comparison of these
two groups, p = 0.005). Although from the first to the last presentation of the jar there was trend
towards more use of the right eye (2-tailed paired t-test comparison of first to last presentation of the
jar, p = 0.095), this did not reach a significant right eye preference (2-tailed, paired t-test, p = 0.107).

4. Discussion

First it was important to obtain evidence that the zebra finches perceived the lizard, and not the
jar, as a threat. Therefore, approach to the stimuli was measured. Latency to move into Section A after
presentation of the stimulus was one such measure. This latency was twice as long when the lizard
was presented than it was when the jar was presented. Also, the birds spent significantly less time in
Section A of the cage when the lizard was presented compared to the time that they spent in Section A
during the pre-test and post-test periods. By contrast, no avoidance of Section A occurred when the jar
was presented. Both of these measures confirmed that the zebra finches perceived the lizard, and not
the jar, as a threat (i.e., recognised it as a predator).

On the first presentation of the jar, the birds fixated it more times than they did the lizard or than
they did on any subsequent presentation. This suggests that, on first presentation, the jar might have
been perceived as somewhat novel, but not threatening. By contrast, response to the lizard remained
unchanged across the 6 days of testing; this lack of habituation of response to the lizard is likely to be
caused by elevated levels of fear induced by this potential predator [53]. Despite these differences in
response to the two stimuli, the total number of times the birds fixed the stimuli, over all days of testing,
were the same for the lizard and the jar. However, use of the eyes to view the lizard compared to the
jar did differ. There was a significant preference to view the lizard using the left eye but no significant
eye preference to view the jar. This finding of a left eye preference to view the lizard was reinforced by
occasions when the birds caught sight of this stimulus with the right eye and immediately switched
to fixate it with the left eye. Although switches were also observed on presentation of the jar, there
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was no directional preference to switch from right to left eye versus from left to right eye to fixate
the stimulus.

Lombardi and Curio [43,52] described the zebra finch’s response to seeing a live owl as including
side to side movements of the head which allow monocular fixation. This sequential use of the left and
right monocular visual fields was also observed in our study but single monocular fixations with one
eye were also common. When the stimuli were viewed using monocular alternating fixation bouts,
these differed for viewing the lizard versus the jar. Such bouts to view the jar most often involved a
fixation with one eye and then the other, whereas for viewing the lizard the birds often looked with
one eye (left eye preference), then the other eye, and again with the first eye (left eye again).

In fact, the finding of a left eye preference to view the lizard versus no preferred eye to view the
jar remained consistent across all days of testing. A preference to use the left eye to view a predator has
also been reported in other avian species. Australian magpies, Gymnorhina tibicen, display a left eye
preference to view their main predator, a wedge-tailed eagle, prior to withdrawing from it [39,40,54],
and also in our tests the zebra finches moved away from the monitor lizard after they had inspected it
from the vantage point of the perch in Section A of the cage. Domestic chicks show a left-eye preference
to monitor a model of a raptor, and this contrasts with use of the right eye to search for grains of
food [30,55]. Domestic chicks also show a left eye preference to monitor biological motion [56], a
finding that fits well with use of the left eye to view predators.

Such left eye preference for detecting and viewing predators extends to other vertebrate species.
A Dasyurid marsupial has been shown to respond more strongly to a predator, a model snake, seen in
its left lateral field of vision compared to the same stimulus seen its right lateral field of vision [42],
and the same has been found in the cane toad, Bufo marinus [41]. Therefore, together with our current
finding in the zebra finch, the evidence for left eye preference to view a predator before responding
by withdrawing from it is consistent across a range of species. Since inputs from the left eye are
processed almost entirely by the right hemisphere, left-eye preference reflects specialisation of the
right hemisphere for processing of and retreating from predators (summarised in [32]).

Butler et al. [44] also found a left eye preference in starlings viewing model predators (hawks),
but they used a different method—a number of fixations of the stimulus made with one eye (using
different regions of the retina) before switching to view the stimulus with the other eye. The left eye
preference measured in this way was not specific to viewing predators since it was also found when the
stimulus was simply a patch of grass similar to one on which one of the predators had been presented.
The researchers suggested that the left eye preference resulted from a higher concentration of single
cones in the left eye compared to the right eye [57]. However, we think this is unlikely to be the sole
reason for the left eye preference, since by intracranial injections into the left or right hemisphere of
the chick, it has been shown that asymmetry of eye use for visual discrimination learning depends
on hemispheric differences in processing stimuli and controlling response (viz., right eye and left
hemisphere for visual discrimination learning [22], summarised in [58]). Furthermore, if the response
to a predator is close approach with contact during attack rather than withdrawal, as is often the case
in magpies, there is a preference for use of the right eye and left hemisphere just before attacking [40].

Considerable research of the regions of the zebra finch brain receiving visual inputs has been
undertaken. As mentioned in the Introduction, most of the visual input from an eye is processed
by the contralateral hemisphere. In fact, the first relay station for visual inputs in the main visual
pathway is entirely to the optic tectum contralateral to the eye. By far the majority of neurones
from each optic tectum projects to the ipsilateral nucleus rotundus, although a minority do cross
the midline to project to the contralateral nucleus rotundus [59]. Electrophysiological recordings of
neurones in the nucleus rotundus have shown that, while there are neurones that respond to inputs
from both the ipsilateral and contralateral eye, there are no neurones that respond exclusively to the
ipsilateral eye [60]. Consequently, Schmidt and Bischof [60] suggested that at rotundal level, there is
inhibition of input from the ipsilateral eye by contralateral input and thereby only one eye engages the
bird’s attention.
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From each nucleus rotundus projections go to the forebrain only on the same side. Therefore,
inputs from one eye are processed on the contralateral side of the forebrain (in the contralateral
hemisphere). While one eye is attending to a particular stimulus, visual processing of inputs by the
other eye is suppressed, as shown by Voss and Bischof [61]. In fact, the suppressed eye moves in a
saccade counter to the attending eye so that foveal inputs from only the attending eye are processed at
forebrain level [62]. Hence, we may deduce that attention to a predator using the left eye engages the
right hemisphere and suppresses information coming from the right eye.

Taking all of the available evidence of asymmetry in zebra finches into account indicates that
lateralised brain function is the same as in other avian species. At the least, use of the right eye and left
hemisphere to discriminate grain from pebbles [34] and the left eye and right hemisphere to attend
to predators is consistent with the pattern of lateralisation in chicks, magpies [63], and other avian
species (see Introduction). One apparent discrepancy remains, and that concerns copulation and
courtship. Whereas male zebra finches use their right eye to approach a female in courtship and
their songs have more motifs when they see the female by using their right eye (discussed in the
Introduction), the evidence from the domestic chick is that the left eye and right hemisphere control the
copulation response [64]. It is possible that the difference depends on courtship behaviour versus actual
performance of copulation. During courtship performance, copulation behaviour must be suppressed
and that could be achieved by the left hemisphere’s ability to suppress the right hemisphere [31],
and hence the right eye/left hemisphere is used during courtship. Consistent with this explanation,
in sage-grouse Krakauer et al. [65] found significant left-eye preference during courtship only in males
that mated successfully and not in those that were unsuccessful in mating.

5. Conclusions

As we outlined in the Introduction, despite early indications that the direction of asymmetry
in the zebra finch brain concerning song production and perception differed from that of other
songbird species, more recent evidence indicates that any such difference may be minimal, although
further research is needed to confirm this suggestion. However, taking into account the evidence for
asymmetry of visual behaviour, the pattern of asymmetry in this species seems to match that of other
avian species—specialisation of the left hemisphere for focussed attention to perform routine functions
in non-stressful situations, and of the right hemisphere for broad attention, response to novel stimuli,
and control of behaviour in emergency (predatory) situations (summarised in [31,32]).
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Abstract: Studies on auditory laterality have revealed asymmetries for processing, particularly
species-specific signals, in vertebrates and that each hemisphere may process different features
according to their functional “value”. Processing of novel, intense emotion-inducing or finer
individual features may require attention and we hypothesised that the “functional pertinence”
of the stimuli may be modulating attentional processes and hence lateralisation of sound processing.
Behavioural measures in “(food) distracted” captive Campbell’s monkeys and electrophysiological
recordings in anesthetised (versus awake) European starlings were performed during the broadcast
of auditory stimuli with different functional “saliences” (e.g., familiar/novel). In Campbell’s
monkeys, only novel sounds elicited lateralised responses, with a right hemisphere preference.
Unfamiliar sounds elicited more head movements, reflecting enhanced attention, whereas familiar
(usual in the home environment) sounds elicited few responses, and thus might not be arousing
enough to stimulate attention. In starlings, in field L, when awake, individual identity was
processed more in the right hemisphere, whereas, when anaesthetised, the left hemisphere was
more involved in processing potentially socially meaningless sounds. These results suggest that the
attention-getting property of stimuli may be an adapted concept for explaining hemispheric auditory
specialisation. An attention-based model may reconcile the different existing hypotheses of a Right
Hemisphere-arousal/intensity or individual based lateralisation.

Keywords: hemispheric specialisation; attention; starlings; Campbell’s monkeys; auditory perception

1. Introduction

At the time of and also because of Broca’s (1861) [1] early findings of a dominance of the left
hemisphere for language production and processing, brain lateralisation has long been considered
a unique human feature. Only in the last decades have parallels been sought and found in
animals, revealing that brain lateralisation is a rather universal feature amongst vertebrates and some
invertebrates [2-5]. Surprisingly, auditory laterality is amongst the latest studied aspects, but these
studies have shown that there are clear asymmetries for processing, in particular species-specific sound
signals, in vertebrates [6-9]. Most of these studies have investigated whether animals, as a parallel to
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language processing, had a dominant hemisphere for the processing of the species-specific vocalisations.
Indeed, a left dominance for species-specific vocalisations has been found in a series of species
such as seals [10], mice [11], raptors [12], cats [13], rhesus macaques [14,15], and chimpanzees [16]
using ear orientation in response to playbacks or lesional approaches such as Heffner and
Heffner [17,18]. However, results in songbirds and some primate species are more mitigated: lesions,
electrophysiological and/or behavioural tests reveal a left dominance in Bengalese finches [19],
rhesus macaques [20] but a right dominance in zebra finches [21], European starlings [22,23],
vervet monkeys [24] and Japanese macaques [25] in response to species-specific vocal signals.
When investigating further, however, both Cynx et al. [21] and George [22,23] found a more complex
process as each hemisphere seemed to process different features even within the species-specific songs
according to their social (e.g., individual) or functional (familiar/nonfamiliar) “value”.

This reminds one of the processing of other important features of speech such as prosody and
emotional content that are processed in the right hemisphere by humans [26]. These features are
important for a listener to appreciate the emitter’s identity, intentions and attitudes [27].

It has been proposed that, in birds, the right hemisphere would be more involved in finer
discriminations [21] or responses to novel features [28], a parallel with baboons or gray mouse lemurs
where it has been suggested that non-familiar sounds are processed in this hemisphere [29,30] although
recent findings show that familiar stimuli are processed more in this hemisphere in Japanese
macaques [25]. In Campbell’s monkeys confronted by species-specific and heterospecific social calls
with different emotional valences, only the species-specific calls with a negative valence elicited a
lateralised response with a preference for the right hemisphere (left head turning) [31], as also observed
in Emei music frogs [32]. Sex differences may occur as in mouse lemurs, for example, a species where
males, but not females, exhibit a significant right ear-left hemisphere bias when exposed to conspecific
communication sounds of negative emotional valence [33]. Interestingly, these laterality biases may
extend to interspecific perception: in dogs, the right hemisphere dominance for conspecific barks
extends to the signals of another (familiar) species, cats, while human orders are processed without
any hemispheric preference [34]; in cats, the left hemisphere is more involved in the processing of
species-typical vocalisations such as meow or purring, but not for growling, while sounds eliciting
intense emotions (dogs’ vocalisations of “disturbance”) are associated with the right hemisphere [13].

In any case, finer discriminations and processing of novel or intense emotion-inducing features
may require more attention, which is considered as one basis for the evolution of lateralisation [35].
Female free-ranging orcas, but not males, show a significant preference for the use of the left eye
when looking at humans, which can be associated with their higher sustained visual attention towards
humans [36]. It was proposed that the two hemispheres did not have a similar function: focused
attention will be processed by left hemisphere and conversely broad attention by right hemisphere [37].

While most studies involve behavioural responses (i.e., eye or ear/head turning) as indirect
information of brain lateralised processing, some electrophysiological studies suggest further a link
between perceptual laterality and attention. Thus, in European starlings, an auditory dominance can
only be observed in awake birds and not in anaesthetised birds, but also the types of sounds processed
by the two hemispheres differ between the two states [22,23,38].

More recently, an EEG study on horses has revealed that processing of visual attention per se is
lateralised, with a clear predominant involvement of the right hemisphere [39].

The aim of the present study was therefore to investigate this mutual relationship between
attention and lateralisation, by looking at auditory perception in two species of primates and
songbirds, the Campbell’s monkeys and the European starlings, both known to perceive and process
species-specific stimuli at least with lateralised responses (e.g., [22,23,31,40]). On the other hand,
both species show different levels of attention and auditory response according to the social familiarity
or social functional significance of the stimuli: in Campbell’s monkeys, old (no longer used) but
familiar variants of contact calls [41] or unexpected types of vocal interactions [42] elicit a cessation of
activity and visual attention. Female starlings respond to the playback of familiar shared songs with
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visual search [43], and familiarity was a major modulation factor in auditory responses in the field L of
adult male starlings [44].

We hypothesised therefore that the “functional pertinence” of the stimuli may be modulating
attentional processes (see also the “attention neurons” proposed by Hubel et al. [45]) and hence
lateralisation of the sound processing, while attentional processes per se would modulate responses.
While we expect more functionally salient stimuli (e.g., social calls) to be triggering more attention
and enhanced lateralisation, manipulating attention should change those responses. To test this
hypothesis, we used behavioural tests in Campbell’s monkeys and electrophysiological recordings in
European starlings to investigate the impact of attention on the lateralisation of neuronal or behavioural
responses to the broadcast of auditory stimuli with different functional “saliences” (familiar /novel,
species-specific/non-specific, etc.). In both species, only females were tested. In European starlings,
data on male lateralisation of sound processing were already known [22,23,46] and could be used
for comparison. In Campbell’s monkeys, females are at the core of the social network, with clear
individualised bonds [47,48], and therefore appeared as interesting to test. We manipulated the
attention of the animals in two ways: by adding a (food) distractor to the monkeys, as we expected
them to then pay attention only to particularly salient stimuli and by looking at neuronal responses in
the primary auditory area of anaesthetised animals in starlings, an extreme case of loss of attention.
In Campbell’s monkeys, novel and familiar species-specific and non-specific sounds (other species
present or not in the environment, and non-biological sounds) were used as we expected the monkeys
to respond less to sounds usually heard in their environment (e.g., horses [49]). We hypothesised that,
more than a mere dominance of a hemisphere for species-specific sounds, a more subtle specialisation
may be found according to the “attentional value” (e.g., “novelty”) of the sound for the animal.
We chose to broadcast the full series of sounds to each individual, a procedure that has proved useful in
birds and may avoid controversies related to the playback of only one sound to one animal [14,50,51].
We also expected unfamiliar and familiar sounds to elicit different levels of arousal /attention that might
reflect the level of reaction to the playback in terms of number of reactions and strength of orientation.

