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For farmed species, good health and welfare is a win-win situation: both the animals
and producers can benefit. In recent years, animal welfare scientists have embraced
cognitive sciences to rise to the challenge of determining an animal’s internal state in
order to better understand its welfare needs and by extension, the needs of larger
groups of animals. A wide range of cognitive tests have been developed that can be
applied in farmed species to assess a range of cognitive traits. However, this has also
presented challenges. Whilst it may be expected to see cognitive variation at the species
level, differences in cognitive ability between and within individuals of the same species
have frequently been noted but left largely unexplained. Not accounting for individual
variation may result in misleading conclusions when the results are applied both at an
individual level and at higher levels of scale. This has implications both for our fundamental
understanding of an individual’s welfare needs, but also more broadly for experimental
design and the justification for sample sizes in studies using animals. We urgently need to
address this issue. In this review, we will consider the latest developments on the causes
of individual variation in cognitive outcomes, such as the choice of cognitive test, sex,
breed, age, early life environment, rearing conditions, personality, diet, and the animal’s
microbiome. We discuss the impact of each of these factors specifically in relation to
recent work in farmed species, and explore the future directions for cognitive research
in this field, particularly in relation to experimental design and analytical techniques that
allow individual variation to be accounted for appropriately.
Keywords: cognition, refinement, individual, welfare, livestock, multilevel modeling

INTRODUCTION
Understanding the cognitive capabilities of animals, how they may be affected by the environments
in which we keep them, and the extent to which these changes can be used as an indicator of
welfare, are increasingly of interest in the field of animal welfare. Cognition has been broadly
defined as any process or mental action required to gain, process, and use information collected
via experience, thought and senses (1). This includes functions such as attention, memory, social
learning, associative learning, judgment, and reasoning, to name a few (2). Understanding the
cognitive capabilities of animals thus allows us a window into the way in which an animal perceives
and makes sense of the world around it. This is particularly important for farmed species, which
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side preference, which can develop in T-maze or Y-maze study
designs, as shown in a variety of species including sheep (103),
rats (104), and cows (105). In these cases, the learning outcomes
of the task can be overshadowed by the animal’s preference to
occupy one side of the maze. Furthermore, farm animals often
have not had an extensive period of regular positive contacts with
humans, as may be the case for companion animals. Therefore, in
order to conduct cognitive testing in these animals, habituation
to the test set-up will be required to ensure that the responses
measured are task specific and not affected by fear of either the
experimenters or the testing situation. Regardless of the cognitive
task employed, determining which factors are causing individual
variation in cognition requires distinguishing between direct
causal relationships and correlations.

there are large numbers of globally, and where the husbandry
practices directly affect their welfare and have the potential to
cause suffering (3, 4). There are numerous tests available that
allow us to assess cognitive ability (Table 1) and multiple factors
that we know are important to consider in applying these. Despite
advances in this endeavor, assessing and interpreting cognition in
non-human animals is challenging.
Part of the difficulty with studying cognition in farmed
animal species is due to individual variation in cognitive
abilities. The majority of animal cognition studies examine
how individuals perform in cognitive tasks on average, using
aggregated data (e.g., the mean number of trials correct, average
latency to respond). However, individuals also show betweenand within-individual variation in cognition across repeated
measurements or across different experimental conditions (97).
Variation in individuals’ average performance may represent
relatively consistent between-individual differences in cognitive
styles, similar to animal personality (98). Variation in withinindividual cognitive change (e.g., the rate of learning) may
further indicate differences in cognitive flexibility, a posited
mechanism of behavioral plasticity (97). Variation in residual
within-individual change (i.e., the amount of variation around an
individual’s average performance) could be used as a measure of
cognitive resilience in farmed animals [e.g., (99)]. In turn, factors
such as age, sex, breed and personality may predict these facets of
individual variation.
In this review, we explore the main causes of within- and
between-individual variation in cognitive testing of livestock. By
“causes,” we mean factors that would result in individual variation
all else being equal [e.g., (100)]. In section one, we give a brief
overview of the types of cognitive tests available, including a
table which shows the type of test and which cognitive function
it has been used to assess. In section two, we then identify
some key areas that can contribute to variation, including;
sex, breed, personality, life stage, diet, mood, motivation, and
gut microbiome. Following this, in section three, we highlight
statistical methods for estimating different facets of individual
variation and include a statistical example.

FACTORS CONTRIBUTING TO INDIVIDUAL
VARIATION IN COGNITIVE PERFORMANCE
Cognition and behavior are hierarchically organized and
continuously interacting with endogenous (e.g., life stage) and
exogeneous (e.g., the behavior of conspecifics, developmental
environments) factors. This likely results in correlations between
many different cognitive and behavioral variables [referred to
as the “crud factor” in human psychology; (106)], as well as
their significant associations with endogenous and exogenous
variables, but these do not necessarily reflect direct causal
relationships. As such, we interpret the “causes” of individual
variation below as factors that result in variation between
individuals who are equal in all other respects. This interpretation
of causality follows Pearl’s work (100) on distinguishing causal
from associative relationships by determining which correlations
in multivariate data disappear when all variables are conditioned
on each other, i.e., finding conditional independence relations
in the data [see (107) for an accessible review]. We also
acknowledge that individual variation can emerge simply from
the cumulative effects of unsystematic events occurring in the
environment and/or in how individuals process information,
even in genetically identical individuals [e.g., (108)]. This means
that individual variation is to be expected a priori even when no
obvious cause exists.

TYPES OF COGNITIVE TESTS

Development and Early Life

There are multiple ways to assess an animal’s cognitive
capabilities and in Table 1 we list some of the most common
tests used to investigate different aspects of cognition in farmed
animal species. However, many require the use of more than
one cognitive ability and tests are often adapted to suit the
species or cognitive function of interest (101). Indeed, the notion
of embodied cognition (102) highlights the connection and
interaction of the brain with the body and the environment.
The anatomical features of a species may allow it to perform
better or worse on a given cognitive task than another species.
Thus, to accurately measure cognition with cognitive tasks, it is
necessary to ensure that the task is designed to suit the physical
abilities of the species being tested. It should also be noted that,
when exploring sources of variation in cognitive testing, the test
itself could be a contributing factor. One example of this is
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During prenatal and neonatal stages of growth, there is a period
of rapid brain development, including cell birth, migration,
dendritic outgrowth, programmed cell death, and synapse
production. The brain is particularly vulnerable to perturbations
during development (109) and both endogenous and exogenous
factors occurring at this time have been shown to influence
cognition in livestock animals (103, 110). Prenatal stress is
well-known to have an effect on the developing brain and
on programming of the hypothalamic-pituitary-adrenal (HPA)
axis (111–113). These effects have consequences for stress
reactivity, behavior, and cognition in offspring that can continue
throughout life (114). For example, ewes exposed to stressful
situations during late pregnancy produced lambs that showed
increased levels of fear and a decreased ability to navigate a
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TABLE 1 | An overview of cognitive tests that have previously been used in farmed species and the type of cognitive ability they assess.
Cognitive ability

Task

References

Spatial cognition

Learning distribution/position of baited locations

Sheep: (5, 6);
Cattle: (7, 8);
Chickens: (9–11);
Fish: (12)

Parallel arm maze

Cattle: (13);
Fish: (14)

Radial arm maze

Pigs: (15, 16);
Chickens: (17, 18)

Spatial maze with zones

Sheep: (19–21);
Pigs: (22)
Cattle: (23–25);
Fish: (26, 27)

T-maze

Cattle: (28);
Chickens: (17, 29);
Fish: (30, 31)

Y-maze

Chicken: (17);
Sheep: (32);
Cattle: (33)

Memory

Social cognition

Social learning

Inferential reasoning
Discrimination learning

Object permanence

Rotating enclosure

Chickens: (34, 35)

Holeboard spatial discrimination

Pigs: (36–39);
Chickens: (29)

Object recognition

Pigs: (40)

Delayed match to sample

Chickens: (41)

Devaluation foraging technique

Chickens: (42, 43);

Delayed search task

Chickens: (44, 45)

Two step foraging task

Goats: (46)

Foraging arena task

Pigs: (47, 48)

Follow knowledgeable individual

Pigs: (49)

Mirror task

Pigs: (50, 51)
Sheep: (52)

Y-maze

Pigs: (53–55);
Sheep: (56, 57);
Chickens: (58, 59);
Cattle: (60)

Social recognition test

Pigs: (61)

Social recognition based on visual/olfactory cues–operant tasks

Chickens: (62);
Cattle: (63, 64);
Sheep: (65);
Chickens: (59)

Choice test

Fish: (66)

Distance to aversive/gentle handler

Cattle: (67)

Operant task

Cattle: (68)

Food choice test

Pigs: (69);
Chickens: (70)

Object choice test

Goats: (71)

T-maze

Goats: (72)

Detour task

Goats: (73)

Preferential looking paradigm choice test

Goats: (74)

Object choice task

Goats, pigs: (75–77)

Image discrimination (visual discrimination)

Pigs, Goats: (55, 78, 79)

Acoustic discrimination

Pigs: (80)

Social discrimination (visual discrimination)

Sheep: (81)

Hidden reward object

Pigs, Goats: (82, 83)

Perseveration error

Goats: (83)
(Continued)
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TABLE 1 | Continued
Cognitive ability

Task

References

Classical conditioning

Clicker training

Cattle: (84)

Operant conditioning

Numerical understanding

Eye blink response conditioning

Sheep: (85, 86)

Trained to approach feed source with audio cues

Cattle: (87)

Trace classical conditioning

Chickens: (88)

Classical conditioning using light to signal arrival of food.

Fish: (89)

Delay conditioning regime

Fish: (90)

Trained to approach feed source with audio cues

Cattle: (87, 91)

Social contact motivation task

Cattle: (92)

Nose wheel feeding task

Pigs: (93)

Trained to urinate in a specific location

Cattle: (94)

Free-choice tests

Chickens: (95)

Identification of trained rank-order target locations among identical alternatives

Chickens: (96)

to learn and solve a reversal-learning task than males at 4 months
of age (116). However, this finding was not present by 18 months
and, as the authors suggest, may only have reflected differing
maturation rates of male and female animals.
Although sex has rarely been explicitly tested in farm animal
cognition studies, statistically significant differences have been
identified between the sexes for many biological parameters in
clinical trials. Of particular note for this review are the studies
that have identified sex differences in stress-related psychiatric
disorders, such as depression, generalized anxiety disorder, acute
and chronic post-traumatic stress disorder, with a higher risk
of development in females than in males (128–131). Stressrelated disorders are linked closely with cognitive alterations, and
differing levels of performance in learning and memory tests
in particular. For example, exposure to an acute or repeated
stressful event is associated with enhanced learning in a classical
conditioning task in male rats, but impaired performance in
females (132); though this is only the case in adult females
with mature oestrous cycles (133). By contrast, the opposite
effect has been found in spatial learning and memory tasks,
where acute stress exposure impairs males’ performance in a Y
maze, but enhances female rats’ performances regardless of their
oestrous cycle (134). Similar effects have been shown in another
memory test, the Morris water maze test (135, 136). Even without
the stress exposure, there are clear male advantages in spatial
working and reference memory in rats that transcend strain,
age, environment, and testing protocol differences. However,
mouse studies have found a different pattern—that females
have an advantage in water maze tests, but males have a small
advantage in radial maze tests (137). Of relevance to the cognitive
bias testing paradigm, risk seeking behavior in humans tested
using a computerized balloon analog risk task, showed clear
sex differences. Following exposure to an acute stressor, risk
avoidance increased in females but risk seeking increased in
males (138).
One consideration with the measurement of sex differences
is that it is typically included as a binary variable and used as
a simple to measure, catch-all, umbrella indicator for what is
in reality a host of non-discrete, underlying interacting complex
systems. As suggested by Maney (139), sex should be viewed as

maze, suggesting decreased spatial and working memory (21).
Similarly, domestic chicks that experienced hypoxic conditions
for 24 h during embryonic development had poorer performance
in a bead discrimination task designed to test memory (115).
A further factor relating to development and cognition is an
animal’s origin litter. For example, Hernandez et al. (116) found
that lambs from twins were more likely to change side preference
in a two-armed maze test in comparison to singleton born lambs.
The environment and experiences that an individual is subjected
to during their developmental period are also influential. Calves
fed using an enriched feeding method (instead of standard bucket
feeding) showed decreased reactivity to novelty and, although
initially they took longer to locate a reward, performed better in
the reversal stage of a T-maze task (28).
Age and timing of weaning can also have implications for
cognition and behavior. In livestock species, weaning often
also involves separation from the mother, littermates and
mixing into large groups of unfamiliar conspecifics in a new
environment (117, 118). Weaning at earlier or later ages than
the industry standard has been shown to influence stress (119)
and behavior (120–123). Early weaning and material deprivation
can significantly affect the brain and consequently cognition.
For example, piglets that were weaned early at 10 days of age
had decreased gene expression in the hippocampus (124). In
other species, maternal deprivation can increase cell death in the
brains of young rats (125) and can reduce neurogenesis in mice
(126). Overall, these different life-stage factors can all influence
cognitive function within an individual.

Sex
Of all the factors considered here that may influence cognition,
sex is perhaps one of the most evolutionarily well-conserved
(127). In cognitive testing of farmed species, there has not been
the same drive to detect sex-related effects as there has been
in clinical trials on laboratory animals, so observed differences
between sexes are typically reported incidentally rather than
explicitly investigated. For example, Erhard et al. (103) found
that male sheep required fewer runs to learn and solve a reversallearning task than females at 18 months old. Conversely, another
study with a similar maze design found female sheep were quicker
Frontiers in Veterinary Science | www.frontiersin.org
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the results suggest that cognition is influenced by an animal’s
evolutionary, ecological and developmental environment (102).

a proxy for as-yet unknown factors that co-vary with it, such as
hormonal differences, sex-linked genetics, or experience. Testing
simply for the existence of a difference between the sexes may
mask distributional differences in co-varying variables, resulting
in false negative outcomes; as such, it may be more informative to
consider the extent to which the sexes differ, rather than whether
or not a significant difference exists.