2. Results

2.1. Study 1: Behavioural Responses of Campbell’s Monkeys to Familiar or Novel Sound Stimuli

This study was performed on six captive born female Campbell’s monkeys, aged 4-13 years,
and living in the same social group. The distractor was a homemade caramel, which was spread on
the wire net inside the room just above a metal tray on which the monkeys could sit in order to lick
it. This food element proved very attractive as all animals remained sitting on the tray during the
whole experiment, licking it actively. Nine distinct sound categories were used that were or were
not familiar or close in structure to the own species calls. These nine sound categories were: white
noise (non-biological stimulus), vocalisations of familiar (conspecifics) primates and birds, and of
unfamiliar male and female primates and birds. All sounds were calls with a social positive valence
(for the concerned species). The term familiarity was used here as “common in the environment” and
not in terms of “individual familiarity”. A total of 540 playbacks were performed with 90 sounds
per female (5 exemplars of 8 biological sounds x 2 + 10 times white noise). The analysis of the video
recordings revealed head movements and orientations in response to playbacks that occurred within
the second following the playback. Therefore, only changes in behaviour occurring in the second
following playback were considered as responses.

2.1.1. Results of Study 1

Overall, a high proportion of the playbacks elicited a clear response (314 out of 540 tests, binomial
test response/no response: p = 0.0002). No habituation could be detected as the proportion of playback
eliciting a response did not differ between both sessions (Wilcoxon test, p > 0.05 in all cases) or

49



Symmetry 2019, 11, 48

according to the rendition order for white noise (Spearman rank order correlation, N = 10, r = —0.298,
p=04).

Three stimuli elicited clearly a higher proportion of responses than the others: the loud calls of
the male Wolf’s monkeys (63%: binomial test: p = 0.05), the social calls of the females Wolf’s monkeys
(80%: p = 0.0006) and the barnacle goose calls (80%: p = 0.0006). The most familiar sounds appeared
to elicit the lowest level of response (51% for the female Campbell’s monkey calls and 40% for the
European starling whistles) (p < 0.26).

When considering individual responses in terms of lateralisation, clear differences according to
stimulus were observed in the second session (Figure 1), while none was found for the first session
(Wilcoxon tests, N = 6, p < 0.11). All subjects turned their heads significantly to the left after hearing four
unfamiliar stimuli: social calls of female baboons (87% of the responses) and of female Wolf’s monkeys
(84%) and barnacle goose vocalisations (80%) and white noise (69%) (Wilcoxon tests, N = 6, p < 0.04).
No significant right/left differences were found for any of the familiar stimuli, or the species-specific
calls (unfamiliar in terms of individual identity but familiar in terms of overall structure: 56% for male
and 53% for female Campbell’s monkeys’ calls elicited orientations to the right).
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Figure 1. Variation of the mean (+/— s.e.) number of head orientations according to stimuli, calculated
from all subjects. L: left orientation, R: right orientation, N.B.S.: Non-Biological Sound, Star: significant
difference — Wilcoxon tests.

2.1.2. Discussion of Study 1

The broadcast of a series of sounds varying in terms of familiarity and while the animals had
a food distractor showed that only novel sounds elicited responses above chance level, and most of
all lateralised responses, with a right hemisphere preference. Familiar sounds, either because they
were species-specific or because the species concerned were common in the environment, elicited few
responses and no lateralisation. The animals’ responses suggest that species-specific calls and sounds
of another non-primate species common in the environment might all correspond to a same general
“familiar” category, that, when animals are occupied by another preferred activity may not create
enough arousal to stimulate attention. Hearing familiar sounds while focusing on an attractive “task”
may not elicit arousal. Unfamiliar sounds on the other hand elicited more responses in terms of head
movements, suggesting that the animals paid more attention. Another element is that these unfamiliar
sounds elicited the same level of responses in the two sessions, whereas lateralisation of the responses
became clear only at the second session, as if a certain level (or an increased level) of attention was
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necessary in order to adapt their responses. Both a probable decrease of motivation elicited by the
caramel and the repetition of unfamiliar sounds could explain increased attention. In the present study,
the unfamiliar sounds may have been “startling” enough to distract the monkeys from their focus on
the caramel.

In another study with also a food distractor, the Campbell’s monkeys confronted by familiar
(group members) species-specific calls elicited lateralised responses (left head turning, right
hemisphere) only when they had a negative valence (i.e., threat calls, and not for contact calls) [31].
This actually may reinforce a potential role of attention; as such signals do require an immediate
arousal and readiness to respond, contrary to social positive signals. Indeed, in this same study,
as in the present one, neither heterospecific calls nor social positive species-specific calls elicited any
lateralised response.

The social function of the vocalisation and the subsequent attention of the female must also be
taken into account. No lateralised responses to male loud calls were observed in the present study with
a food distractor, whatever the familiarity level. Campbell’s monkeys present strong vocal and sexual
dimorphisms. Male loud calls are directed toward other males in a competitive context (or in alarm
contexts, [52]) and females react much less to the loud calls of other conspecific males than to those of
their harem male, which may explain why they showed no laterality for any of the male loud calls
broadcasted. On the contrary, female contact calls are involved in pacifying interactions and, through
vocal convergence, reflect social affinities [47,53]. In horses, lower responses and no lateralised head
turning was observed when they heard the whinnies of group members in their familiar setting [54].

2.2. Study 2: Electrophysiological Responses of Auditory Neurons to Different Sounds in European Starlings

Twenty-six wild-caught adult female European starlings were used for this study. Ten were
recorded while awake-restrained, and 16 while anesthetised both during and outside the breeding
season. Auditory stimuli consisted in artificial non-specific sounds and songs chosen for their
behavioural relevance: Class-I: species-specific whistles that are common to all males and are the bases
for male-male interactions and dialectal variations; Class-II whistles that are more individual-specific
but can be shared by close social (same sex) partners; and Class-III warbling motifs that are individual
specific but can be shared by close social partners excepted for clicks, common in all male songs all year
round and high-pitched trills that occur at the end of the warbling sequence and are more frequent at
breeding time and especially in unmated males (see Section 4.2.).

2.2.1. Results of Study 2

Since there were no significant differences in terms of laterality between the recordings performed
during or outside the breeding period within each category of bird (awake/anaesthetised), data were
pooled. There were more neuronal responses to the auditory stimuli overall when the birds were
awake than when they were anaesthetised [38].

A clear laterality of sound processing appeared in the awake-restrained birds, revealing that the
individual song elements from a known bird (group member) elicited more responses in the right
hemisphere (Wilcoxon test, N = 10, Z = 2.54, p = 0.01) while the more universal motif types (clicks and
high pitched trills) elicited more responses in the left hemisphere (Wilcoxon test, Z = 1.9, p = 0.05).
The artificial sounds and male-specific universal species-specific Class I whistles did not elicit any
lateralised response (Figure 2).

The pattern was clearly different in the anesthetised birds, which showed no lateralisation for
individual songs but a left hemisphere dominance for the artificial sounds and again for the more
universal features of Class III songs (Wilcoxon tests, artificial sounds, Z = 1.96 p = 0.049; clicks and
trills Z = 2.52, p = 0.01).
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Figure 2. Laterality of neuronal preferences (%: percentage of responsive sites) in field L of awake
(a) and anaesthetized (b) European Starling: percentage of neural sites that responded to nonspecific
(artificial sounds), universal features of songs (species specific Class I, Class II clicks and trills) and
familiar and unfamiliar individual songs (Class II whistles and Class III motifs).

2.2.2. Discussion of Study 2

The neuronal responses in field L of adult female starlings clearly differed according to the
birds” wakefulness state, with more responses in the right hemisphere for a familiar bird (group
member) when they were awake, a lateralised response that disappeared when they were anaesthetised.
They also showed more responses towards artificial sounds when anaesthetised, these elements, similar
to the more universal warbling motifs, being processed most in the left hemisphere. Interestingly,
fRMI studies on anaesthetised females showed the same preference of Right Hemisphere (RH) for
processing individual songs from unknown males and Left Hemisphere (LH) for the universal
species-specific song elements [40].

These results differ to some degree from those obtained in male starlings [22]: in awake birds,
there was an overall predominance of RH responses that we did not particularly observe in females,
and the RH was more involved in processing individual songs, whether familiar or unknown.
In anaesthetised birds, RH was involved in processing universal species-specific sounds while they
were processed on the left in females. Such sex differences may be due to either a differential general
laterality of sound processing in males and females or the fact that only male songs were broadcasted
in both cases, which means they did not have the same social significance for both types of birds.
Further studies involving female song should be performed.

In both sexes though, when animals are awake, individual identity is processed more in the right
hemisphere while, when anaesthetised, the left hemisphere seems to be more involved in processing
potentially socially meaningless sounds such as artificial sounds as is the case in anaesthetised adult
female zebra finches, which also have artificial sounds processed in LH [55].

These results reinforce the idea that the right hemisphere would be more involved in processing
individual information as suggested by different studies on chickens [56,57], quails [58] or sheep [59].

3. General Discussion

The results obtained on both species studied here with different paradigms (head orientation
versus electrophysiological recordings) converge in showing that altered attention, either by having
a distractor or through anaesthesia, leads to particular lateralised patterns of response. In the two
studies using food distractor, female Campbell’s monkeys, confronted by negative and positive social
calls produced by conspecifics or familiar other primates, show a right hemisphere dominance for only

52



Symmetry 2019, 11, 48

the negatively connoted species-specific calls [31], while they also show a right hemisphere dominance
for all sorts (heterospecific, artificial sounds) of novel sounds and lower non-lateralised responses for
familiar sounds (including positively connoted species-specific calls).

When female starlings are awake, there is a right dominance of the Field L neurons for individual
familiar songs, while, when they are anaesthetised, this dominance disappears, with LH processing
potentially more meaningless sounds.

Interestingly, differences in laterality of responses in distracted animals (juice drink during
playback) were also observed in two studies using two different “types of familiarity” procedures
on mouse lemurs: while the authors found a LH bias for conspecific calls with a negative valence
recorded in the field [33], they found no such bias according to call valence in another study where the
calls were recorded from non-group members living in the same facility [30].

In the latter case, they did not find any bias for familiarity, contrary to our primate study, but they
used calls from animals that were not group members but still present in the facility. Horses react to
the whinnies of neighbouring (non-group members) horses as familiar compared to those produced
by totally unknown horses [49,54]. Therefore, the question remains open as how the lemurs would
have processed familiarity if really unknown calls had been broadcasted. Future studies on diverse
species should probably differentiate between individual familiarity and sound familiarity, in terms of
acoustic environment or structural proximity.

However, while in our studies both species revealed a clear influence of the attentional state
on the pattern of laterality observed, they also showed apparent discrepancies. Thus, there was a
RH bias for processing negatively connoted species-specific calls in distracted Campbell’s monkeys,
whereas RH was more involved in processing familiar rather neutral or positive familiar songs in
awake starlings. In addition, while only novel (i.e., unfamiliar) sounds, whether heterospecific or
artificial, elicited higher and lateralised RH responses in distracted Campbell’s monkeys, starlings’
neurons reacted to these sounds with a LH dominance.

This suggests that brain processing of auditory stimuli and the associated emotional valence
differs between these species, that distraction and anaesthesia certainly do not represent the same level
of attention alteration, or that there is another common process that may explain these discrepancies.
Opverall, all EEG studies converge to indicate a LH bias for positive and RH bias for negative emotional
states in human studies including when processing speech, as also shown in most animal studies
using visual stimuli (i.e., [58,60-64]). Animal behavioural studies on auditory perception are not
as clear-cut: dogs turn more the head towards the left (RH) when hearing a thunderstorm noise or
human voices with a negative valence [65,66], as do Campbell’s for conspecific calls with a negative
valence [31] but mouse lemurs turn more the head towards the right (LH) for the same type of
stimulus [33]. In addition, domestic goats show more right head turning (LH) for conspecific calls
produced in supposedly negative contexts (isolation, frustration, dog barks) but also for calls produced
in anticipation of feeding, a context supposedly associated with positive emotions [67]. The authors
concluded that the RH processes high arousal independently of valence, although one alternative
possibility is that anticipation of positive event may correspond to a quite ambiguous situation [68].
Following Baciadonna et al. [67], one hypothesis therefore would be that lateralised processes concern
intensity and not valence of the stimuli, two aspects of emotions separated in the circumplex model
of Lang et al. [69]. This would be in contrast to the valence theory [70] that predicts a clear impact of
valence on the lateralisation of stimulus processing (see also [71,72]).

How can we explain the number of studies, including the present one, showing that individual
identity, familiarity and overall functionally significant stimuli are processed with hemispheric
specialisation, without any particular arousal? In dogs, fMRI studies indicate that meaningful (human)
auditory stimuli are processed on the right side, while “marked” words are processed in LH [73],
and behavioural studies that a “positive” human voice is processed in RH in this species [74].

Actually, there is only one way of explaining these different facets of laterality which is,
as suggested by Andrew [75], attention. If, as suggested by different authors, the right hemisphere
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is more involved in detailed analysis (which requires attention) (e.g., [8]), then it could explain
why in awake undistracted animals, it is devoted to the analysis of individual identity (e.g., [76]),
in both distracted and undistracted animals to negatively connoted stimuli, that tend to attract more
attention [77-80] and anticipatory contexts where the animals” attention is focused on expectation.
For example, dogs processed “happy” human voices with the LH, but they also showed a lower
arousal for these voices than those reflecting fear [66]. There is more activation of RH when humans
watch incongruent audio-visual interactions on videos [81], and incongruence is known to stimulate
attention [82]. Alertness overall tends to increase for both salient or more negative interpersonal
conditions [83], which leads one to consider that the arousal elicited by auditory stimuli is more
important than their specific valence. However, arousal involves attention.

When distracted by an appealing food, female Campbell’s monkeys just reacted to novel and
thus “incongruent” (no baboon or barnacle geese in their captive environment) sounds with left head
turning (RH): familiar sounds such as contact calls of conspecifics or birds (starlings) common in their
environment obviously were not salient enough to trigger reactions, and still less so laterality. Auditory
neurons of male and female anaesthetised starlings showed responses to meaningless sounds, such as
artificial sounds, mostly in the left hemisphere, as also observed in female zebra finches [55].

Awake female starlings showed a RH bias for particularly meaningful conspecific calls, such as the
individual songs of known birds (which reflect social bonding, [43]) and distracted female Campbell’s
monkeys also showed a RH bias for negatively connoted calls of conspecifics [31]). One can think
that the salience of the stimuli depends on the functional significance of the signals for each species.
According to Syka et al. [84] and Huez et al. [85], in mammals, anaesthesia affects sensory elements
that show relevance, and attention is required for processing meaningful vocalisations.

If, as proposed by Andrew and Watkins [35], we consider attention as a core aspect of hemispheric
specialisation, then it would explain enhanced laterality for novelty, incongruence, and highly
(e.g., socially) significant signals, as well as discrepancies between studies using (e.g., [30,65]) or
not (e.g., [74]) a food distractor. Distraction may raise the threshold of attention-getting value of the
stimuli and thus alter laterality.

Electrophysiological data converge to suggest a higher implication of RH in attentional processes in
humans [82,86] and horses [39]. Meaningful sounds elicit more responses in the RH of dogs [73,87,88].

In the same line, Ghazanfar et al. [20] showed that rhesus monkeys oriented to the left
for reversed calls, which may have been perceived as incongruent hence deserving further
attention. Pohl [29] argued that the right hemisphere in baboons processes pure tones, musical
sounds and vowels and he suggested that processing these unfamiliar structures is more difficult.
Cynx et al. [21] and Watkins [28] proposed that the RH played a similar role in processing novel
features or more complex sounds. Thus, hens’ clucks are processed in the left hemisphere,
but the introduction of a new note (novel feature in a familiar sound) induces processing in the
right hemisphere [28].

Our results suggest, for the first time, that the attention-getting property of stimuli may be a more
adapted concept for explaining hemispheric auditory specialisation (including also the species-specific
vocalisations) and may explain that the distinction between familiar/novel may be more important
than between species-specific versus non-specific stimuli. Thus, in our study on monkeys, the responses
were clearly oriented towards the left (RH) for an unfamiliar bird (barnacle goose), whereas there was
no clear orientation for another bird, the European starling, common in the animal’s environment.
Horses show no lateralised responses when hearing the whinnies of a group member within the familiar
pasture but react with a lateralised pattern when hearing a total stranger or a familiar non-group
member horse that never shares the same pasture [54].