Personality
Animal personality is defined as moderately consistent
individual differences in behavior across time and contexts
(98, 141). A number of terms have been used to capture
individuals’ consistent patterns of behavioral, physiological
and/or neuroendocrine profiles, including coping styles and
behavioral syndromes. Personality research has traditionally
focused on traits such as exploration, boldness, activity levels,
sociability and aggressiveness (142). While moderately stable
across time and contexts, personality also interacts with
behavioral plasticity and predictability [i.e., within-individual
change (143)].
Two common categorizations of personality types or coping
styles are proactive and reactive. Proactive individuals are bolder
and more exploratory than reactive individuals, allowing them to
learn quickly in new situations but become relatively inflexible
when previously learned rules change (144). By contrast,
reactive individuals demonstrate greater behavioral flexibility
than proactive individuals. A predominant hypothesis about the
relationship between personality and cognition is that proactive
individuals prioritize speed over accuracy in decision making
(145). For instance, Nawroth et al. (79) report that goats scoring
higher for exploration and sociability (consistent with proactive
personality types) performed worse in tasks of object permanence
and visual discrimination. Reactive laying hens also learned to
associate a color-cue with a reward better than proactive hens
(146). In fish, White et al. (27) found a negative correlation
between boldness and learning to use cues to find hidden food in
brook trout. Bensky et al. (147) report that bolder three-spined
sticklebacks were quicker to learn a color discrimination task
than shyer individuals, although no evidence was found for shyer
individuals to perform better when the task was altered.
Griffin et al. (97) note that discerning robust relationships
between an individual’s personality and cognitive style will
require tests of both cognitive abilities and personality traits to
allow the full array of competing alternative hypotheses to be
tested. This may lead to a multi-method multi-trait approach
across both personality and cognition tests (148) to ensure the
validity and robustness of relationships between personality and
cognitive measurements.

Breed
The genetic composition of different livestock breeds has the
potential to influence temperament, behavior, and cognition.
The differences in cognitive task performance between different
breeds may be due to factors that are not directly attributable to
cognitive abilities per se. For example, temperament differences
between breeds may alter the likelihood of an individual engaging
with the task and/or influence their opportunities to be exposed
to the stimulus (98). A study by Nordquist et al. (29) compared
the responses of chickens breed for low mortality and a control
breed/line in multiple cognitive tests, including the holeboard
task and T-maze. Overall, chickens breed specifically for low
mortality displayed lower levels of fearfulness than the control
individuals. McBride et al. (52) found that Welsh mountain
sheep spent more time looking and touching their self-image in
a mirror than two other breeds of sheep. The authors suggest
this may have been due to breed differences in exploration and
social tendencies (52). Veissier et al. (68) found breed differences
in an observational learning task in female cattle, with more
Limousin heifers learning the task than Aubrac heifers in the
same experiment. The difference in task success between the two
groups appeared to be due to differences in fearfulness between
the breeds, with Aubrac heifers spending more time trying to
escape the experimental room, rather than engaging with the
task. Kendrick et al. (57) found Dalesbred and Clun forest sheep
differed in their performance on a vocal discrimination task. In
this case, the authors suggested that this could be due to the
differing habitats of the breeds. Hill sheep have better abilities in
vocal discrimination tasks, possibly due to being more dispersed
in their natural habitat than lowland sheep, thus requiring more
reliance on the use of vocalization to discriminate individuals
when widely dispersed.
Many studies investigating cognitive performance standardize
for breed differences by using just a single breed. As such,
there are relatively few studies that directly compare across
breeds. Perhaps also due to publication bias, it is possible that
such studies have been conducted but no significant results
found, leaving few published studies with an absence of breed
differences to draw upon as examples. One example of such
a lack of difference is in Murphy et al. (140), who compared
Göttingen miniature pigs and standard commercial breed pigs in
a judgment bias task and found no difference in their abilities to
discriminate between auditory cues associated with positive and
negative outcomes.
At this time, it is not possible to draw firm conclusions about
the role of breed in cognitive performance, simply because there
have been so few studies published where this has been directly
compared between breeds. However, drawing from the studies
that have found a breed-related association with performance,
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Mood
Affective state and cognition are deeply intertwined, with
cognition influencing affective state and affective state in turn
influencing cognitive processes (149). Affective state can be
categorized into emotion and mood. Emotions are short-lived
mental states that arise in response to rewarding or punishing
stimuli (150). Emotions change rapidly and contribute to within
individual variability in test performance (151). Moods, on the
other hand, are longer-term mental states that are not tied to
a specific stimulus and are thought to be the result of the
accumulation of affective experiences in the mid- to longer-term
past (152, 153). Moods are more specific to the individual and
may contribute to between individual variability on cognitive
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Motivation