An attention-based model may reconcile the different existing dominant hypotheses of a
RH- [70,88-92], arousal/intensity or individual [56] based lateralisation, in particular for auditory
perception. According to a species’ social organisation/structure or life conditions, the more meaningful,
hence attention-getting stimuli, may differ.

54



Symmetry 2019, 11, 48

4. Materials and Methods
4.1. Study 1: Behavioural Responses of Campbell’s Monkeys to Familiar or Novel Sound Stimuli

4.1.1. Subjects

This study was performed on six captive born female Campbell’s monkeys, aged 4-13 years,
and living in the same social group, composed of one adult male, six adult females and three juveniles
(one male and two females) at the time of the experiment. The animals were housed in an enclosure
divided into outdoor (21 m? x 4 m) and indoor (21 m? x 3 m) parts. Trap doors enabled the animals to
move freely from one to the other part. However, during the playback sessions, they were kept indoors.

4.1.2. Procedure

The indoor part was connected to the experimental room through a trap door and a concrete wall
separated both rooms. Therefore, when in the experimental room, the animals could hear but not see
the rest of the group. The monkeys were trained to leave the group in order to go individually to
the experimental room using food reinforcement several weeks before the onset of the experiments.
The six females would go easily and did not show any sign of stress during the experiments.

The distractor was a homemade caramel, which was spread on the wire net inside the room just
above a metal tray (20 cm x 20 cm) on which the monkeys could sit in order to lick it. This food
element proved very attractive as all animals remained sitting on the tray during the whole experiment,
licking it actively. This also ensured that during the experiments the animals would keep quietly
sitting with their back towards the loudspeaker in a symmetrical position. Playbacks only occurred
when the animal was in this position, licking the caramel. A video camera was placed in front of the
animal in order to record its behaviour.

The experiment took place between 26 March and 25 April 2005. Two experiments were performed
per day: one before food distribution in the morning and the other in the afternoon. The animals
were tested individually in a rotating order and, to avoid habituation and/or loss of motivation in the
situation, only two sounds were broadcast per day for a given female. Playback was manually ordered
through a computer (Amiga- Commodore — U.S.A.) by the experimenter, who waited for the animal
to be sitting with its ears symmetrical to the loudspeaker before starting the playback. The interval
between two successive sounds was therefore variable (1-10 min) depending on the behaviour of the
subject. After the first sound, the subject had to move away from the caramel and then to place itself
again in front of the caramel.

4.1.3. Auditory Stimuli

Nine distinct sound categories were used that were or were not familiar or close in structure
to the own species calls. These nine sound categories were: white noise (non-biological stimulus),
vocalisations of familiar male and female primates, Campbell’s monkeys (C. c. campbelli), familiar birds,
European starlings (Sturnus vulgaris), unfamiliar male and female primates, baboons (Papio anubis) and
Wolf’s monkeys (Cercopithecus wolfi) and unfamiliar birds, barnacle geese (Branta leucopsis). Primate
male calls were loud calls and female calls were contact calls. All sounds were calls with a social
positive valence (for the concerned species). For each of the eight biological stimuli, calls from five
distinct individuals were used to prevent pseudo-replication. The term familiarity was used here as
“common in the environment” and not in terms of “individual familiarity”. Thus, the species-specific
calls had been recorded from wild animals unknown to the experimental animals but they were
considered as familiar in terms of “category of sounds commonly heard in the environment”.

The sounds were broadcast at 75 dB, as measured at 2 m (distance between the loudspeaker and
the sitting tray). Each individual exemplar of sound was broadcast twice during the entire experiment:
the whole series of sounds was broadcast (Session 1) before a second series of playback of the same
sounds took place (Session 2). Each female therefore heard 90 sounds (5 exemplars of 8 biological
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sounds x 2 + 10 times white noise). A total of 540 playbacks were thus performed. The order of
playbacks of the stimuli was randomised for each session and a given female never heard the same
succession of two stimuli, twice.

The analysis of the video recordings revealed head movements and orientations in response to
playbacks that occurred within the second following the playback, that is before any group member in
the other room could produce any vocal response [25]. Therefore, only changes in behaviour occurring
in the second following playback were considered as responses. Changes in head orientation were
only taken into account if the head movement was above 45°. Head orientation could be left, right
or none.

4.1.4. Statistical Analysis

Non-parametric statistics were used: binomial tests to compare the number of
responses/non-responses, the number of left/right responses for each and all stimuli, respectively;
Wilcoxon test to compare right/left responses between sessions and stimuli and to ensure inter
individual validity; and Spearman rank order correlation tests to test possible correlations between
playback rendition order and response rate or orientation.

4.2. Study 2: Electrophysiological Responses of Auditory Neurons to Different Sounds in European Starlings
(see also [38,93])

4.2.1. Subjects

In total, 26 wild-caught adult female European starlings were used for this study. These birds had
been caught as adults in October 2006 (N = 10) or 2012 (N = 16) during their autumn migration along
the Normandy coast (north of France), about 3 years before the beginning of the experiments They
were then kept together with other males and females caught at the same time in an outdoor aviary
with food and water ad libitum. Although seasonal changes occurred in these birds (e.g., beak colour
change, see below), the absence of nest boxes prevented them from breeding. Thus, females were in
an appropriate seasonal environment and they showed visible seasonal characteristics, such as beak
colour changes, but they were not influenced by seasonal changes in male behaviour (song, sexual
display, etc.). They were brought to the laboratory and temporarily housed in single cages, with close
contact (visual and auditory) with the other neighbouring birds at the beginning of the experiments.

Ten females were recorded in an awake-restrained state: six outside the breeding season, in fall
(November and December 2006) and four during the breeding season in spring (April 2006).

Sixteen other females (eight in fall 2014 and eight in spring 2015) were recorded while
anaesthetised using a 4 mL/kg mixture of 5 mL Medetomidine (1 mg/mL), 0.25 mL Ketamine
(50 mg/mL) and 5 mL saline solution. The recordings lasted about 6 h (10 min) and, to maintain the
anaesthesia level, we injected every 2 h a third of the first dose.

The physiological state of the birds was assessed by their bill colour; yellow during the breeding
season, dark during the rest of the year. This characteristic is a very good indicator of gonadal
activity [94-97]. All females tested in spring had a yellow beak, indicating that they were in
breeding condition, and all females tested in autumn had a black beak, indicating that they were in a
non-breeding state. Prior to the neurophysiological experiments, a stainless-steel well was implanted
stereotaxically on the bird’s skull under halothane anaesthesia (0.4 L/min of carbogene—95% O, /5%
CO,—saturated in halothane (2bromo2chlorol, 1, 1 trifluoroethane) and 0.6 L/min of carbogene).
The centre of the implant was located precisely with reference to the bifurcation of the sagittal sinus
in the left hemisphere. This position allowed the implantation of the electrodes in both hemispheres.
After surgery, the birds were allowed to rest for 3 days in individual cages. During this period,
they could hear but not see each other. They were kept under natural photoperiod throughout the
study. During the electrophysiological recordings, the well was used for fixation of the head and as
the reference electrode. Before the first recording session, the bone was removed to allow electrode
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introduction in both hemispheres. The bone was slightly soaked with a drop of lidocaine (4%) before
removing it to avoid possible pain from the bone or the dura mater. This quantity of lidocaine
was also sufficient to avoid pain during electrode insertion even if the electrode tip was too thin
(diameter < 20 Im) to stimulate the dura mater nociceptors. A piece of plastic foam was placed on the
bird’s head between each recording session in order to protect the brain surface.

The experiments were performed in France (licence No. 005283, issued by the Department of
Veterinary Services of Ille-et-Vilaine) in accordance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC).

4.2.2. Electrophysiological Recordings

Before the neurophysiological experiments, a stainless-steel well was implanted stereotaxically on
the bird’s skull under isoflurane anaesthesia (0.4 L/min of carbogene—95% O,-5% CO,—saturated
in isoflurane and 0.6 L/min of carbogene). The centre of the implant was located precisely with
reference to the bifurcation of the sagittal sinus at 2.5 mm rostral and 1 mm in the left hemisphere.
This position allowed the introduction of the electrodes in both hemispheres. After implantation,
the birds were allowed to rest for three days in individual cages. During this period, they could
hear but not see each other. They were kept under natural photoperiod throughout the study.
During the electrophysiological recordings, the well was used for head fixation and as the electrode
reference. Before the first recording session, the bone was removed to allow electrode introduction in
both hemispheres.

All recordings were made using the same recording setup at a temperature of about 20 °C and
relative humidity of about 30%. Neuronal activity was recorded systematically throughout Field L
during the broadcast of every acoustic stimulus, using the same approach as [97].

A head holder was used to maintain the bird’s head in a constant and stable position. We used an
array of four microelectrodes (two in each hemisphere) made of tungsten wires insulated by epoxylite
(FHC). Electrode impedance was in the range of 5-6 M() each. These electrodes spaced 1.2 mm
apart in the sagittal plane and 2 mm apart in the coronal plane. Recordings were performed in one
sagittal plane in each hemisphere. These planes were precisely located with reference to the bifurcation
of the sagittal sinus: 2.5 mm rostral and 1 mm in each hemisphere. These coordinates ensured
that recordings were made in Field L centred on the L2 sub-area described by Capsius et al. [98] and
Cousillas et al. [99]. The artificial non-specific stimuli composed by pure tones and white noise allowed
us to assess the presence of the tonotopic organisation that is characteristic of Field L and to confirm
that recordings were done in this area [99,100]. Recordings in the left and right hemispheres were
made simultaneously, at symmetrical locations. The recording planes were at the same location
for all birds. Recordings were performed at 3040 sites along the path of an electrode penetration.
Three penetrations could be done during a 6 h session. Penetrations within one recording plane were
200 um apart. For each penetration, recordings started 600 um below the brain surface, at a site that
gave no auditory response, and continued, every 200 pm, until no response was obtained in both
outermost penetrations. The dimensions of the recording plane were 2.4 mm caudo-rostral and 3.6 mm
dorso-ventral (8.64 mm 2 area).

4.2.3. Auditory Stimuli

Auditory stimuli consisted in artificial non-specific sounds and songs chosen for their behavioural
relevance [101]: Class-I: species-specific whistles that are common to all males and are the bases for
male-male interactions and dialectal variations; Class-II whistles that are more individual-specific but
can be shared by close social (same sex) partners; and Class-III warbling motifs that are individual
specific but can be shared by close social partners excepted for clicks, common in all male songs all year
round and high-pitched trills that occur at the end of the warbling sequence and are more frequent at
breeding time and especially in unmated males [102,103].
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The stimulus set was made of these artificial non-specific sounds and exemplars of the three
classes of songs (Figure 3). Although no adaptation was reported in the Field L using this kind of
stimulus set [100], the stimuli were broadcast with intervals of at least 300 ms in order to avoid any
problem of adaptation between the stimuli. The sequence of stimuli set was determined randomly and
then the same sequence was repeated 10 times at each recording site.
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Figure 3. Stimulus set: artificial non-specific sounds and exemplars of Class I (species specific whistles),
Class II (individual whistles) and Class III (individual warbling motifs and species specific clicks
and trills)

Spike arrival times were obtained (with a temporal resolution of 0.1 ms) by thresholding the
extra-cellular recordings with a custom-made time- and level-window discriminator [97]. Single units
or small multiunit clusters of 2—4 neurons were recorded in this manner. Since several studies found
that analyses resulting from single and multi-units led to similar results [104,105], the data from both
types of units were analysed together.

The computer that delivered the stimuli also recorded the times of action potentials and displayed
on-line rasters of the spike data for the four electrodes simultaneously. At each recording site,
spontaneous activity was measured for 1.55 s before the presentation of the first stimulus of each
sequence, which resulted in 10 samples of spontaneous activity (i.e., a total of 15.5 s).

Neuronal responsiveness was assessed as in George et al. [23] by comparing activity level
(number of action potentials) during stimulation and spontaneous activity using binomial tests.
Only responsive sites were further analysed by calculating the proportion of sites responding to each
stimulus and to each class of stimuli. The mean values calculated for individual birds were then used
for statistical comparisons.

4.2.4. Statistical Analyses

Given the low number of subjects, non-parametric statistics were used to test for potential
differences between the two hemispheres.
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Abstract: Scale-eating cichlid fishes, Perissodus spp., in Lake Tanganyika have laterally asymmetrical
bodies, and each population is composed of righty and lefty morphs. Righty morphs attack the right
side of prey and lefty morphs do the opposite. This anti-symmetric dimorphism has a genetic basis.
Temporal changes in the frequencies of morphs in two cohabiting scale-eating species (Perissodus microlepis
and P. straeleni) were investigated over a 31-year period on a rocky shore at the southern end of the
lake. Dimorphism was maintained dynamically during the period in both species, and the frequencies
oscillated with a period of about four years in a semi-synchronized manner. Recent studies have indicated
that this type of anti-symmetric dimorphism is shared widely among fishes, and is maintained by
frequency-dependent selection between predator and prey species. The combinations of laterality in each
scale-eater and its victim were surveyed. The results showed that “cross-predation”, in which righty
predators catch lefty prey and lefty predators catch righty prey, occurred more frequently than the reverse
combination (“parallel-predation”). The cause of the predominance of cross-predation is discussed from
the viewpoint of the physical and sensory abilities of fishes.

Keywords: scale-eater; Perissodus; lateral dimorphism; frequency-dependent selection; cross-predation

1. Introduction

Lateral bias of behavior has been observed in various animals, particularly vertebrates. Among
vertebrates, fish are expected to exhibit primordial forms of vertebrate laterality, as they are the most
ancestral group. Numerous studies have used fish to elucidate the causes of behavioral laterality, and
many have demonstrated an association between behavioral laterality and brain lateralization [1-8].
Many studies on morphological asymmetry have been conducted in both invertebrates and vertebrates
including fish, from which three types of asymmetry have been categorized based on the frequency
distribution of measured laterality: fluctuating asymmetry (unimodal and symmetrical distribution),
directional asymmetry (unimodal distribution shifted from symmetry) and anti-symmetry (bimodal
distribution) [9]. The relationship between behavioral laterality and morphological asymmetry,
especially for anti-symmetry, had rarely been investigated aside from asymmetry of the brain [6,10,11].

Some theoretical and/or empirical studies have investigated the mechanism that is responsible for
maintaining the lateralization in one population from the viewpoint of cerebral lateralization [12-14],
but few studies have been done to analyze the mechanism that maintains the anti-symmetric dimorphism
in one population. In particular, the population in which the dimorphism is maintained dynamically,
i.e., the frequency of righty and lefty morphs changes temporally with in a fixed range, has not been
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investigated except for scale-eating cichlid fish in Lake Tanganyika [15]. Note that, if the frequency
of righty and lefty morphs is changeable, it is not laterality at the population level, even though the
laterality is obvious at the individual level.

The scale-eating cichlid fishes, Perissodus spp., in Lake Tanganyika have laterally asymmetric bodies,
and each population is composed of righty and lefty individuals or morphs [15-17]. Righty individuals
attack the right side of prey and lefty fish do the opposite [15,18,19]. Similar morphological and
behavioral laterality was also observed in an Amazonian characid scale-eater, Exodon sp. [20]. This type
of dimorphism has a genetic basis [15,21-24]. The ratio of laterality (frequency of righty morphs in each
population) of P. microlepis oscillates around 0.5 with a period of five years, and this balance appears
to be maintained by frequency-dependent selection (minority advantage) mediated by the vigilance of
prey [15,25,26].

A field study of the balance of polymorphism in P. microlepis was conducted on rocky shores
at the northern end of the lake (near Uvira, Democratic Republic of the Congo), where P. microlepis
was essentially the only species of scale-eater in the fish community [15]. From this study, further
questions arose, such as how laterality interacts in a locality where two species of scale-eater coexist,
and whether polymorphism is maintained in the two species.

In order to know the temporal change of the ratio of laterality where two species of scale-eater
cohabit, we monitored the ratios of their laterality on a rocky shore at the southern end of the lake
(near Mpulungu, Republic of Zambia) for 31 years from 1988 to 2018, where P. microlepis and P. straeleni
cohabited [27,28]. The two species (Figure 1) are the sister species in phylogeny [29], and occupy the
same feeding niche, i.e., they attack nearly the same species of cichlid fishes (mainly algal-feeders with
high body depth such as Petrochromis spp., Cyathopharynx furcifer and Tropheus moorii) as prey of their
scale-eating [17,30].

Figure 1. The laterality of two scale-eating cichlids, Perissodus straeleni (top) and Perissodus microlepis
(bottom) in Lake Tanganyika. A lefty morph of the former and righty morph of the latter species are
shown from both sides.

Another purpose of the present study was to investigate the relation between the laterality of
scale-eater and that of their prey fish. Recently Hori et al. [31] demonstrated that almost all fishes have
the same kind of laterality at various intensities in a similar way to that of scale-eaters, which had been
suggested for various types of fish [21,32-36]. Given the findings that all fishes have laterality, we have
to reconsider the mechanism responsible for maintaining that laterality and for driving the oscillation
of the ratio of laterality. The most probable mechanism may still be the prey—predator interactions,
but it has come to light that the mechanism is embedded in the genetic ability of both predator and
prey as well as the prey’s switching of vigilance toward the majority morph of predator. Therefore,
we have to examine the combination of laterality between each predator and its prey.

In the situation that all the fishes have laterality, two types of predation incident can be
distinguished: A predator catches a prey of the same morph of laterality (righty predator catches righty
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prey and lefty one lefty prey) or a predator catches a prey of the opposite morph (righty predator
catches lefty prey and lefty one righty prey). The former type can be called “parallel-predation” and
the latter “cross-predation” [32,36-38]. Then, provided that the ratios of laterality of both predator and
prey are maintained in any pattern, we can predict that the predation incidents in a community as
a whole at any one time are biased toward an excess of one type of predation over the other, i.e., either
that cross-predations are prominent over parallel-predation (predominance of cross-predation) or the
reverse (predominance of parallel-predation), but not that both types of predation occur at a similar
frequency (random-predation).

To verify this prediction, during the latter half of the field work (from 2006 to 2018) we observed
the scale-eating in water and tried to collect both the scale-eater and its victim fish just after the
scale-eating took placed, and examined the frequencies of predation types among the sampled pairs.

In short, the purpose of this study is to demonstrate the long-term dynamics of laterality in the
two co-habiting species of scale-eater in one locality, and also to detect the predominance of either
cross predation or parallel-predation in the events of scale-eating. Some discussion is made on the
meaning of the pattern found.

2. Materials and Methods

2.1. Sampling of Scale-Eaters to Assess the Ratios of Laterality

We conducted a long-term survey on the ratios of laterality in the populations of the two species of
scale-eater on a rocky shore at Kasenga Point in the southern end of Lake Tanganyika (near Mpulungu,
Northern District, Republic of Zambia). It has been shown that the fish community in the littoral
rocky shore of this lake is mainly composed of cichlid fishes and is very stable with the densities
of most species being unchanged over many years [17,28,39]. Then, in order to know the effect of
laterality of one species on another, it may be enough to know the ratios of laterality of the two species
of scale-eater. In the same season (from September to November) in every year, fish samples of the
two species were purchased from fish hauls by village fishermen at Kasenga Point. The hauls had
been caught as their livelihood mainly by gill-net and sometimes by sein-net and angling every day.
In every season, several individuals of each species (ranging from 10 to 200, the average was 132 for
P. microlepis and 57 for P. straeleni) were collected in order to gain reliable ratios of laterality for each
population at each time. This survey was conducted almost every year from 1988 to 2018, though we
could not make the survey in two years in the beginning of this survey (1989 and 1991).

The laterality of each fish can be defined from the direction of the mouth opening [15,17,21].
Morphologically, the asymmetric mouth opening is due to either side of the joint, say, the right joint,
between mandible and suspensorium taking a position frontward, ventrally, and outside compared to
the opposite side of the joint [16]. The bending rightwards should mean that the right side of its head
and flank have developed more compared to the left side [21]. This relation is seemingly held in other
fishes [35,37]. The functional morphology and the quantitative measurement of the asymmetric mouth
opening have been developed in separate studies [31,36,40]. Note that the definition of laterality used
in the present and recent studies differs from that used in earlier papers [15-17,33]. In the earlier papers,
individuals with the mouth opening to the right were defined as “right-handed” or “dextral”. In the
present and recent studies, usage of “lefty” reflects the fact that the left mandible of such ‘right-handed’
fish is larger than the right mandible [21,31], and the left eye is dominant [34,41].

Temporal change in the ratios of laterality (frequency of righty morphs in each population) in each
species was determined using the samples mentioned above for the whole period, and the periodicity
in the ratio of laterality, if any, was analyzed using the Fourier transform with the same method
formalized in the Supplementary Material in the work of Yasughi and Hori [36].
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2.2. Sampling of Pairs of Hunting Scale-Eaters and Their Victim Fish to Assess the Combination of Laterality at
Each Predation Event

This sampling was carried out at Kasenga Point mainly in November of 2007, and supplementary
samplings were added at the site in the same season from 2008 to 2018. In every survey, we used a scuba
to trace each fish of either species of scale-eater in water 3-10 m deep. When observing the incidence
of scale-eating, we immediately tried to catch both the scale-eater and its victim by spreading a short
gill-net around them. Then, in the event that both the scale-eater and its victim were caught, the fishes
were unloaded, fixed in water with ice, and kept in 10% formol. If only one fish was caught, it was
released, and another tracing was started. Success in catching both fishes was achieved about once
every 3 or 4 trials. In the laboratory, the laterality of the fishes was determined based on the direction
of the mouth opening, and the combinations of their laterality were examined. These treatments were
performed according to the Regulations on Animal Experimentation at Kyoto University. To know
whether cross-predation or parallel-predation was predominant in each species of scale-eater, a statistical
test was performed using odds ratios with a 95% confidential limit.

3. Results

3.1. Temporal Changes in the Laterality of Two Scale-Eaters

In Kasenga point, both lateral morphs of the two species of scale-eater were maintained for
31 years. The ratios of laterality of both species periodically and dynamically changed around a value
of 0.5 but were almost always maintained within a range of 0.4 to 0.6 (Figure 2). The Fourier transform
detected a significant period of cycle in the ratio of each species, i.e., 3.9 years (p-value < 0.001) for
P. microlepis and 4.1 years (p-value < 0.01) for P. straeleni, indicating that the ratios of the two species
oscillated with almost the same period.

1.0
—e— . microlepis

-8 —e— . straeleni
O
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©
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Figure 2. The temporal changes in the ratios of laterality (frequency of righty morphs) in two
scale-eaters, P. microlepis and P. straeleni, on the southernmost shoreline of Lake Tanganyika over
a 30-year period from 1988 to 2017.

Relation of oscillation of laterality between the two species of scale-eater was examined by
directly plotting the ratio of P. microlepis against that of P. straeleni (Figure 3). The plots scattered
in a counterclockwise rotation around the equilibrium point in both species (coordinates (0.5, 0.5)).
It suggests that the ratio of P. microlepis followed the periodic change of P. straeleni nearly one year later.
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Figure 3. The relationship of laterality ratios between P. microlepis and P. straeleni. Red lines indicate
that the change proceeds anti-clockwise, thus the change in P. microlepis follows that in P. straeleni. Blue
lines proceed clockwise, indicating the opposite pattern.

3.2. Correspondence of Fish Laterality between Individual Scale-Eater and Its Prey

We were able to collect 53 pairs of individual scale-eaters and prey fish for P. microlepis, and 51
pairs for P. straeleni. The “victim fish” (fish that have their scales eaten) were composed of Interochromis
loocki, Petrochromis spp., Tropheus moorii, and Lamprologus callipterus, and they looked to be of little
difference to the two species of scale-eater. The combination between the laterality of scale-eater and its
prey exhibited a significant bias toward cross-predation in both species (Table 1). The odds ratio was
26.4 for P. microlepis (95% confidential limit; 24.9-27.9) and 28.88 for P. straeleni (27.4-30.4), indicating
that cross-predation significantly occurred more frequently than parallel-predation (Mantel-Haenszel
test; p < 0.01 for both species).

Table 1. The combination of morph types between each scale-eater and its victim fish. R and L represent
the righty morph and lefty morph, respectively.

Species Scale-Eater Victim Fish Species Scale-Eater Victim Fish

R L R L

. . R 3 19 . R 4 21

P. microlepis L 25 6 P. straeleni L 2 4
Total: 53 Total: 51

4. Discussion

4.1. Relation between the Two Species of Scale-Eater

Results showed that the lateral dimorphism of two species of scale-eater cohabiting in a rocky
shore was maintained just as it was where only one species (P. microlepis) inhabited [15]. The ratios of
the two species oscillated during the 30 years with nearly the same period (four years) and the same
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amplitude (0.2). These patterns indicate that the ratios of laterality of the two species interacted with
each other. The change in ratio of P. microlepis appeared to follow that of P. straeleni.

This semi-synchronized pattern may be interpreted by the frequency-dependent selection (minority
advantage) in scale-eating and also by the sharing of advantage between the minor morphs in frequency
of the two species. A long-term census carried out in the same site (Takeuchi et al., 2010) [28] indicated that
the density of the two species of scale-eater has remained rather constant with that of P. microlepis being
8.4 times higher than that of P. straeleni (the mean density of P. microlepis was 11.73/10 m? (S.D., 28.76)
and that of P. straeleni 1.39 (3.98)). If the minority advantage operates in this system, the minor morph at
a time of P. straeleni, say, the righty morph, will get the higher fitness, and then the advantage should
be shared by the righty morph of P. microlepis. This sharing of minority advantage may be the most
responsible factor for the ratio of the laterality of majority scale-eaters in number, P. microlepis, following
the oscillation of the minority one, P. straeleni. Using a theoretical model, Takahashi and Hori [26,42]
examined the factor that generates an oscillation of polymorphism in two competing predators and found
that the strong frequency-dependent selection was crucial for the polymorphism being dynamically
maintained. In the next section, we examine the strength of the frequency-dependent selection between
scale-eaters and their prey.

4.2. Predator and Prey Relationship

The results showed that righty scale-eaters predominantly succeeded in attacking lefty prey over
righty prey, and vice versa for lefty scale-eaters in both P. microlepis and P. straeleni. A statistical test
based on the common odds ratio was highly significant (Mantel-Haenszel test; p < 0.01), suggesting that
“cross-predation” was 26 to 29 times more frequent than “parallel-predation”. Cross-predation should
be crucially responsible for the oscillations being generated. Using a theoretical model, Takahashi
and Hori [25] examined the factor that could generate an oscillation of polymorphism in a scale-eater
and found that the strong frequency-dependent selection was essential for the oscillation around the
equilibrium. The high level of predominance of cross-predation found in both scale-eaters seemed
to account enough for the oscillation of laterality observed in their populations. In such a situation,
the majority morph of scale-eater at any one time, say, righty scale-eaters, would exploit the lefty
prey fish. Then the righty prey would be at an advantage in fitness and increase its own frequency
after a period of time had elapsed, which would then favor the lefty morph of scale-eater. Furthermore,
Nakajima et al. [43], using mathematical analyses and computer simulations, ascertained that under
the predominance of cross-predation and high predation efficiency, the dimorphism was dynamically
maintained in a one-predator-two-prey system as well as a three-trophic-levels system.

Yasugi and Hori [36] investigated the relationship between largemouth bass, Micropterus salmoides,
and freshwater gobies, Rhinogobisu spp., in regards to their laterality, and found a significant bias
toward cross-predation. Then, Yasugi and Hori [37] studied experimentally the kinematic causation
of predominance of cross-predation. They found that every morph of laterality has a dominant side
(either right or left) of the body in sensory and locomotion ability which may function differentially
in detecting and attacking a prey and making an attack in predator fish, and detecting and evading
an enemy and escaping in prey fish. Then, in the system where a predator stalks and attacks prey
fish from behind, predation is more successful when lefty (righty) predator meets a righty (lefty) prey,
and less successful when a lefty (righty) predator meets a lefty (righty) prey. Though no quantitative
data were taken, we have the impression that scale-eaters can detect the laterality of prey that they
targeted at an early stage of their pursuit, because the scale-eaters were often observed to pursue for
a long time in cases of cross-predation. We think that they can detect the prey’s laterality judging by
any delicate gesture in the prey’s movement, even though the laterality of each individual seems to be
concealed from appearance [21].

Yasugi and Hori [38] also demonstrated that the dominance of cross-predation is characteristic of
predators who attack prey from behind. A similar result was found in the investigation of stomach
content analysis of the relation between piscivorous fishes belonging to Lamprologus (sensu lato) and
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their prey in regards to their laterality (Hori, unpublish data). Inversely, parallel-predation is dominant
in predators who attack the benthic prey fish from ahead such as anglerfish, Lophinomus setigerus [38].

In this study we could not analyze the relation between ratios of predator and prey. The littoral
fish community in Lake Tanganyika is so speciose and the interspecific interactions are highly
complicated [17,27,30]. The interaction between piscivorous fishes and their prey and that between
benthos-eating fishes and their prey may also be involved. Therefore, to analyze the temporal
relation of laterality between predator and prey in the natural system, a more simple system such
as one-predator-one-prey may be suitable. The fish community in a pelagic area in a temperate zone
might provide such a system.

Furthermore, cross-predation may have a large effect on the structure of a fish community itself.
Using a mathematical model and a computer simulation applied to a fish community of three
trophic levels, Nakajima et al. [44] predicted that, when only one type of lateral morph exists in a species,
the other type can invade, which suggests that dimorphism is maintained in all directly and indirectly
interacting species of a community. Takahashi and Hori [42] theoretically showed that oscillation in
laterality of morphs affects the coexistence of competing species. For an investigation of the relation
between laterality and community structure in a natural system, however, the fish community in Lake
Tanganyika may be suitable in spite of the complexity of its structure. The reason is that, as every
population was very stable [17,28], the effect of frequency of each morph of a species on other fishes
could be assessed only with periodic fish samplings from the community. This type of research is now in
progress at the same site of the present study.

At present, it is difficult to evaluate the effect of frequency-dependent vigilance of prey fish on
oscillation. Hori [15] demonstrated that prey fish actually showed such differential vigilance responding
to the ambient ratio of laterality in scale-eaters. However, the result was reached in circumstances
where the laterality of prey fish had not yet been recognized, and thus the two kinds of effects on
oscillation, i.e., cross-predation and differential vigilance, were mingled. As the theoretical model [42]
predicts that natural selection should be strong to generate the oscillation of the ratios of laterality,
frequency-dependent vigilance of prey fish may have a large effect on the oscillation, as well as the
predominance of cross-predation. The evaluation of the relative importance of the vigilance of prey fish
remains for future investigation.
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Abstract: Climate change is warming the world’s oceans at an unprecedented rate. Under predicted
end-of-century temperatures, many teleosts show impaired development and altered critical
behaviors, including behavioral lateralisation. Since laterality is an expression of brain
functional asymmetries, changes in the strength and direction of lateralisation suggest that
rapid climate warming might impact brain development and function. However, despite the
implications for cognitive functions, the potential effects of elevated temperature in lateralisation
of elasmobranch fishes are unknown. We incubated and reared Port Jackson sharks at current
and projected end-of-century temperatures and measured preferential detour responses to left or
right. Sharks incubated at elevated temperature showed stronger absolute laterality and were
significantly biased towards the right relative to sharks reared at current temperature. We propose
that animals reared under elevated temperatures might have more strongly lateralized brains to
cope with deleterious effects of climate change on brain development and growth. However, far
more research in elasmobranch lateralisation is needed before the significance of these results can be
fully comprehended. This study provides further evidence that elasmobranchs are susceptible to the
effects of future ocean warming, though behavioral mechanisms might allow animals to compensate
for some of the challenges imposed by climate change.