tasks. Mood can also interact with personality to affect cognitive
processes. For example, more reactive individuals in a negative
mood judge novel information more negatively than reactive
individuals in a positive mood, whilst proactive individuals’
mood did not affect their judgements (154).
Mood affects information processing by altering response
thresholds to stimuli (152). This has most commonly been
evaluated in situations of ambiguity and is linked to risk taking.
In particular, the cognitive bias test has been widely applied with
farm animals to investigate the effect of mood on decision making
under ambiguity [for a review see Baciadonna and McElligott
(155)]. These tests have been devised to assess emotional state
rather than cognition, and thus they cannot directly answer
questions on the effect of mood on cognition. In addition, the
question of how emotion may affect other cognitive processes,
such as social learning, spatial cognition, or working memory, has
not been assessed in farm animals to our knowledge. Affective
states influence a wide range of cognitive processes in humans,
such as self-regulation, information processing and decision
making [e.g., see Martin and Clore (156)]. This suggests that
mood may also be a source of within-individual variation in
performance in animals, in tests measuring cognitive abilities
other than those involved in risk taking. However, it is difficult to
disentangle the effects of the specific test set-up from the effects
of mood alone. Such as in tests of visual discrimination of faces,
an animal’s ability may be affected by how aversive they find
the stimulus, which in turn impacts their ability to attend to
the stimulus for long enough to complete the task. For example,
horses spent less time looking at agonistic conspecific faces than
neutral or positive conspecific faces (157). Whilst Lee et al. (158)
showed that less anxious sheep spent less time attending to a
threat stimulus than anxious sheep. Thus, if mood affects how
aversive a stimulus is to attend to, this could affect performance
on cognitive tasks requiring a certain level of attention toward
specific stimuli.
Both genetic predisposition and environmental factors cause
variation in mood. Whilst the former can be partially controlled
for by using individuals of the same breed and genetic line,
controlling for the environment can be less reliable due to the
stochastic nature of life. In addition, genetic × environment
interactions can lead to further variability at the individual level
(108). To complicate matters further, we do not completely
understand how mood is generated, and thus cannot fully control
for it in cognition studies. Eldar et al. (159) proposed the theory
that mood is the cumulative result of differences in expectations
and the obtained outcomes of recent experiences. Raoult et al.
(151) did not find strong evidence for this theory in their review
of 95 papers on cognitive bias and manipulations used to affect
mood. However, further research is required with more precise
and overt tests of the predictions from this theory, as the studies
reviewed did not have the original aim of testing Eldar’s theory.
Future cognitive studies could also benefit from assessing mood
alongside the specific cognition test in which they are interested,
as this would provide valuable information on the contribution of
differences in mood to the variability found in tests of cognitive
abilities.
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In order that an animal completes a cognitive task, it must
be motivated to engage and perform. Levels of motivation can
differ both within and between individuals as a result of multiple
factors: the reward type and timing, protocols used to induce
motivation, and the inherent value of completing the task, all of
which may be influenced by previous experience.
If correct trials are to be reinforced, the first consideration
is the researcher’s choice of reward. In farmed species, common
rewards include access to food or conspecifics. When using food,
providing a reward distinct from that of an animal’s standard
feed may increase motivation for some individuals and decrease
it for others, dependent on individual preferences. For some
non-livestock animals, it has been shown that using a preferred
reward can increase motivation (160–162) but that preferences
change over time [e.g., orangutans: Clay et al. (163)]. Therefore,
depending on the length of the testing period, variation in
task performance may reflect changes in an individual’s reward
preference.
When using appetitive rewards, the levels of pre-task satiety
can influence the animal’s willingness to participate. To induce
motivation, animals may be food restricted prior to testing, such
that access to food becomes more appealing. Blanket protocols
are often applied across a study group (e.g., restrict test subjects
to 70% of ad libitum intake or provide a set volume of food). It
cannot be expected that each animal will respond equally to a
fixed restriction, resulting in variability in levels of motivation
and thus in perceived cognitive ability. If restrictions are not
staggered, the first animal to be tested may be less motivated than
the final individual, given the difference in total restriction time.
Similarly, in cases where restriction protocols are not applied, the
time since last feeding may also impact any appetitively rewarded
trials. A final consideration is fluctuations in motivation over the
course of a testing session. If a session requires many iterations of
a task, the reward value may depreciate and, subsequently, trials
carried out at the beginning of testing may not be comparable to
those performed at the end.
As an alternative to food rewards, some social species may
be rewarded socially by providing access to conspecifics—
for example fish (30) and sheep (20) in maze-based tasks.
Introducing conspecifics may mitigate some of the confounding
factors of using appetitive rewards, but social reinforcers bring
complications of their own. For example, motivation to gain
access to a conspecific may be partially affected by social rank,
as has been shown in non-human primates (164). Levels of
motivation may also be influenced by the degree of contact
offered as a reinforcer; calves were more motivated to perform an
operant conditioning task for full contact with a conspecific, than
for only contact with the head (92). Given that livestock animals
can have preferences for certain group mates or familiar animals
[e.g., cows: (165); sheep: (166, 167)] the identity of the “reward
animal” is also of importance. Rewarding with a preferred or
non-preferred individual could alter the perceived outcomes of
the task. Interestingly, social interactions can also impact on
the motivation to work for food rewards. Pedersen et al. (168)
demonstrated that isolating a pig from its pen mate decreased the
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postnatal period with no previous exposure during gestation
(176). Although this diet is typically not applicable for livestock,
it highlights the influence that nutrition can have. However,
other dietary constituents in the mother’s diet during gestation
and lactation can impact upon offspring cognition. Examples of
these include sialic acid which improved learning and memory
(177, 178) whilst iron which was shown to impair reference
memory in piglets (173).
Diet will inevitably vary between life stages, however it is
worth noting that this can be a cause of cognitive variation,
especially when comparing results between two studies of
the same species. In addition, diet directly impacts the gut
microbiome, which is also closely linked to the brain and
cognitive function.

value of a food reward, highlighting the impact of social context
on cognitive trial outcomes.
The type of task and the animal’s perception of it may
also influence motivation. Some tasks may have an inherent
motivational value, regardless of any reward received for
completion of a correct trial. For example, de Jonge et al. (169)
found evidence of contra-freeloading in domestic pigs, meaning
that the pigs preferred to work for food despite identical food
being freely available. However, such a task may be cognitively
stimulating to one animal, but not to another. It is also possible
that motivation to perform may depend on living conditions. If a
task is novel or enriching, an individual from a complex, enriched
home environment may not find the task as rewarding as would
an individual from a less stimulating home environment.
In all of the above examples, the researcher risks measuring
motivation to engage with the task, rather than judging the
cognitive ability of an individual. This confound is perhaps most
important to consider when using latency to give a correct
response as a measure of cognition, e.g., in maze completion.

Gut Microbiome
The gut is inhabited by trillions of microbes (the microbiota) and
the term “gut microbiome” refers to their genetic material and
capabilities. Microbiomics is a rapidly developing field, as interest
in the broader effects of diet continues to grow. For example, a
search of the literature published over the last 10 years shows an
increase from 16 papers in 2007 to 2,210 papers in 2017 using the
search term “gut microbiome” (Web of Science). It is outside of
the scope of this review to fully evaluate the links between the gut
and brain, but some relevant ideas are discussed in this section.
The gut microbiome and the brain communicate
bidirectionally via multiple suggested mechanisms, known
collectively as the microbiome-gut-brain axis [see comprehensive
reviews from Mayer (179) and Galland (180)]. These lines of
communication substantiate the idea that the gut may influence
cognitive function. Many studies of the microbiome-gut-brain
axis and its relationship to cognition have focused on the
context of aging, disease and/or neurodisability. For example,
some researchers use cognitive function to measure the efficacy
of an intervention or as an indicator of the neurological
impairments associated with, for example, Alzheimer’s (181),
diabetes (182), and autism (183). Although these studies are
not directly comparable to livestock, they give an indication
of how differences in the gut microbiome, caused by illness or
physiological disruption, may lead to variability in cognitive
function.
In addition to disease syndromes, disruption of the gut
microbiome is linked with stress [e.g., Bailey et al. (184);
O’Mahony et al. (185); Jašarević et al. (186)], and stress
has known impacts on cognition (187). It may therefore be
considered that an animal suffering stress could perform poorly
in a cognitive task, either as a direct neurological consequence
of the stress, or via changes in the composition of the gut
microbiota. Indeed, Weinstock (188) showed that male mice
exposed to prenatal stress showed signs of cognitive deficits—this
was attributed in part to the mother’s vaginal microbiome, which
in turn influences the offspring’s gut microbiome (186, 189).
The complex relationships between gut health, diet, stress,
illness, and cognition are further complicated by the fact that
the gut microbiome does not remain stable throughout life
and can be influenced by a variety of factors including birth
conditions, diet, environment, disease and aging (190–192).

Diet
Diet and access to food can influence cognitive function, for
example feed restriction, which is known to impact on learning
and some aspects of memory in rodents (170, 171). Feed
restriction during gestation, even for a short period of time,
can have lasting effects on behavior and cognition in offspring.
A study by Erhard et al. (103) investigated the impact of
temporary feed restriction during early gestation in Scottish
Blackface sheep. For this study, a control group was compared
with a treatment group whose mothers had their feed intake
reduced by 50% for the first 95 days of gestation. Although there
was no difference in the average birth weight of the control
and the treatment groups, lambs that experienced prenatal feed
restriction were more active than control animals in novel object,
social isolation, physical restraint, and suddenness tests. This
increase in emotional reactivity also affected performance in
cognitive tasks with prenatal feed restricted individuals less likely
to learn the first reversal task in the T-maze if they had high
levels of locomotion during social isolation and novel object
tests. Similarly, there is evidence that the early life diet of an
individual can influence cognitive performance, which, as shown
by some studies, has the potential to last into adulthood (39,
172). For example, Rytych et al. (173) found that severely iron
deficient piglets could not acquire a spatial T-maze task. Similarly
Antonides et al. (174) found that iron deficient piglets had
reduced reference memory in a holeboard task in comparison to
non-iron deficient piglets.
The nutritional content of feed and the time period of
exposure can have a significant impact upon cognitive function.
In the context of biomedical research, several cognition studies
have been conducted using pigs to investigate the effect of the
“Western”-style diet, comprising high energy, high fat, and high
sugar levels. Both Val-Laillet et al. (175) and Clouard et al. (176)
found that prenatal exposure to a “Western”-style diet improved
both working and reference memory in piglets, in comparison
to piglets on a standard diet. However, there was no effect
on cognitive function in piglets fed this diet during the early
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small number of animals used, especially when potentially
large systematic individual variation in cognitive performance
is not accounted for, making across-study results inconsistent.
Indeed, Voelkl and Wurbel (202) argue that a key condition
for irreproducibility in pharmacological studies could be the
lack of appropriate estimates of phenotypic variation, and argue
that greater attention should be paid to quantifying phenotypic
reaction norms.
In this section, we highlight how multilevel models can
be used to investigate individual variation across repeated
measurements. While multilevel models are neither the only
approach for measuring variation nor particularly new (203),
their use is increasingly encouraged as the state-of-the-art
approach in accounting for variation across distinct clusters
(e.g., individuals) in a range of disciplines [e.g., animal
welfare: (204); ecology: (205); human evolutionary ecology:
(206); psychology: (207); health: (208)]. This includes analysing
individual variation in behavior (e.g., personality) and reaction
norms in behavioral ecology (209), and individual variation
in human cognition (210). Adopting multilevel models for
assessing individual variation in cognition in farmed animals
is a natural extension. Below, and in the Supplementary
Materials (available on Github: https://github.com/ConorGoold/
Bushby-et-al-individual-variation-cognition), we demonstrate
how multilevel models may be applied to explore facets of
individual variation in animal cognition.

These multi-level interactions make it difficult to suggest that
variability in livestock cognitive performance could be attributed
to the microbiome, but it is nevertheless something important to
consider as part of a wider system.

ACCOUNTING FOR INDIVIDUAL
VARIATION
Accounting for individual variation in cognition is important in
farmed animal species, and applied ethology in general, because
we are often interested in how individuals experience their
environment, not just a population. Aggregating and analysing
data across individuals can lead to misleading conclusions when
the goal is to understand individual-level processes. For example,
not accounting for within-individual variation in cognitive
change risks committing an ecological fallacy (193). That is,
incorrectly inferring the form of within-individual processes
(e.g., the relationship between stress and cognitive ability)
from results pertaining to group-level, aggregated patterns of
change. Extreme cases may lead to Simpson’s paradox, where
the relationships between variables at an aggregate level are
the reverse of those relationships at lower levels of scale. In
animal welfare science, evidence suggests that most behavioral
variation is explained by individual variation rather than by
higher-level factors such as groups or pens [e.g., chickens: (194)],
so appropriately incorporating individual variation is key.
Animal cognition studies often record repeated measurements
on individuals, which are then used to quantify summary
measures of cognitive performance, such as the number of trials
needed to learn a task or the average probability of responding
correctly. However, this often precludes estimating between- and
within-individual variation as a result of data aggregation across
repeated measurements. In addition, when the goal is to quantify
the relationship between individual variation in cognition, and
endogenous and exogenous factors (such as those discussed
above), researchers may be motivated to conduct a number of
separate statistical analyses. Yet, conducting multiple analyses
on the same data set can lead to increased chances of false
positives. This is further complicated by the low sample size of
animal cognition studies (195), which are not only at increased
risk of Type II errors (i.e., not enough signal to reject the null
hypothesis), but also Type I errors (i.e., incorrectly rejecting the
null hypothesis), and errors of sign and magnitude (196). For
example, a significant p-value in a small sample size study should
not be taken as evidence of a robust effect (197).
Accounting for individual variation may further improve the
reproducibility of studies. In recent years, the reproducibility
of scientific findings has received increasing scrutiny, most
notably in the psychological sciences (197) but also in a number
of other areas [e.g., cancer biology; (198); economics: (199);
artificial intelligence: (200)]. Conditions for irreproducibility
include studies with low sample sizes and small true effect sizes
for the relationships being investigated, along with questionable
research practices such as data dredging or p-hacking (running
analyses multiple times until a significant p-value is found)
and poor research incentives (201). Studies of farmed animal
cognition may also be at risk of irreproducibility due the
Frontiers in Veterinary Science | www.frontiersin.org

Multilevel Models
Multilevel models extend the general linear model framework
to account for variation across different groups or clusters, such
as repeated measurements on individuals. Specifically, deviations
for each clustering unit are estimated from the population-level
intercept, slope and/or residual standard deviation parameters
(known as “random effects”). These deviations are constrained
by their own (usually normal) distribution, which improves the
predictive ability of these models compared to non-multilevel
models through the effects of partial-pooling (203). The
deviations represent the amount of individual variation, which
in turn can be predicted by a number of “cluster-level” predictor
variables. For example, in studies of behavior, variation among
individuals in the intercept parameter is used to operationally
define animal personality, variation among individuals in the
slope parameter across an environmental gradient defines
behavioral plasticity, and variation among individuals in the
residual variation captures behavioral predictability. Together,
the analysis of these sources of variation is referred to behavioral
reaction norms (211, 212). Variation in these parameters can, in
turn, be predicted by individual-level predictor variables such
as sex, age, or life stage. Behavioral repeatability is calculated
using the intraclass correlation coefficient: the random intercept
variance divided by the total model variance (213).
As an example case, imagine a reversal learning task, where
we first teach individuals an initial contingency and then reverse
this contingency to assess cognitive flexibility. The data are a
series of binary (0/1 values, i.e., Bernoulli distributed) trials
for each individual indicating whether they completed the
task on each trial correctly or incorrectly. We may also be
interested in whether individual variation is affected by some
8
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FIGURE 1 | Model results from a hypothetical study of individual variation in cognition. Dark black lines and gray areas show the population-average probability and its
89% credible interval of choosing a correct answer across trials in an initial learning task (A), and reversal learning task (B). Blue lines show estimates for each
individual (n = 100), for which variance parameters and individual predictions can be directly compared.