Keywords: laterality; climate change; temperature; development; elasmobranchs

1. Introduction

Climate change has been identified as one of the major human-induced environmental impacts to
ecosystems worldwide [1]. The average temperature of the upper layers of the ocean has increased by
1.0 °C over the past 120 years, and is predicted to increase by 1-3 °C over the next century if the current
trajectory of greenhouse gas emissions is maintained [1,2]. In addition, oceanic carbon dioxide (CO,)
levels have now reached historically high levels [3]. Such rapid changes in important environmental
parameters will considerably impact marine ecosystems.

Elevated temperatures and CO; levels in the ocean can significantly impair sensory functions and
alter critical behavior in teleost fish and elasmobranchs. For example, coral reef fish and benthic sharks
exposed to elevated CO; levels showed impaired olfactory and auditory responses, important for
predator/prey recognition and homing behavior [4-9]. Additionally, exposure to elevated temperatures
resulted in higher developmental rate and metabolism, as well as limited growth, aerobic scope,
reproductive output, and foraging [8-12]. Whereas highly mobile species will likely shift their
distributions poleward [13], less mobile species will have to cope with these changes through rapid
evolution or phenotypic plasticity. Ectotherms are especially vulnerable to global warming because
their body temperature and basic physiological functions are regulated by the external environment.
In addition, many elasmobranch species are oviparous and have long gestation periods of several
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months, so embryos will be exposed to prevailing environmental conditions and have little choice other
than to adapt or die. One mechanism used by more sedentary species to compensate for the increase
in developmental and metabolic rates is the reallocation of energy resources during development,
which is expected to affect highly metabolically expensive systems, such as neural development
and processing [14-16]. The detrimental effects in a range of sensory modalities and behaviors have
already been observed in fish (e.g., [4,6]), suggesting that predicted climate change conditions might
disproportionately impact brain development and function.

Behavioral lateralisation, the tendency to favor the left or right side in a given context, results from
a functional asymmetry between the two hemispheres of the brain [17-20]. Cerebral and behavioral
lateralisations are widespread in the animal kingdom and have been well studied in teleost fish [17,21].
Teleosts generally prefer to use the left eye and right hemisphere to process biologically relevant
stimuli, such as predators or potential mates, and emotional responses, such as fear and aggression,
whereas the right eye and left hemisphere are generally linked to stimuli categorisation and object
manipulation. Nonetheless, we often see species, population, or individual differences that arise
through a mixture of genetic and experiential effects [22-25].

Laterality in elasmobranchs is understudied, with only two studies investigating behavioral
lateralisation in benthic sharks [26,27]. Byrnes, Vila Pouca and Brown [26] observed individual levels
of laterality bias in rotational swimming and T-maze turn preference in juvenile Port Jackson sharks,
with females more strongly lateralised than males, and Green and Jutfelt [27] reported a population-level
laterality bias in double T-maze turn in small-spotted catsharks. Lateralisation of behavior and
cognitive functions have been suggested to offer selective advantages [19,28]. For example, laterality
enhances schooling behavior that can have important fitness-related implications in foraging and
anti-predator behavior [29]. Schools of lateralised fish were more cohesive and coordinated than schools
of non-lateralised fish [30], and individuals tended to take positions in the school that correspond to their
visual hemifield preferences for observing conspecifics [25]. A laterality bias might also provide them with
advantages in multitasking situations, such as foraging while being vigilant to predators, and enhancing
cognitive efficiency [28,31-33].

Since behavioral lateralisation is an expression of brain function, it can be used as a barometer
of normal brain development and function in some contexts, namely exposure or development
under climate change conditions. An increasing number of studies have reported the impact of
increased CO; levels and elevated temperature on behavioral lateralisation in some teleost species,
though with varying direction and magnitude [34-38]. The behavioral effects of elevated CO; levels in
teleosts seem to stem from a dysfunction of the GABA-A neurotransmitter receptor in the brain [39].
In elasmobranchs, only one study investigated the effects of future climate change conditions on
behavioral lateralisation [27]. Small-spotted catsharks aged 4-24 months exposed to increased CO; for
as little as four hours showed stronger absolute lateralisation at the population level when compared
with control individuals [27]. Such short-term responses are likely indicative of phenotypic plasticity
and might mimic responses to brief environmental changes (e.g., day vs. night or intertidal zone
conditions). The impacts of long-term exposure to elevated temperature on cerebral lateralisation,
especially during critical developmental periods, have not yet been assessed in elasmobranchs. With so
many reported consequences on development and physiology in elasmobranchs [8,9,40,41], it is likely
that rapid climate warming might also impact brain function in this group. In the present study,
we tested the hypothesis that the predicted end-of-century temperature during embryogenic and
hatchling development affects behavioral lateralization in benthic shark species.

2. Materials and Methods

2.1. Ethics Statement

Egg collection occurred under New South Wales Fisheries permit P08/0010-4.2. The experiments
were approved by the Macquarie University Animal Ethics Committee (ARA 2016-027). All animals
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were euthanised at the end of the experiment with a lethal dose of MS-222 (tricaine methane-sulfonate;
1.5 g/L seawater) for brain anatomy studies, to be reported in a separate paper.

2.2. Egg Collection and Incubation

We collected Port Jackson shark eggs via snorkeling from Jervis Bay, NSW. Females lay their eggs
in shallow rocky reefs during late winter, mostly during August and September [42]. Freshly laid egg
capsules are clean, soft, pliable, and olive green in color, but become brittle after two weeks and change to
a dark brown color in 3-5 weeks [43] enabling an estimation of laying date. Under ambient conditions,
embryos have a long incubation period of 10-11 months [43]. Eggs were collected on 11 October and
2 November 2016 and we estimate all had been laid recently, within 6 weeks of collection. Eggs were
transported to Macquarie University, Sydney Australia, and held in a temperature-controlled laboratory
until hatching. The eggs were placed in 40 L tanks containing natural filtered seawater and the temperature
was maintained using a custom-design Seawater Environmental Control Mixing Chamber. Following
transport, eggs were left to rest for 7 days, then the temperature was steadily increased by 0.5 °C/day
to the elevated temperature treatment in half of the tanks. We randomly divided eggs among the two
treatments: a control temperature treatment (C; n = 12) incubated at 20.6 & 0.5 °C, consistent with the
annual average maximum temperature in Jervis Bay; and an elevated temperature treatment (ET; n = 12)
incubated at 23.6 + 0.5 °C, representing the end of century projected sea-surface temperature increase
under the representative concentration pathway (RCP) 8.5 climate model [1]. The CO, of the system
reflected ambient conditions (pCO, ~418 ppm).

When the egg capsules’ mucous plugs opened, approximately four months into development,
the embryos were removed from the egg and placed in individual containers within the housing tank
for close monitoring.

2.3. Husbandry and Rearing

Approximately one month after hatching (stage 15 [43]; external yolk completely exhausted,
internal yolk virtually depleted, and disappearance of slime coat), individuals were moved to the
Sydney Institute of Marine Science (SIMS). Sharks were housed in groups of six animals in 1000 L
tanks maintained at incubation temperatures using submersible heaters (one 2000 W titanium stick
heater or four 300 W AquaOne glass heaters). Tanks had a continuous supply of fresh seawater
pumped directly from Sydney harbor, aeration, and polyvinyl chloride (PVC) structures and fake kelp
to provide shelter and enrichment. Tanks were scrubbed clean at least once a week. The room had
anatural light/dark cycle.

Immediately after hatching, Port Jackson sharks were weighed, measured (total length, TL),
and individually tagged beneath the dorsal fin (Passive Integrated Nano-Transponder, Trovan®
ID-100A /1.25, Microchips Australia Pty Ltd., Victoria, Australia). Sharks were fed ad libitum on
a mixed diet of squid, cuttlefish, whitebait, and prawns three times per week.

Five sharks from the elevated temperature treatment did not survive the first month after hatching
(three deaths and two were euthanised because they were not feeding). We therefore started the
procedure with seven ET and twelve C sharks, 58.3 and 100% of our initial sample size for each group,
respectively. The median age of the test subjects from the ET group was 63.5 days post-hatching
compared with 85.5 of the C group.

2.4. Procedure

The experimental tank (180 x 100 x 40 cm; Figure 1) was maintained at incubation temperature
using four to six 300 W AquaOne glass heaters. For four days prior to the laterality assay, sharks were
allowed to familiarise with the experimental tank to allow them to overcome any stress associated with
moving between the housing and experimental tanks and being in a novel environment. During the
familiarisation phase, the shark could swim freely in the tank for a 30-min period after which it was
fed 2% of its body weight.
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To assess behavioral laterality, sharks were tested individually in a detour test using a Y-maze [44].
The test consisted of 10 trials conducted on a single day. For each trial, the subject was ushered down
a corridor and its turn direction at the end of the maze was recorded. Based on results from a pilot
study, a small piece of food was placed behind the partition at the end of the corridor and individuals
were fed at the end of the 5th and 10th trials to encourage directed swimming along the maze and
ensure motivation in the task. After each run, the shark was temporarily constrained in the choice
zone. The subject was then released and allowed to swim down the runway in the opposite direction.
This approach reduces handling stress and reduces the possibility of extraneous cues inducing side
biases. The shark was allowed 30 s to recover between runs.

heaters

100cm

oW 7 outflow pipe

hoses

180cm

Figure 1. Diagram of the experimental tank.

2.5. Data Analysis

We calculated laterality index as follows: Lj = (number of right turns — number of left
turns)/(total number of turns). Lj is a continuous value from —1 to 1, in which a positive score indicated
a preference for rightward turns and a negative score indicated a preference for leftward turns. Laterality
strength (Ls) was calculated by taking the absolute value of Lj.

Statistical analyses were conducted in R v. 3.4.3 [45]. We used non-parametric tests due to low
sample sizes. Separate Mann-Whitney U tests were used to compare Ly and Lg scores between C and ET
individuals, and to test if sharks within each group were significantly lateralised (distribution with p # 0).

3. Results

Sharks from the elevated temperature treatment (ET) showed stronger absolute laterality (Ls)
compared to control temperature (C) sharks (Figure 2a; W = 19, P = 0.047), along with higher laterality
index (Ly) values (Figure 2b; W = 10.5, P = 0.0067). ET sharks displayed a significant rightward bias
(V =28, P =0.021), whereas C sharks showed no population-level preference for either side (V = 12.5,
P =0.746). Individual turn preferences are provided in Table 1.

We examined the possible effect of age within the control group and found no relationship
between age at testing and L; (d.f. =10, t = —0.06, P = 0.953, R2 =0.00036).
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Figure 2. (a) Laterality strength (group mean 4+ SEM) and (b) laterality index (group mean 4+ SEM) in
sharks incubated at control temperature (C; n = 12) or elevated temperature (ET; n = 7).

Table 1. Summary information on experimental subjects and individual left or right turn preference in

the detour task.
Shark ID Sex Weight (g)  Treatment # Right Turns  # Left Turns Ly Lg

C489 M 86 C 1 9 —-0.8 0.8
C451 M 87 C 4 6 —-0.2 0.2
C430 M 81 C 5 5 0 0
C437 M 70 C 5 5 0 0
C456 F 53 C 5 5 0 0
C469 M 101 C 5 5 0 0
C492 F 79 C 5 5 0 0
C500 F 89 C 5 5 0 0
C407 M 83 C 6 4 02 02
C452 F 76 C 6 4 0.2 0.2
C459 M 94 C 6 4 0.2 0.2
C460 F 95 C 8 2 0.6 0.6
ET455 M 64 ET 6 4 0.2 0.2
ET369 M 50.5 ET 6 4 02 02
ET373 F 59 ET 6 4 0.2 0.2
ET480 M 64.5 ET 7 3 04 0.4
ET400 F 785 ET 7 3 04 04
ET433 F 79 ET 8 2 0.6 0.6
ET468 F 62 ET 8 2 0.6 0.6

Note: M, male; F female; C, control temperature; ET, elevated temperature; Lj, Laterality index; Ls,

Laterality strength.

4. Discussion

In this study, we showed that incubation the temperatures predicted for the end of the century
affect behavioral lateralisation in Port Jackson sharks. This is the first documented case of a change
in lateralised behavior induced by elevated temperature in any elasmobranch. Our hatchling sharks
that were incubated and reared in elevated temperature showed stronger absolute laterality and
a rightward bias compared with control individuals. Byrnes, Vila Pouca and Brown [26] observed high
individual variation in laterality in wild-caught juvenile Port Jackson sharks similar to our control
group, suggesting the results from our sharks reared at current ocean temperature in captivity reflect
those in wild populations and were not influenced by captive rearing.

The shift in laterality to the right observed in the present study was not clearly due to
plastic responses during development or the deaths of left biased or non-lateralised sharks
during early ontogeny (42% of sharks reared in elevated temperatures died prior to testing).
Behavioral lateralization, in particular handedness, is linked to immune response in humans, rodents,
and dogs [46—48]. Immune responses might possibly differ between our two groups. However,
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to the best of our knowledge, the link between immune competency and lateralisation had not
yet been investigated in teleosts or elasmobranchs. Elevated temperature significantly increased
developmental rates and metabolism [8,9], with associated costs in terms of energy allocation to
growth and physiological processes (e.g., [40]). Therefore, stronger lateralisation may arise as an
energy saving mechanism. Functional asymmetries in the brain are thought to enable separate and
parallel information processing in each hemisphere, which might increase the brain’s capacity to
perform simultaneous processing resulting in enhanced cognitive efficiency [21,28]. Neural processing
is metabolically expensive; thus, higher parallel processing abilities could allow animals to save energy
during brain development and information processing without compromising function. We therefore
predict that animals reared under elevated temperatures might have smaller but more strongly
lateralized brains. Interestingly, juvenile small-spotted catsharks exposed short-term to elevated CO,
levels showed stronger absolute laterality in a detour task [27]. Laterality can vary with age [49,50],
but we examined the possible effect of age within the control group and found no correlation. It is
worth noting that the variation in age within the control group was 35 days, which covers the average
age difference between the control and elevated temperature treatments. Future research is needed to
determine if laterality varies with age in sharks, perhaps over larger time frames. Regardless of the
mechanism, it is apparent that climate change will impact elasmobranchs and the early developmental
stages are particularly vulnerable, so further work is required specifically in the context of brain
development and cognition under future climate scenarios.

With so few studies investigating laterality in elasmobranchs, commenting on the expected
variability at the population or individual level is difficult, let alone on context-specific individual
variation. Teleost fish show high variability in laterality strength and direction at the individual,
population, and species level [23,44,51]. Additionally, laterality in teleosts has been linked to life
history traits and environmental variables [52,53]. Fish from high predation areas, for example,
showed stronger laterality than those from low predation areas and this has been linked to schooling
behavior in several species [23,25,30,51]. To further complicate the situation, exposure to elevated
temperature or CO; levels resulted in varying directions and magnitude of change in laterality in
different teleosts [34-38]. Some of these different effects might be due to the context of the task or
a consequence of altered emotional states of the animal. For example, Domenici, Allan, Watson,
McCormick and Munday [35] observed a reversal from right-turning bias in damselfish detouring
around an opaque barrier to a left-turning bias when exposed to elevated CO; levels. The authors
suggested that elevated stress could induce this shift since stressed animals predominantly use the
right hemisphere to control motor functions [35,54]. This was also possibly true in the present study,
but we assumed that Port Jackson sharks predominantly use the left hemisphere to control motor
function when under stress. Further studies are required to determine if this is the case.