the probability correct across trials in the initial task and
(Figure 1B) the probability correct across trials in the reversal
task, with the average probability and the rate of learning being
lower in the reversal task across individuals. As can be seen from
the dispersion of the blue regression lines, there is individual
variation in the parameters (both average probabilities and the
rate of learning across trials). In the reversal learning task, some
individuals’ probabilities of responding correctly become worse
across trials, despite the population-average slope being positive.
From this model, the variance of the different random effect
parameters can be extracted and compared directly using the
Bayesian posterior distribution. Coefficients describing the linear
relationship between individual-level predictor variables and
individual variation in learning rates (see the Supplementary
Material for further examples on Github: https://github.com/
ConorGoold/Bushby-et-al-individual-variation-cognition), can
also be investigated.
Multilevel models are flexible tools for a range of data
types, including unbalanced designs and more complicated cases
with multiple dependent variables, such as multilevel structural
equation models or multilevel network models [e.g., (215)].
Practically, it is recommended to have at least 100 individuals to
accurately estimate individual variation (216), although estimates
of cluster-level variation in Bayesian multilevel models tend to be
more accurate in small sample data sets than frequentist models
using maximum likelihood estimation. In addition, an advantage
of Bayesian estimation is that we can estimate the uncertainty
(via Bayesian credible intervals) in cluster-level parameters (e.g.,
individual-level predictions), meaning estimates from smaller
sample sizes may just be more uncertain rather than inaccurate.
Fortunately, as demonstrated in the Supplementary Material
(available on Github: https://github.com/ConorGoold/Bushbyet-al-individual-variation-cognition), fitting Bayesian models is
becoming just as easy as frequentist models in common statistical
software.
Finally, statistically accounting for individual variation is
just one component needed to ensure reproducibility of

independent variable, such as personality type (e.g., reactive or
proactive), diet (e.g., Western vs. non-Western diet) or sex.
To compare the different groups, one option is to summarize
the data for each individual by the difference in the number
of trials taken to learn the initial and reversal contingencies,
and estimate the relationship between this summary measure
and group (e.g., using an independent samples t-test). However,
this analysis has a number of drawbacks. Firstly, it cannot
distinguish between- from within-individual variation. Secondly,
it splits the data analysis into multiple stages that may limit
reproducibility (Gelman and Loken, unpublished manuscript).
Thirdly, it requires defining a potentially arbitrary criterion
to decide whether the task was learned by each individual,
which could lead to throwing out data for those individuals not
matching that criterion. For instance, only 29 out of 64 sheep
in Erhard et al. (103) met the required learning criterion in
a reversal learning T-maze task, meaning subsequent analyses
were conducted on varying numbers of individuals while other
data was dropped from the analysis. van Horik et al. (214) also
discuss selection biases in participation rates of cognitive tests in
pheasant chicks, which were dependent on sex, personality and
body condition.
Figure 1 presents the results of a (Bayesian) multilevel
logistic or Bernoulli regression model for our hypothetical
example study. For those unaccustomed with fitting multilevel
models, a formal description of this analysis is presented in
the Supplementary Materials (available on Github: https://
github.com/ConorGoold/Bushby-et-al-individual-variationcognition), including an R script file for simulating the data,
running the analyses (both Bayesian and frequentist approaches),
and producing the figures. In Figures 1A,B, the black lines
indicate the population average change in the probability of
a correct choice, the gray shaded region illustrates the 89%
Bayesian credible interval around the population average (i.e.,
the 89% most likely parameter values), and the thinner blue lines
demonstrate the individual-level regression lines (the posterior
means) for each individual (n = 100). Figure 1A demonstrates
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importance for accounting for individual variation to ensure the
reproducibility of farm animal cognition and cognition studies in
general.

scientific findings. Due to ethical and practical limitations,
simply obtaining larger sample sizes in farmed animal cognition
studies may not be realistic. Instead, researchers should consider
pre-registering their studies to limit questionable (but often
unconscious) research practices such as data dredging. Moreover,
replication experiments and cross-lab collaboration efforts could
help to confirm key hypotheses in the field [e.g., (217)] and make
use of a larger number of subjects without increasing the sample
size per study unnecessarily.
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25. Kovalčik K, Kovalčik M. Learning ability and memory testing in cattle of
different ages. Appl Anim Behav Sci. (1986) 15:27–9.
26. Brockmark S, Adriaenssens B, Johnsson JI. Less is more: density influences
the development of behavioural life skills in trout. Proc R Soc B (2010)
277:3035–43. doi: 10.1098/rspb.2010.0561
27. White SL, Wagner T, Gowan C, Braithwaite VA. Can personality predict
individual differences in brook trout spatial learning ability? Behav Process.
(2017) 141:220–8. doi: 10.1016/j.beproc.2016.08.009
28. Horvath K, Fernandez M, Miller-Cushon EK. The effect of feeding
enrichment in the milk-feeding stage on the cognition of dairy
calves in a T-maze. Appl Anim Behav Sci. (2017) 187:8–14.
doi: 10.1016/j.applanim.2016.11.016

1. Shettleworth SJ. Modularity and the evolution of cognition. In: Heyes C,
Huber L, editors. The Evolution of Cognition. Cambridge: MIT Press (2000).
p. 43–60.
2. Duncan S, Barrett LF. Affect is a form of cognition: a neurobiological
analysis. Cogn Emot. (2007) 21:1184–211. doi: 10.1080/02699930701437931
3. Dawkins MS. A user’s guide to animal welfare science. Trends Ecol Evol.
(2006) 21:77–82. doi: 10.1016/j.tree.2005.10.017
4. Dawkins MS, Donnelly CA, Jones TA. Chicken welfare is influenced more
by housing conditions than by stocking density. Nature (2003) 427:342.
doi: 10.1038/nature02226
5. Dumont B, Petit M. Spatial memory of sheep at pasture. Appl Anim Behav
Sci. (1998) 60:43–53. doi: 10.1016/S0168-1591(98)00152-X
6. Edwards GR, Newman JA, Parsons AJ, Krebs JR. Use of cues by grazing
animals to locate food patches: an example with sheep. Appl Anim Behav Sci.
(1996) 51:59–68. doi: 10.1016/S0168-1591(96)01095-7
7. Ksiksi T, Laca EA. Cattle do remember locations of preferred food
over extended periods. Asian-Australas J Anim Sci. (2002) 15:900–4.
doi: 10.5713/ajas.2002.900
8. Laca EA. Spatial memory and food searching mechanisms of cattle. J Range
Manag. (1998) 370–8. doi: 10.2307/4003320
9. Tommasi L, Vallortigara G. Searching for the center: spatial cognition in
the domestic chick (Gallus gallus). J Exp Psychol Anim Behav Process. (2000)
26:477–86. doi: 10.1037//0097-7403.26.4.477
10. Della Chiesa A, Speranza M, Tommasi L, Vallortigara G. Spatial cognition
based on geometry and landmarks in the domestic chick (Gallus
gallus). Behav Brain Res. (2006) 175:119–27. doi: 10.1016/j.bbr.2006.
08.012
11. Tommasi L, Vallortigara G, Zanforlin M. Young chickens learn to localize
the centre of a spatial environment. J Comp Physiol A Neuroethol Sens Neural
Behav Physiol. (1997) 180:567–72.
12. Braithwaite VA, Armstrong JD, McAdam HM, Huntingford FA. Can juvenile
Atlantic salmon use multiple cue systems in spatial learning? Anim Behav.
(1996) 51:1409–15. doi: 10.1006/anbe.1996.0144
13. Bailey DW, Rittenhouse LR, Hart RH, Richards RW. Characteristics
of spatial memory in cattle. Appl Anim Behav Sci. (1989) 23:331–40.
doi: 10.1016/0168-1591(89)90101-9
14. Salvanes AGV, Moberg O, Ebbesson LO, Nilsen TO, Jensen KH, Braithwaite
VA. Environmental enrichment promotes neural plasticity and cognitive
ability in fish. Proc R Soc B (2013) 280:20131331. doi: 10.1098/rspb.2013.1331
15. Laughlin K, Huck M, Mendl M. Disturbance effects of environmental stimuli
on pig spatial memory. Appl Anim Behav Sci. (1999) 64:169–80.