5. Conclusions

To conclude, this study provides strong evidence that predicted end-of-century temperature
affects behavioural lateralisation in sharks. The combination of elevated CO, and temperature might
have synergistic effects on laterality. We propose that enhanced lateralisation could help animals cope
with the deleterious effects of climate change on development and growth. Evidently, far more research
is needed in multiple elasmobranch species to provide an adequate picture of brain lateralisation in
elasmobranchs to test this hypothesis. Future studies should combine laterality and cognitive tasks to
assess if cognitive functions in elasmobranchs are lateralised, and evaluate the effect of climate change
conditions on cognitive performance.
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Abstract: Sheepdogs’ visuospatial abilities, their control of prey-driven behavior and their motor
functions are essential characteristics for success in sheepdog trials. We investigated the influence of
laterality on 15 sheepdogs’ (Canis familiaris) spontaneous turning motor pattern around a herd and on
their behavior during the first encounter with sheep in a training session. The most relevant finding
of this research was that the dogs displayed significantly more aggressive behavior toward the sheep
when turning in a counterclockwise direction around the herd. Considering that in counterclockwise
turns the sheep were in the dogs’ left visual hemifield, the high frequency of aggressions registered
during counterclockwise turns suggests right-hemisphere main activation. Overall, our results
revealed the existence of a relationship between motor lateralization and aggressive behavior in dogs
during sheepdog training and have practical implications for sheepdog training.

Keywords: dog; behavior; laterality; vision; physiology

1. Introduction

Sheepdog trials are a worldwide sports competition involving dogs and handlers, in which
the dogs’ ability to manage sheep properly during different daily working activities is tested
(e.g., gathering, driving, shedding, penning, and singling). Historically, sheepdogs belong to different
breeds, which were selected to cooperate with humans in sheep raising, specifically in guarding and
herding the animals [1]. As a consequence, the selection and training of dogs are fundamental aspects
for both farm work and sheepdog trials. Among the required characteristics, the visuospatial abilities
of the dogs and their control of their motor functions and prey-driven behavior are essential for the
success of sheepdog activities. Predatory aggressive behavior is a part of the predation functional
system, which includes different behaviors aimed at capturing and killing the prey. According to
the definition of aggression, animals display aggression with the intention to do harm. Therefore,
predatory aggressive behavior falls into this category, even though the animal’s motivation is very
different from that in other forms of aggression (e.g., social aggression) [2].

There is now clear evidence that visuospatial information is analyzed in an asymmetrical way
by the dogs’ brains and that it is associated with asymmetries of the dogs” motor functions [3,4].
Specifically, it has been found that agility-trained dogs displayed longer latencies to complete the
weave pole obstacle (a task requiring dogs to work around pole obstacles secured in a straight line)
when the owner was located in their left visual hemifield compared to when they were in the right
one [3]. Given that in a dog’s brain the right hemisphere neural structures are mainly fed by inputs
from the left visual hemifield and vice versa (crossed fibers at the optic nerve level are more than
70% [5]), these results support the general hypothesis of right hemisphere specialization for the analysis
of stimuli with high emotional valence (i.e., the owner) [6-11]. In other words, visual analysis of the
owner exerted predominantly by neural pathways of the left eye (activity of the right hemisphere) was
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likely to increase the dogs” arousal state, distracting them during the performance of agility obstacles
(resulting in longer latencies to complete the task).

A recent study has found a significant relationship between the lateralized processing of
visuospatial attention and motor functions in canine species [4]. Briefly, dogs preferentially using their
left paw in a motor task that required subjects to hold a puzzle feeder (namely, the “Kong test”) showed
a leftward bias in the total number of food items eaten from a Plexiglas board (i.e., a food detection
task resembling the so-called cancellation test). Similarly, a reversed rightward bias was observed
in subjects significantly preferring their right paw in the motor task; whereas, no bias was found
for ambi-pawed dogs. In addition, considering the order of eating food items, the above-mentioned
significant sidedness effect (left vs. right hemispace attention) was revealed only in the left-pawed
group that showed a clear leftward bias (right hemisphere activity), supporting the general hypothesis
of the right hemispheric superiority in spatial attention control. Apart from contributing to basic
knowledge about the biology of dogs, these results could improve human abilities in canine training
during different activities (animal-assisted therapy, guide dogs for the vision impaired, or sport
competitions). For instance, it could be useful for a dog trainer to know the dog’s visuospatial orienting
bias in order to choose the best strategy to interact with it during training (e.g., to optimize the capture
of his attention and/or to choose the handling side that interferes less with his orienting attention).

In light of the previous research evidence, the present study aimed at investigating the influence
of laterality on sheepdog training and on their selection, evaluating the dogs’ turning motor pattern
around the herd and their behavior during the first encounter with sheep in a training session.

2. Materials and Methods

2.1. Subjects

Access to 15 healthy adult dogs (Canis familiaris: 6 males and 9 females) was obtained through an
agility dog center “Mix and Breed” in Bussero, Italy. Their ages ranged from 2 to 8 years (4.6 £ 0.45;
mean years = SEM). The studied population was composed of both pure and crossbred dogs of small,
medium, and large body size. Only two males and four females were neutered. None of the observed
dogs had previously been trained in sheepdog activities (see Table 1 for details). In addition, the dogs
were checked by a veterinarian for the presence of estrous or mouthedness (e.g., broken canines or
teeth issues), which may have biased their performance under the test conditions.

Table 1. Subjects’ characteristics and their behavioral score (BS) during clockwise and counterclockwise
turns. The BS was computed for each subject allocating a score of 1 for each of the behaviors analyzed.

Age Weight BS BS
Dog Sex Neutered (yefrs) (Kgg) Breed Clockwise Counterclockwise

Ambra female no 6 19 Border Collie 0 6
Chobil male no 4 21 Border Collie 5 7
Euforia female no 3 23 Belgian Tervuren 14 26
Goku male no 4 21 Border Collie 15 4
Gulliver male no 4 27 Belgian Malinois 6 25
Mimi female no 6 24 Belgian Groenendael 11 16
Nabi female yes 4 22 Belgian Malinois 0 7
Smog male no 3 17 Mongrel 7 7
Tuli female no 2 22 Belgian Groenendael 3 8
Zoe female no 3 16 Border Collie 2 7
Geppi female yes 6 17 Smooth Collie 10 13
Juno male yes 6 16 Australian Kelpie 5 11
Ruster male yes 3 17 Border Collie 5 6
Vicki female yes 7 10 Mongrel 7 7
Vicky female yes 8 20 Australian Shepherd 4 6
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2.2. Procedure

Each subject was led by the owner within a large enclosed area where a group of 3 sheep was
placed in the center (Figure 1). As soon as the owners reached a designated position, at a distance of
about 4 meters from the sheep, they unleashed the dog and left the area. The dog’s interactions with the
herd were recorded using two video cameras in order to have a full view of the working area. An expert
sheepdog trainer was positioned close to the sheep to promptly interrupt the dog’s aggression toward
the sheep by using voice commands or by shaking a black plastic envelope. The recordings lasted 6
minutes, from the dog’s release till the end of the working session. The dogs were initially allowed
to interact freely with the sheep, turning around the herd according to their natural movement.
Subsequently, they were induced by the trainer to interrupt their spontaneous rotational movement
around the sheep every 20 s (if the dog kept its own rotation around the sheep for more than 20 s,
the trainer stopped the movement by placing himself between the dog and the sheep). The dogs
could then resume their rotation movement in the same or the reverse direction around the sheep

(see Figure 1).
Sheepdog, ;
trainer
o

iy ; '
Counterclockwise turn

Figure 1. Schematic representation of the positions of the dog, the trainer, and the sheep during the
session and an example of a dog making a counterclockwise turn around the herd.

During the dogs’ spontaneous rotation movements around the herd, the trainer remained
motionless to prevent any influence on the subjects” behavior, but he intervened just to interrupt
the dogs’ rotation movements (each 20 s) or to prevent aggression. The sheep were always the same
during the tests, and they were familiar with sheepdog activities. The tests took place on three different
days, during which 5 dogs were tested per day. The daily interactions of the dogs with the sheep were
performed with 30 min intervals in order to give the sheep time to rest and recuperate.

2.3. Video Analysis

The recorded videos were scanned frame by frame by two trained experimenters. The following
parameters, which included specific prey-driven behaviors, were analyzed [2]:

Turning preference: The total time (in s) spent turning clockwise and counterclockwise with
respect to the sheep during the working session; and dogs’ behavior: Straight approach—the dog
approached the sheep along a straight trajectory, shoving—the dog pushed one sheep using its shoulder,
gripping—the dog approached the sheep aggressively gripping and pulling its leg wool, approach
direction—indicates the dog’s approach direction toward the sheep (lateral, frontal, or backside
approach), and sidedness—indicates the dogs’ side (left or right) on which the sheep was positioned
in the lateral approach.

The frequency of straight approaches, shoving, and gripping during the working session was
computed for each dog, and the direction and sidedness of each approach was described. Therefore,
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the total frequency of the above-mentioned behaviors, as well as the total frequency of the different
direction of the dog’s approach toward the sheep (lateral, frontal, backside) were then obtained
and analyzed.

2.4. Statistical Analysis

Data distribution was tested using the Shapiro-Wilk test; subsequently, the paired-samples t-test
and the Wilcoxon signed-rank test were used to test parametric and nonparametric data, respectively.
For all statistical tests, SPSS software was used, and the results were considered significant if p < 0.05.

2.5. Ethics Statement

The experiments were conducted in accordance with directive 2010/63/EU of the European
Parliament and of the Council and were approved by the Department of Veterinary Medicine’s
(University of Bari) Ethics Committee, EC (Approval Number: 12/17); in addition, before the
experiment began, informed consent was obtained from all the participants included in the study.

3. Results

3.1. Dogs’ Turning Preference and Behavior

The relationship between lateralized turning motor pattern and sheepdog behavior is shown
in Figure 2. Results revealed that gripping behavior occurred with a higher frequency during
counterclockwise turns around the sheep compared to during the clockwise turns (clockwise turns:
1.06 £ 1.79; counterclockwise turns: 2.00 £ 3.07; z = 80.00, p = 0.016). In addition, when dogs ran
in a circle around the flock in a counterclockwise direction, their approach to the sheep occurred
significantly more along a straight trajectory (clockwise turns: 3.73 £ 0.53; counterclockwise turns:
5.33 + 2.05; t(14) = —2.323, p = 0.036). Regarding shoving behavior, it is important to note that it
occurred only on four occasions, and, in particular, three times during clockwise turns and only once
during counterclockwise turns. No significant statistical differences were found in the total time
spent by dogs turning clockwise and counterclockwise around the herd during sessions (clockwise:
53.54 + 7.64 s; counterclockwise: 56.55 + 8.47 s; t(14) = —0.340, p = 0.739). Dogs approached the
sheep more frequently from their backside (87.5%) compared to their lateral (7.8%), and frontal (4.7%)
sides. Regarding backside approaches, statistical analysis revealed that they occurred significantly
more during counterclockwise than during clockwise turns (1.00 & 0.37 and 2.73 & 0.67, respectively;
z = 87.00, p = 0.003). Although a slight tendency to approach sheep placed on dogs’ left side was
found it did not reach a statistical significance (right vs. left: Clockwise turns: z = 18.00, p = 1.00;
counterclockwise turns: z = 13.00, p = 0.579; straight approaches: z = 36.00, p = 0.383; gripping behavior:
t(14) = 0.904, p = 0.381).

O Clockwise turns

* B Counterclockwise turns

2.00

1.00

Average number of observed behaviors
*

0.00
Gripping Straight approach Backside approach

Figure 2. Dogs’ behavior during clockwise and counterclockwise turns (means with SEM are shown;
*p <0.05; ** p < 0.01).
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3.2. Sex Ratio

The statistical analysis revealed that female dogs approached the sheep significantly more along
a straight trajectory (clockwise turns: 3.22 4 0.98; counterclockwise turns: 5.77 £ 0.52; #(8) = —3.603,
p =0.007) and from their backside (backside approach: clockwise turns: 1.11 4 0.53; counterclockwise
turns: 2.88 + 0.97; z = 280.00, p = 0.017) during the counterclockwise turns than during clockwise
turns. No differences were found for male dogs (straight approach: ¢(5) = —0.139, p = 0.895; backside
approach: z = 18.00, p = 0.096).

No other statistically significant differences between clockwise turns and counterclockwise turns
were found in male and female dogs for the other analyzed parameters: gripping (male: z = 7.00,
p = 0.461; female: z = 16.00, p = 0.236) and turning preference (male: #(5) = —0.671, p = 0.532; female:
£(8) = 0.414, p = 0.690).

3.3. Age

The statistical analysis showed more backside approaches by adult dogs compared to younger
ones (backside approach (2-3 years: z = 10.00, p = 0.059; 4-8 years: z = 42.50, p = 0.016)). The analysis
showed no other significant differences between clockwise and counterclockwise turns in the analyzed
parameters according to the dogs’ age: Gripping (2-3 years: z = 4.50, p = 0.414; 4-8 years: z = 19.50,
p = 0.344) and straight approach (2-3 years: z = 9.00, p = 0.144; 4-8 years: z = 28.00, p = 0.160).

4. Discussion

The most relevant finding of this research was that the expression of the dogs’ aggressive behavior
toward the sheep is lateralized. Specifically, among the aggressive behaviors scored, the gripping and
the straight approach toward the sheep occurred with a higher frequency when the dogs ran in a circle
around the livestock in a counterclockwise direction. During dogs’ rotational movements the sheep
were viewed mainly in their monocular peripheral vision. Considering that the lateral field of each of
the dogs’ eyes projects mainly to the contralateral side of the brain (crossing of fibers at the optic nerve
level is 70% [5]), the visual analysis of the herd by the left visual hemifield during counterclockwise
turnings indicates a prevalent activation of the right hemisphere. This result fits with previous
evidences about the specialization of right neural structures of dogs’ brains in attending to arousal
stimuli [6-13]. Previous studies employing the head-turning paradigm reported a right hemisphere
main involvement in processing visually arousing stimuli, in particular the black silhouette of a cat
displaying an agonistic posture (with an arched laterally displayed body and erected tail) and a snake
silhouette, which is generally considered as an alarming stimulus for most mammals [7]. Moreover, a
right hemisphere dominant activity was found in the dogs’ response to arousing acoustic, olfactory,
and visual stimuli [8-11]. Specifically, the dogs consistently turned their head with the left ear leading
(right hemisphere activation) in response to thunderstorm playbacks and conspecific and human
vocalizations eliciting intense emotions [10,14]. On the other hand, the dogs consistently used the right
nostril (right hemisphere) to sniff cotton swabs impregnated with arousing odors (e.g., conspecific
odors collected during a stressful situation, adrenaline, and veterinarian sweat) [8,9]. In addition,
a right hemisphere main involvement was found in the processing of human faces expressing intense
and arousing emotions (e.g., anger and fear) [11].

Recent studies on several vertebrates have reported a general specialization of the right
hemisphere in the expression of intense emotions, including aggression, escape behavior, and fear [15].
In particular, our findings are consistent with the right hemisphere specialization for aggressive
responses previously reported for several species, including chicks [16], horses [17], and toads [18],
which showed more aggressive responses to other conspecifics when they were positioned on the
animal’s left side than when they were on its right.

A reasonable explanation for the reported asymmetry in dogs’ aggressive behavior toward the
sheep is to assume that it reflects a different activation of the two brain hemispheres during visual
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analysis of the target (i.e., the sheep). In addition, neurobiological studies on rats reported that
the preferred direction of rotation was contralateral to the brain hemisphere with higher levels of
dopamine [19], a neurotransmitter directly involved in motor control and emotional functioning.