Frontiers in Veterinary Science | www.frontiersin.org

10

August 2018 | Volume 5 | Article 193

Bushby et al.

Individual Variation in Livestock Cognition

49. Held S, Mendl M, Devereux C, Byrne RW. Behaviour of domestic
pigs in a visual perspective taking task. Behaviour (2001) 138:1337–54.
doi: 10.1163/156853901317367627
50. Broom DM, Sena H, Moynihan KL. Pigs learn what a mirror image
represents and use it to obtain information. Anim Behav. (2009) 78:1037–41.
doi: 10.1016/j.anbehav.2009.07.027
51. Gieling ET, Mijdam E, van der Staay FJ, Nordquist RE. Lack of mirror
use by pigs to locate food. Appl Anim Behav Sci. (2014) 154:22–9.
doi: 10.1016/j.applanim.2014.02.016
52. McBride SD, Perentos N, Morton AJ. Understanding the concept of a
reflective surface: can sheep improve navigational ability through the use of
a mirror? Anim Cogn. (2015) 18:361–71. doi: 10.1007/s10071-014-0807-3
53. Kristensen HH, Jones RB, Schofield CP, White RP, Wathes CM. The
use of olfactory and other cues for social recognition by juvenile pigs.
Appl Anim Behav Sci. (2001) 72:321–33. doi: 10.1016/S0168-1591(00)0
0209-4
54. McLeman MA, Mendl M, Jones RB, White R, Wathes CM. Discrimination
of conspecifics by juvenile domestic pigs, Sus scrofa. Anim Behav. (2005)
70:451–61. doi: 10.1016/j.anbehav.2004.11.013
55. Gieling ET, Musschenga MA, Nordquist RE, van der Staay FJ. Juvenile pigs
use simple geometric 2D shapes but not portrait photographs of conspecifics
as visual discriminative stimuli. Appl Anim Behav Sci. (2012) 142:142–53.
doi: 10.1016/j.applanim.2012.10.018
56. Peirce JW, Leigh AE, Kendrick KM. Configurational coding, familiarity
and the right hemisphere advantage for face recognition in sheep.
Neuropsychologia (2000) 38:475–83. doi: 10.1016/S0028-3932(99)00088-3
57. Kendrick KM, Atkins K, Hinton MR, Broad KD, Fabre-Nys C, Keverne B.
Facial and vocal discrimination in sheep. Anim Behav. (1995) 49:1665–76.
doi: 10.1016/0003-3472(95)90088-8
58. Bradshaw RH. Discrimination of group members by laying
hens Gallus domesticus. Behav. Process. (1991) 24:143–51.
doi: 10.1016/0376-6357(91)90006-L
59. Abeyesinghe SM, McLeman MA, Owen RC, McMahon CE, Wathes CM.
Investigating social discrimination of group members by laying hens. Behav.
Processes (2009) 81:1–13. doi: 10.1016/j.beproc.2008.11.017
60. Hagen K, Broom DM. Cattle discriminate between individual familiar herd
members in a learning experiment. Appl Anim Behav Sci. (2003) 82:13–28.
doi: 10.1016/S0168-1591(03)00053-4
61. Souza AS, Jansen J, Tempelman RJ, Mendl M, Zanella AJ. A
novel method for testing social recognition in young pigs and the
modulating effects of relocation. Appl Anim Behav Sci. (2006) 99:77–87.
doi: 10.1016/j.applanim.2005.09.008
62. Ryan CM, Lea SE. Images of conspecifics as categories to be discriminated by
pigeons and chickens: slides, video tapes, stuffed birds and live birds. Behav.
Process. (1994) 33:155–75. doi: 10.1016/0376-6357(94)90064-7
63. Coulon M, Baudoin C, Heyman Y, Deputte BL. Cattle discriminate between
familiar and unfamiliar conspecifics by using only head visual cues. Anim
Cogn. (2011) 14:279–90. doi: 10.1007/s10071-010-0361-6
64. Coulon M, Deputte BL, Heyman Y, Baudoin C. Individual
recognition in domestic cattle (Bos taurus): evidence from 2Dimages of heads from different breeds. PLoS ONE (2009) 4:e4441.
doi: 10.1371/journal.pone.0004441
65. Baldwin BA, Meese GB. The ability of sheep to distinguish between
conspecifics by means of olfaction. Physiol Behav. (1977) 18:803–8.
doi: 10.1016/0031-9384(77)90187-1
66. Brown GE, Brown JA. Do rainbow trout and Atlantic salmon discriminate
kin? Can. J. Zool. (1992) 70:1636–40. doi: 10.1139/z92-227
67. Munksgaard L, DePassille AM, Rushen J, Herskin MS, Kristensen AM.
Dairy cows’ fear of people: social learning, milk yield and behaviour at
milking. Appl Anim Behav Sci. (2001) 73:15–26. doi: 10.1016/S0168-1591(01)
00119-8
68. Veissier I. Observational learning in cattle. Appl Anim Behav Sci. (1993)
35:235–43. doi: 10.1016/0168-1591(93)90139-G
69. Figueroa J, Solà-Oriol D, Manteca X, Pérez JF. Social learning of
feeding behaviour in pigs: effects of neophobia and familiarity with
the demonstrator conspecific. Appl Anim Behav Sci. (2013) 148:120–7.
doi: 10.1016/j.applanim.2013.06.002