Prey drive is a carnivore’s inborn behavioral pattern to pursue and capture prey, and it is a
fundamental characteristic of sheepdogs. As a matter of fact, herding behavior is modified and
influenced by predatory behavior [20]. Through selective breeding, humans have been able to reduce
sheepdogs’ prey-driven behavior while maintaining their hunting skills. There is now evidence that the
left hemisphere neural structures are better suited for the control of prey-driven behavior in dogs [21].
A similar specialization of the left hemisphere in predatory behaviors has been documented in other
species, like toads [22], zebrafish [23], and black-winged stilts [24]. An interesting explanation of the
prey-driven behavior control in sheepdogs during herding could be found in the inhibition exerted by
the left hemisphere on aggressive behaviors, whose expression is elicited by the right hemisphere [25].
Our results support this hypothesis, since aggressive behavior occurred predominantly during the
dogs’ counterclockwise rotations around the sheep (right hemisphere dominant activity). Thus, it
could be hypothesized that during clockwise turning, dogs controlled the herd with the prevalent
use of the left hemisphere (specialized for predatory behavior), which plays a main role in sustaining
the subject’s attention and in risk taking, by inhibiting a fast and emotive response mediated by the
right hemisphere activation [25]. This hypothesis is supported by dogs’ tendency (but not statistically
significant) to express “controlled” prey-driven behaviors toward the sheep during clockwise turns
(left hemisphere activation). The left hemisphere activity and its functions are fundamental for the
successful pursuit and capture of prey [25]. The sheep’s presence led the dogs” arousal to increase,
causing a right hemisphere activation, which regulates the expression of aggressive behaviors (shown
in counterclockwise turns). In particular, the dogs’ perception of arousing stimuli (the sheep) and the
intense emotions that the sheep’s presence elicited in the tested animals resulted in the dogs” aggressive
response toward the herd.

On the other hand, it could be possible that the dogs’ right hemisphere activation was elicited
by the trainer’s presence that prevented dogs from attacking the sheep. In other words, the trainer’s
presence could have increased the dogs’ arousal levels producing a conflicting inner state caused by
the dogs” ambivalent attitude to approaching the sheep (left hemisphere) and to withdrawing from
them (right hemisphere) because of the trainer’s presence. As a result of this conflicting situation,
the dogs’ stress levels (arousal) increased and the right hemisphere took control of dogs’ flight or fight
behavioral response.

Apart from improving the training techniques of sheepdogs, our results contribute to defining
novel parameters for the assessment of animals” emotions, which could have a potential impact on
their welfare. In particular, given the right-left hemisphere specializations, the evaluation of lateralized
behavioral responses to an environmental stimulus, which reflects the activation of one hemisphere,
could provide information about an animal’s emotional state. Dominance by the right hemisphere
suggests that the animal perceives the stimulus or the situation as arousing (or stressing) and potentially
leads to the expression of intense emotional expressions, including aggression [16,17]. Therefore, the
assessment of lateralized patterns could help to determine whether an animal experiences a certain
situation or event as positive or negative and, at the same time, it could be useful to improve and
ensure human safety during interactions with the dogs.

Overall our results revealed the existence of a relationship between motor lateralization and
aggressive behavior in dogs during sheepdog training, supporting previous evidences about the
influence of brain lateralization on visually guided motor responses in dogs. These results have direct
implications for both the personnel involved in the selection of dogs to be trained for herding and for
the development of new training techniques.
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Abstract: It has been reported that during the first few days following entry to a kennel environment,
shelter dogs may suffer poor welfare. Previous work suggests that motor bias (the preferred use of
one limb over the other) can potentially be used as an indicator of emotional reactivity and welfare
risk. In this study, we investigate whether paw preference could be used as a predictive indicator
of stress coping (measured using cortisol levels and behavioural observation) in a sample of 41
dogs entering a rescue shelter. Cortisol levels and behavioural observations were collected for one
week after admission. We scored the dogs’ paw preference during a food-retrieval task. Our results
showed that increasing left-pawedness was associated with a higher expression of stress-related
behaviours such as frequent change of state, vocalisations and lower body posture. These results
are in keeping with previous findings showing that left-limb biased animals are more vulnerable to
stress. Paw preference testing may be a useful tool for detecting different coping strategies in dogs
entering a kennel environment and identifying target individuals at risk of reduced welfare.

Keywords: dog; laterality; paw preference; shelter; welfare

1. Introduction

Entering a rescue shelter can be a very stressful experience for dogs; they are separated from
any social attachment figures, they are exposed to a novel environment (i.e., unfamiliar noise, smells,
disruption of familiar routine) and to daily interactions with unfamiliar people and conspecifics [1-3].
Previous studies show how this transition can generate a state of fear, anxiety, and frustration [4,5].
Social and spatial restriction following confinement can be a cause of both acute and chronic stress [6-8].
Physiological studies have confirmed that kennelling is perceived by dogs as a psychogenic stressor,
with animals displaying peaks in cortisol levels in the first few days after arrival [3,5,9]. Individual dogs,
however, may have different coping abilities or stress resilience. Previous research has highlighted
two main coping styles in individuals that are environmentally challenged: proactive and reactive [10].
Proactive coping styles may be more typical of ‘bold” personality types and are defined by active
attempts to counter the stressful stimuli and by low Hypothalamic-Pituitary-Adrenal (HPA)-axis
reactivity. Reactive, or passive, coping may be more typical of ‘shy’ personality types, and involves
higher activation of the HPA-axis system, immobility, and low levels of aggression [11,12]. Hiby and
colleagues [13] found that dogs showing or not showing physiological adaptation to kennelling had
different behavioural styles, that is, dogs with lower HPA-axis activation spent more of their time
walking or trotting compared to dogs with high cortisol levels. Effective interventions to minimise
signs of poor welfare should be based on the evaluation of dogs” individual ability to cope and
adapt to confinement in kennels. Behavioural indicators offer excellent validated measures of welfare
as they represent the output of a range of sensory and cognitive experiences and decision-making
processes, reflecting the expression of the animal’s underlying emotional and physiological state [14].
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Unfortunately, behavioural analysis, live or from a video, has several limitations and disadvantages,
including being very time consuming and requiring a large amount of labour, thereby limiting the
amount of information that can be collected.

Recently, when evaluating the impact of the environment on confined animals, animal welfare
scientists have focused their attention on the expression of positive emotions and on the link between
emotional stress and cognitive processes [15-18]. The identification of reliable and practical cognitive
indicators of emotional distress would allow us to target interventions aimed at improving dogs’
quality of life.

Laterality has been used as a measure of emotionality, stress reaction, and temperament in different
species [18-23]. Emotional informations are processed differently by the brain hemispheres according
to their valence. It has been suggested that withdrawal-related emotions are processed and controlled
primarily by the right hemisphere, while positive, approach-related emotions are controlled mainly
by the left hemisphere [24,25]. However, the overall expression of intense emotions, independent
of their valence, has been associated, by other scholars, to a right hemispheric dominance [26,27].
Behavioural laterality may reflect this divergent hemispheric processing. Higher emotional indices
have been associated with right hemisphere activation in horses [28]. Lateralisation has been reported
to be linked with the intensity of behavioural reactions in novel situations [23] and to boldness in
exploring novel objects and environments [29,30]. Consistent individual behavioural differences
in, for example, limb preference for simple reaching, may be linked to a dominant control of the
contralateral brain hemisphere. This allows the use of behaviour as an indicator of brain laterality [20].
Right-handed marmosets (left hemispheric dominance), for example, were found to be more bold,
readily approaching and exploring for longer a novel object in an unfamiliar environment compared to
left-handed marmosets (right hemispheric dominance) [29]. A study by Batt and colleagues [31] found
that a greater strength and directionality of laterality were linked with more confident and relaxed
behaviour in dogs that were exposed to novel stimuli and unfamiliar environments. Thus, laterality
appears to be a potential novel indicator of coping abilities and vulnerability to stress for domestic
dogs entering a kennel environment.

Laterality in dogs has been largely studied in the form of paw preference [32-34]. In this study,
we assessed, for the first time, the relationship between canine laterality, as determined by the
commonly used Kong ball test [23,33,35,36], and behavioural and physiological measures of stress in
dogs admitted to a rescue shelter. The aim was to determine whether laterality could be used as a
potential predictor of welfare risk in kennelled dogs.

2. Methods

2.1. Animals

Data collection was performed at the Dogs Trust Rehoming Centre in Ballymena, Co. Antrim,
UK, over a period of 9 months. All dogs entering the shelter during this period were enrolled in the
study; exceptions were made if the dog was pregnant, seriously ill or injured, impossible to handle or
walk on the lead due to excessive fear or aggression. A total of 41 dogs were assessed, 22 males (54.5%
neutered) and 19 females (58.0% spayed), including a number of different purebreds and crossbreeds.
The minimum age for a subject to be enrolled was 12 months; the oldest dog in our sample was 9 years
(median = 3 years; mean + SD 3.7 & 2.5 years) (Table 1).
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Table 1. Demographics of dogs included in the study.

Dog ID Name Breed Sex Age (Years) Castration
1 Roxy TerrierX F 5 yes
2 Ginger TerrierX F 5 yes
3 Albert LhasaApso M 45 yes
4 Jojoe BeardCollie M 5 yes
5 Dandy Poodle M 6 yes
6 Curly Poodle M 6 yes
7 Lucy Lab F 15 yes
8 Bailey  KingCharles M 5 no
9 Ermet JackRuss M 14 yes
10 Leo JackRussX M 1 no
11 Tiny MinShetland F 8 no
12 Orsha CockerSp F 2 yes
13 Rex Springer M 1 no
14 Socks RughCollie M 15 yes
15 Roy Collie M 3 yes
16 Dappy Pugalier M 15 no
17 Prince Lab M 4 no
18 Darcy Husky F 3 yes
19 Svaras Lab M 2.5 no
20 Roxy LabX F 3 yes
21 Milly CarinTerr F 9 yes
22 Willy CarinTerr M 9 yes
23 Biddy FoxTerr F 5 yes
24 Maggie Jug F 15 no
25 Missy IrishTerr F 9 yes
26 Maya LabPitX F 4 no
27 Harley Dobie M 1 no
28 Dax Dasch M 2 no
29 Miles Dasch M 2.5 yes
30 Max IrishWater M 15 no
31 Charlie Collie M 1 yes
32 Tess PatterdaleX F 1 yes
33 Zoe JackRuss F 2 no
34 Tia Shihtzu F 8 no
35 Gizmo Maltese M 6 no
36 Lily Shorky F 25 no
37 Benson CollieX M 15 yes
38 Honey Yorkie F 7 no
39 Coco TerrierX F 5 no
40 Enzo JackRuss M 2.5 yes
41 Aria JackRuss F 2 yes

A portion of dogs (14.6%, unknown history), were rescued from the municipal pound or other
shelters and the remainder were surrendered to the Dogs Trust by their owners for a variety of
reasons. Main reasons included family health issues (e.g., allergies or illness of a family member),
work commitments (i.e., not being able to take care of the dog anymore), owner’s death, or moving
home as most common (Table 2).
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Table 2. Reasons provided by the owners when surrendering their dogs to the rescue centre.

Reason for Surrender Cases %
Family health 9 22.0
Work commitments 7 17.1
Pound/other shelters 6 14.6
Owner’s death 5 12.2
Moving home 4 9.8
Behavioural problems 2 49
Handover/rescued 2 4.9
Problems with other household dogs 2 49
Too many dogs in household 2 4.9
From breeding stock 1 2.4
New born baby 1 2.4
Total 41 100

2.2. Procedure

On the day of admission to the shelter (Day 0), dogs were enrolled and general information
collected from shelter records (sex, age, provenience, date of entrance, etc.). Data collection started on
the following morning (Day 1) for one week, with sampling occurring on days 2, 3, 5 and 7. On each
of the sampling days, both urine samples and behavioural recordings were collected following the
protocols described below. Paw preference was assessed once on Day 3, see later (Section 2.2.3).
The day of paw preference assessment was decided during pilot testing: it was noticed that dogs were
not interested in the toy during their first two days in the kennels, whereas on day three most dogs
would actively interact with, and retrieve food from, the ball.

2.2.1. Urine Cortisol /Creatinine Ratio

Between 08:00 h and 10:00 h of sampling days (1, 2, 3, 5, and 7), dogs were leashed and walked
outdoors; a mid-stream sample of naturally voided urine was collected using urine sampling kits
(Rocket® URIPET™, Washington, WA, USA). Urine tubes were labelled and stored at —30 °C for
up to 3 months. Samples were shipped in batches to IDEXX laboratories (West Yorkshire, UK) and
tested for cortisol/creatinine (C/C) ratio. Cortisol was extracted with chemiluminescent competitive
immunoassay using the Siemens Immulite 2000, whereas creatinine with Jaffe (alkaline picrate) reaction
using the Beckman AU 5800 analyser.

2.2.2. Behavioural Observations

Behavioural observations started after urine sampling (Days 1, 2, 3, 5, and 7). A digital camera
on a tripod was positioned in front of the kennel and recorded the behaviour of each dog over three
sessions of 35 min (30 central minutes extracted for analysis). Members of staff prioritised cleaning
the kennels and feeding the dogs that were going to be recorded on that day. This allowed no
interruptions during recording. Routine activities, however, continued as normal in the adjacent
kennels. Observational sessions were distributed as follows: Session 1 (OB1) between 09:00 h and
10:00 h, during morning activities. Session 2 (OB2) between 11:00 h and 12:00 h during staff tea break;
Session 3 (OB3) between 13:00 h and 15:00 during visiting hours (the Centre opened to the public
between 12:00 and 16:00 h). The sessions were planned this way to allow for an overview of the range
of behaviours that dogs performed across a typical day.

2.2.3. Paw Preference Assessment

Dogs” paw preferences were assessed on Day 3 using the ‘Kong ball test’, one of the most
commonly used measures of canine motor bias [33,35,36]. Following previously published protocols,
each dog was allowed to sniff a Kong Ball™ (KONG Company, Golden, CO, USA; a hollow
conical-shaped toy) filled with dog food. Then the Kong was placed inside the kennel on the floor
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centrally in front of the animal. The paw used (left, right) by the dog to hold/stabilise the toy was
recorded using a smartphone app purposely developed for this study. The test continued until 100 paw
uses (left or right) had been made. The use of both paws was recorded but not counted towards
this total. The use of the app had several advantages, including not having to interrupt eye contact
with the subject to write down the scores, recording would automatically stop when the 100 paw-use
target was reached, main statistics for the dog appeared immediately on the screen, and raw data were
readily available for download in Microsoft Excel format. A single paw use was recorded regardless of
how long the paw stayed on the ball. The animal was required to remove its paw completely from
the ball for paw use to be scored as a separate response. Dogs were tested for approximately 30 min
(the average length of time taken to collect 100 data points).

2.3. Analysis
All analyses were carried out using IBM SPSS Statistics 21.0 (IBM, Armonk, NY, USA).

2.3.1. Paw Preference Assessment

Individual laterality scores were calculated using a binomial test and converted to a z-score using
the formula z = (L — 0.5N)/+/(0.25N), L being the number of left paw uses and N the total of left and
right paw uses. A z-score > 1.96 indicates a left paw bias, a z-score < —1.96 indicates a right paw bias;
a value between these two scores indicates no lateral bias (ambilateral) [33,36]. A chi-squared test was
used to calculate departures from random distribution of left-, right- and ambilateral paw preference
groups. Paw-preferent (either to the left or right) vs. ambilateral, and right- vs. left-paw preferent
animals were compared using binomial tests to assess any significant group difference. Chi-squared
tests were also used to assess whether the pawedness classification was associated with the dogs’ sex
(male, female) or castration status (neutered, intact).

A directional laterality index (LI) was calculated to quantify each dog’s paw preference on
a continuum from strongly left-paw preferent (+1) to strongly right-paw-preferent (—1). The LI score
was calculated as (L — R)/(L + R), where R represents the number of right paws and L the number
of left paws used [30]. A score of 0 indicates no bias, a score of £1 indicates that the subject used
the same paw throughout the trial. In addition to the directional bias of lateral behaviour (i.e., left
or right bias), the strength of laterality has also been used as a proxy measure of hemispheric brain
activity. Strongly lateralised animals show a greater activity of one hemisphere (irrespective of the
side), while weakly lateralised animals do not show a significant dominance of one hemisphere over
the other (i.e., ambilateral) [25]. The absolute value of LI (LI_ABS) gives a measure of the strength of
laterality, irrespective of the direction of paw use. A Shapiro-Wilk normality test was used to assess the
distribution of LI and LI_ABS values to identify any population bias. Any effect of sex or castration
status on the direction and strength of laterality was calculated using a Mann-Whitney-U test for
independent samples.

2.3.2. Behavioural Analysis

A total of 307.5 h of footage was analysed. Videos were scored using the behavioural recording
software The Observer XT13 (Noldus, The Netherlands). Due to time and resource constraints we used
an instantaneous sampling method. However, given that some behaviours (e.g., barking) might have
been lost or underestimated using this approach, we also scored a subset of videos using continuous
sampling (Table 3). Instantaneous sampling was used every 60 s: the observer recorded the behaviour
expressed by the focal animal at a given instant and scoring was performed for all the video footage
(i.e., 90 data points per observational day, 450 data points for the 5 days). Continuous sampling was
performed during the first 15 min of recoding of session OB1 on each of the 5 sampling days.
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Table 3. Behavioural variables recorded during the behavioural observations either using instantaneous
(i) or continuous (c) sampling techniques. During the latter, behaviours could be scored as either
duration (d) or frequency (f).

Label Behaviour Description Sampling Method
Stand: the dog is still, standing on fours (i)
Sit: the dog is sitting on hind legs (i)
Lie down: the dog is in a recumbent position with the )
Inactive behaviours head up (vigilant)

Rest/sleep: the dog is lying on the floor or curled up in
the bed with the head also on the ground, likely eyes are (i)
closed although not always visible.

High: the tail and/or the head are held high and the ears
are forward and/or the animal is standing in an elevated (i)
posture compared to the neutral breed posture

Neutral: breed specific posture in neutral conditions

Posture (mouth, ears and tail are relaxed)

Low: lowered positions of the tail (or tail curled forward
between the hind legs) and /or bent legs and /or
backward positioning of the ears compared to neutral
conditions

Walking: the dog is moving step by step with a normal
pace (compared to its breed and size)

Moving
Trotting: the dog is moving with a faster gait compared
to walking

Scored each time the dog changed from one inactive
Change of state behaviour to another (e.g., sit to lie down) or from an (c) ()
inactive behaviour to an active one (e.g., stand to walk)

Barking: short staccato vocalization (©) ()
Vocalisations Howling/whining: the dog is howling or whining (o) (f)
Growling: the dog is growling (o) (f)

Positive: affiliative behaviour, playing behaviour and/or
Socialising (with pen mate) ~ greeting behaviour
Negative: threatening behaviour and/or aggression (c) (d)

Presence of stereotypical behaviour (e.g., pacing, circling,
repetitive jumping on the fence, tail chasing or any other
behaviour repeated in the same way for several times

without any seeming function) throughout the test phase

Repetitive behaviour

Behaviours that are potentially related to stressful
conditions, in particular licking lips, panting, drinking,
grooming/scratching, body shaking, digging at walls,
doors or floor, paw lifting, yawning and startling

Stress-related behaviour

Individual playing behaviour (e.g., grabbing or holding

Play an object in the mouth and head-shaking, play bow) (©) ()
Scratching: Dog is scratching the floor or the walls (c) (d)
Other Rear wall: Dog rears up against the window or side © ()

walls, including bouncing in an excited manner

Drinking: Dog is drinking water from the bowl (i)

2.3.3. Predictive Factors Affecting Behavioural Variations

To investigate if any variation in behaviour could be associated with the observation time, days
from shelter entrance, sex, castration status, C/C ratio or laterality (either direction or strength),
we performed Linear Mixed Model (LMM) analysis with each behaviour as the dependent variable
and sex, castration status, observation times, day, C/C, LI and LI_ABS as predictive factors and dog
identity as random.
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2.3.4. Laterality as a Predictive Factor of C/C Level Variation

To investigate if any variation in cortisol levels throughout the observation time could be predicted
by laterality (either direction or strength), we performed LMM with C/C ratio as the dependent
variable and day of observation as the repeated measure, LI and LI_ABS as predictive variables,
and dog identity as a random factor.

3. Results

3.1. Paw Preference Assessment

When calculating lateralisation at the individual level, 8 (19.5%) dogs mainly used their left paw
to hold the Kong, 18 (43.9%) mainly used their right paw and 14 (34.1%) used both paws equally.
Binomial tests showed no significant difference between the distribution of lateralised and ambilateral
dogs (p = 0.81) or between the number of left and right pawed dogs (p = 0.80). Paw preference was not
successfully recorded for one dog (2.5%).

The distribution of the three pawedness classification groups did not differ significantly from that
expected by chance, that is, no population level effect (X22,40 =3.80, p = 0.15).

No significant association emerged between dogs’ paw preference classification and sex or
castration status (x22,40 =1.48,p=048; x22,40 =3.98, p = 0.14 respectively).

No population bias was recorded when exploring either the direction of laterality (using LI scores)
or the absolute strength of laterality (W = 0.95, p = 0.59; W = 0.96; p = 0.18 respectively).

Direction and strength of laterality were not significantly affected by the sex of the dogs or their
castration status (Sex: Zjj = —0.03, p = 0.98; Z 11| = —1.53, p = 0.13; Neutering: Z;; = —0.52, p = 0.60;
Ziu) = —1.19,p = 0.23).

3.2. Behavioural Data Management

Given that the different sampling methods (instantaneous and continuous) were performed
for different lengths of time, analyses were kept separate using two different datasets. From an
initial inspection, a few behaviours were performed only rarely or by a small number of animals.
Only behaviours with a median >0 were included in the analysis. Behaviours excluded were: play,
socialising, repetitive behaviours, stress-related behaviours, and all behaviours under ‘other’. Walking
and trotting were analysed as one variable termed ‘moving’, while barking, howling/whining,
and growling were analysed as one variable termed ‘vocalisations’.

3.3. Predictive Factors Affecting Behavioural Variations

The dogs’ behaviour did not vary greatly over their first week in the rescue shelter (Table 4),
with the exception of “posture’, with dogs showing an increase in higher posture over time (D1 =2.7 +
54;D3 =424 6.9, D7 =5.6 & 6.9). The time of observation had a significant effect on the expression of
behaviours including standing, resting/sleeping, and maintaining a low posture (Table 4). Descriptive
analysis showed that dogs spent less time standing during the second bout of observation t (OB2)
(i.e., staff break, 8.1 & 6.9) compared to OB1 (i.e., cleaning, 12.3 & 8.1) and OB3 (i.e., visiting hours,
12.0 4 7.8). On the contrary, dogs spent more time resting/sleeping during the second observation
bout (OB2) (7.4 £ 8.4) compared to OB1 (4.4 + 7.2) and OB3 (4.2 =+ 6.1). Finally, dogs were likely
to show less low posture during the second observation bout (OB2) (4.1 £ 5.6) compared to OB1
(6.4 = 7.4) and OB3 (6.4 & 7.4). These outcomes are rather intuitive as dogs were undisturbed, thus
mainly resting during OB2 and scored as having neutral posture.
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Table 4. Linear Mixed Models output. Dependent variables (i.e., behaviours) on the row and predictive
variables on the columns. Cells show F-values and significance levels.

Variable df Day OB N/S Sex C/C LI ABS_LI
Stand 419 062 16.9**  17.5** 45* 15.6 *** 0.34 35.3 *#**
Rest/Sleep 419 0.98 7.6** 1.0 0.12 0.57 12.5 27.0 ***
Lie down 419 14 1.8 34.3 % 4.4 28.9 *** 8.0** 65%
Sit 419 15 0.7 0.05 0.002 8.7 53.7 #** 0.6
Moving 419 13 14 7.6** 0.6 10.3 ** 11.7** 17
Low posture 419 2.05 5.2 6.5% 0.005 1.6 7.2%* 24.7 ***
High posture 419 26* 25 39 0.03 25.6 *** 3.01 7.8**
Change posture 133 0.5 NA 0.7 0.04 1.6 10.7 ** 0.4
Vocalisations 133 0.6 NA 13 3.8 0.9 14.4 % 19.4

df = degrees of freedom; OB = observation time; N/S = neuter/spay; C/C = cortisol/creatinine ratio; LI = laterality
index; ABS_LI = strength of laterality; * p < 0.05; ** p < 0.001; *** p < 0.0001.

Sex and castration status had an effect on the expression of a few behaviours (Table 4); descriptive
analysis highlighted that male dogs spent slightly more time standing (11.1 £ 7.4) than female dogs
(10.3 £ 8.3). Entire dogs spent more time standing (11.4 & 8.2), less time moving (1.5 & 1.8), and less
time lying (3.4 + 4.8) than neutered/spayed dogs (10.2 £ 7.6; 2.6 &= 3.4; 5.2 & 6.2 respectively).

Variations in cortisol levels were associated with variation in behaviour expression (Table 4).
Dogs with increasingly higher cortisol levels were more likely to spend time inactive (sitting and lying
down) but less time moving, standing, and showing a high posture (Table 4).

LMM analysis highlighted a significant effect of both LI and ABS_LI on a number of behaviours
(Table 4). Increasing left pawedness was associated with more frequent change of state, more time
spent vocalising (Figure 1a), sitting (Figure 1b), and showing a lower posture (Figure 1c). By contrast,
dogs with increasingly strong right-paw bias were likely to spend more time resting/sleeping, lying
down (Figure 1d) and moving.
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Figure 1. Regression between laterality index (LI) and vocalising (a), sitting (b), showing a low
posture (c), and lying down behaviour (d). LI = —1 strong right-pawed bias; LI = 1 strong
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Having a weaker lateralisation was predictive of spending less time lying down, resting/sleeping
(Figure 2a) or vocalising (Figure 2b), and more time standing (Figure 2c) and showing a low or
high posture.
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Figure 2. Association between ABS_LI and rest/sleep (a), vocalization (b) and standing (c). ABS_LI =0
weak laterality; ABS_LI = 1 strong laterality.

3.4. Laterality as a Predictive Factor of C/C Level Variation

LMM showed no significant effect of laterality (direction or strength) on the levels of C/C ratio in
dogs (p > 0.05).

4. Discussion

This study provides the first evidence for the potential use of paw preference as an indicator of
coping strategy in dogs entering a kennel environment.

At the individual level, results from the Kong tests revealed a significant paw preference bias
(either left or right, 63.4%), but no significant population bias emerged. This supports some previous
research in this area [23,35,37]. However, results seem to depend greatly on the population of
animals under study, with other authors having reported population biases in dogs [36,38]. Neither
the direction nor strength of the dogs” paw preferences differed significantly according to canine
sex or castration status. Again, the literature is divided on this matter and results appear to
be population-dependant [23,32,33,35-37].

Our results showed a relationship between the dogs” paw preferences and certain behaviours.
Right-pawedness was associated with a frequent expression of both active and inactive behaviours
such as moving or resting/sleeping and lying down. Increasing left-pawedness, by contrast, was
associated with a higher expression of stress-related behaviours, including frequent change of state,
vocalisations, sitting, and low posture. These results tie in nicely with previous findings of a right
hemisphere dominance (left motor bias) in animals being more vulnerable to stress [20]. For example,
when stressed by being caged and placed in an unfamiliar environment, cats with higher cortisol levels
also had a higher activation of the right brain hemisphere [39].

In a review paper, Rogers [20] suggested that the left hemisphere has a dominant control
of proactive/calm behaviours (e.g., approach, exploration) and the right hemisphere of reactive
behaviours (e.g., fear, aggression). In marmosets, for example, studies showed that left-handed
animals (right hemispheric dominance) were more fearful of alarm calls [40], more likely to show
higher cortisol levels [41], and were less reactive to the effects of social facilitation on capturing
prey [42] than right-handed marmosets (left hemispheric dominance). Thus, it could be hypothesised
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that animals with a left-limb bias are less likely to exploit new resources and are more likely to express
negative emotional functioning compared to individuals with a right-limb bias [32]. Recent studies
on marmosets [43] and dogs [44] confirmed this link by observing that a stronger left-limb motor
lateralisation was associated with a more negative or “pessimistic” cognitive bias.

Dogs may show different behavioural styles according to their physiological adaptation. In this
study, we found that lower cortisol levels were associated with more frequent observations of moving,
standing, and high posture. It could be argued that dogs showing these behaviours were better
at coping with the kennel environment, showing a more confident posture and being more active.
Hiby and colleagues [13] found that on days when dogs were more active, cortisol levels were lower
compared to days when dogs were spending more time sitting or lying down. High activity levels do
not necessarily indicate lower stress; there is evidence of increased activity following social and spatial
restrictions [7]. It could be the case that staying active helps dogs to cope better with confinement,
hence the lower cortisol levels [13]. Interestingly, our results showed that a stronger right-paw bias
was linked to higher activity. This lends support for the previously suggested association between
left-hemispheric bias and exploratory /proactive coping styles [20].

A high cortisol profile was associated with increased observations of sitting and lying down.
Once more these results are in line with findings by Hiby et al. [13]. Both behaviours indicate a more
vigilant posture (compared to e.g., resting/sleeping) and a more reactive posture. Following the
proactive/reactive hypothesis, dogs showing more sitting and lying behaviour are expected to be
more strongly left-pawed. This was only partially true, as we found left-biased dogs did indeed spend
more of their time sitting (Figure 1), but less time lying down and resting/sleeping. The link between
stress, physiology, and behaviour is complex and still debated [3,5,45]. Multiple factors may play a role
in modulating the results, including individual variability and past experiences [7,13,45]. Here, we
added a new indicator of emotional state (as assessed by motor bias) that could help triangulate our
results. If, based on previous work, we consider right-paw biased animals to be less susceptible to
environmental stress, we could suggest that animals that either are very active or, on the contrary,
very quiet, might cope better overall with novel environmental challenges. Left-pawed dogs, typically
reacting to kennelling by showing anxiety and stress-related behaviours such as vocalising, low
posture, sitting, and frequently changing state might, on the contrary, find adapting to confinement
more challenging.

Strength of laterality (rather than the direction of an animal’s motor bias) has been previously
associated with increased levels of stress behaviour. In dogs, for example, weaker motor laterality has
been linked to higher reactivity and fear of thunderstorms and firework sounds when compared to
stronger lateralisation [36]. Our results show that weaker lateralisation was associated with a higher
occurrence of standing behaviour and maintenance of a low and high posture. Both high and low
posture may be a sign of strong emotional arousal, with different valence (e.g., aggression/extraversion
versus fear respectively). Previous work has found that weak limb preference was in fact associated
with more fearful, as well as excitable, reactions [31,36]. Having a strongly lateralised brain, by contrast,
seems to be advantageous for enhanced cognitive abilities and higher survival fitness [46]. In our
study, resting/sleeping and lying down was linked to a higher degree of lateralisation. As mentioned
for the right-paw bias, it could be that spending most of the time sleeping helps an individual to cope
better with the stress of entering a kennel environment. It is worth mentioning, however, that spending
large amounts of time sleeping has also been reported in sheltered dogs as an indicator of learned
helplessness and depression-like state [4] and would be more typically associated with a reactive
coping style [10].

We found no association between cortisol levels and laterality. The right hemisphere has been
found to have a dominant control of endocrine function, especially of the HPA axis [20]. Being
associated with more fearful behaviour, left-limb bias should, in theory, be associated with higher
corticoid responses than right-limb bias, as found in rhesus macaques and rats [47,48]. In dogs,
Siniscalchi and collaborators [49] found a chronic elevation of hair cortisol in those individuals
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showing a higher reactivity to acoustic stimuli with different emotional valence. However, Batt and
colleagues [31] found no correlation between behaviour, laterality, and salivary cortisol in dogs. This is
something that should perhaps be explored further.

Opverall, it appears that a left-motor bias may be linked to a more negative affective state, a more
reactive coping style, and a more challenging adaptation to novel environments. Assessing paw
preference may become a useful tool to detect different coping strategies in dogs entering a kennel and
reduce stress in target individuals at higher welfare risk. Further work is needed to explore this in
greater depth.
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