29. Nordquist RE, Heerkens JL, Rodenburg TB, Boks S, Ellen ED, van der
Staay FJ. Laying hens selected for low mortality: behaviour in tests of
fearfulness, anxiety and cognition. Appl Anim Behav Sci. (2011) 131:110–22.
doi: 10.1016/j.applanim.2011.02.008
30. Benhaim D, Begout ML, Chatain B. Unfamiliar congener used
as a visual attractor in wild caught and domesticated sea bass
(Dicentrarchus labrax) placed in a T-maze. J Aquac Res Dev. (2013)
4:169. doi: 10.4172/2155-9546.1000169
31. Benhaïm D, Bégout ML, Lucas G, Chatain B. First insight into
exploration and cognition in wild caught and domesticated sea
bass (Dicentrarchus labrax) in a maze. PLoS ONE (2013) 8:e65872.
doi: 10.1371/journal.pone.0065872
32. Sugnaseelan S, Prescott NB, Broom DM, Wathes CM, Phillips CJ. Visual
discrimination learning and spatial acuity in sheep. Appl Anim Behav Sci.
(2013) 147:104–11. doi: 10.1016/j.applanim.2013.04.012
33. Hosoi E, Rittenhouse LR, Swift DM, Richards RW. Foraging strategies of
cattle in a Y-maze: influence of food availability. Appl Anim Behav Sci. (1995)
43:189–96. doi: 10.1016/0168-1591(95)00565-A
34. Tommasi L, Polli C. Representation of two geometric features of the
environment in the domestic chick (Gallus gallus). Anim Cogn. (2004)
7:53–59. doi: 10.1007/s10071-003-0182-y
35. Freire R, Rogers LJ. Experience-induced modulation of the use of spatial
information in the domestic chick. Anim Behav. (2005) 69:1093–100.
doi: 10.1016/j.anbehav.2004.09.009
36. Bolhuis JE, Oostindjer M, Hoeks CW, de Haas EN, Bartels AC, Ooms
M, et al. Working and reference memory of pigs (Sus scrofa domesticus)
in a holeboard spatial discrimination task: the influence of environmental
enrichment. Anim Cogn. (2013) 16:845–50. doi: 10.1007/s10071-013-0646-7
37. Grimberg-Henrici CG, Vermaak P, Bolhuis JE, Nordquist RE, van der Staay
FJ. Effects of environmental enrichment on cognitive performance of pigs
in a spatial holeboard discrimination task. Anim Cogn. (2016) 19:271–83.
doi: 10.1007/s10071-015-0932-7
38. Roelofs S, Nordquist RE, van der Staay FJ. Female and male pigs’
performance in a spatial holeboard and judgment bias task. Appl Anim Behav
Sci. (2017) 191:5–16. doi: 10.1016/j.applanim.2017.01.016
39. Antonides A, Schoonderwoerd AC, Nordquist RE, van der Staay FJ.
Very low birth weight piglets show improved cognitive performance in
the spatial cognitive holeboard task. Front Behav Neurosci. (2015) 9:43.
doi: 10.3389/fnbeh.2015.00043
40. Gifford AK, Cloutier S, Newberry RC. Objects as enrichment: effects
of object exposure time and delay interval on object recognition
memory of the domestic pig. Appl Anim Behav Sci. (2007) 107:206–17.
doi: 10.1016/j.applanim.2006.10.019
41. Foster TM, Temple W, Mackenzie C, DeMello LR, Poling A. Delayed
matching to sample performance of hens: effects of sample duration and
response requirements during the sample. J Exp Anal Behav. (1995) 64:9–31.
doi: 10.1901/jeab.1995.64-19
42. Forkman B. Domestic hens have declarative representations. Anim Cogn.
(2000) 3:135–7. doi: 10.1007/s100710000074
43. Cozzutti C, Vallortigara G. Hemispheric memories for the content and
position of food caches in the domestic chick. Behav Neurosci. (2001)
115:305. doi: 10.1037/0735-7044.115.2.305
44. Vallortigara G, Regolin L, Rigoni M, Zanforlin M. Delayed search for a
concealed imprinted object in the domestic chick. Anim Cogn. (1998) 1:17–
24. doi: 10.1007/s100710050003
45. Regolin L, Rugani R, Pagni P, Vallortigara G. Delayed search for social and
nonsocial goals by young domestic chicks, Gallus gallus domesticus. Anim
Behav. (2005) 70:855–64. doi: 10.1016/j.anbehav.2005.01.014
46. Briefer EF, Haque S, Baciadonna L, McElligott AG. Goats excel at learning
and remembering a highly novel cognitive task. Front Zool. (2014) 11:20.
doi: 10.1186/1742-9994-11-20
47. Held S, Mendl M, Devereux C, Byrne RW. Foraging pigs alter their
behaviour in response to exploitation. Anim Behav. (2002) 64:157–65.
doi: 10.1006/anbe.2002.3044
48. Held SD, Byrne RW, Jones S, Murphy E, Friel M, Mendl MT. Domestic pigs,
Sus scrofa, adjust their foraging behaviour to whom they are foraging with.
Anim Behav. (2010) 79:857–62. doi: 10.1016/j.anbehav.2009.12.035

Frontiers in Veterinary Science | www.frontiersin.org

11

August 2018 | Volume 5 | Article 193

Bushby et al.

Individual Variation in Livestock Cognition

91. Champion RA, Matthews LR. An operant-conditioning technique for the
automatic measurement of feeding motivation in cows. Comput Electron
Agric. (2007) 57:115–22. doi: 10.1016/j.compag.2007.02.008
92. Holm L, Jensen MB, Jeppesen LL. Calves’ motivation for access to two
different types of social contact measured by operant conditioning. Appl
Anim Behav Sci. (2002) 79:175–94. doi: 10.1016/S0168-1591(02)00137-5
93. van Eck LM, Antonides A, Nordquist RE, van der Staay FJ. Testing postweaning food motivation in low and normal birth weight pigs in a runway
and operant conditioning task. Appl Anim Behav Sci. (2016) 181:83–90.
doi: 10.1016/j.applanim.2016.05.010
94. Vaughan A, de Passillé AM, Stookey J, Rushen J. Operant conditioning
of urination by calves. Appl Anim Behav Sci. (2014) 158:8–15.
doi: 10.1016/j.applanim.2014.06.009
95. Rugani R, Regolin L, Vallortigara G. Discrimination of small numerosities
in young chicks. J Exp Psychol Anim Behav Process. (2008) 34:388.
doi: 10.1037/0097-7403.34.3.388
96. Rugani R, Regolin L, Vallortigara G. Rudimental numerical competence
in 5-day-old domestic chicks (Gallus gallus): identification of
ordinal position. J Exp Psychol Anim Behav Process. (2007) 33:21.
doi: 10.1037/0097-7403.33.1.21
97. Griffin AS, Guillette LM, Healy SD. Cognition and personality: an
analysis of an emerging field. Trends Ecol Evol. (2015) 30:207–14.
doi: 10.1016/j.tree.2015.01.012
98. Sih A, Bell AM, Johnson JC, Ziemba RE. Behavioral syndromes: an
integrative overview. Q Rev Biol. (2004) 79:241–77. doi: 10.1086/422893
99. Colditz IG, Hine BC. Resilience in farm animals: biology, management,
breeding and implications for animal welfare. Anim Prod Sci. (2016)
56:1961–83. doi: 10.1071/AN15297
100. Pearl J. Causality: Models, Reasoning and Inference. Cambridge: Cambridge
University Press (2000).
101. Rowe C, Healy SD. (2014) Measuring variation in cognition. Behav Ecol.
25:1287–92. doi: 10.1093/beheco/aru090
102. Barrett L. Why brains are not computers, why behaviorism is not satanism,
and why dolphins are not aquatic apes. Behav Anal. (2016) 39:9–23.
doi: 10.1007/s40614-015-0047-0
103. Erhard HW, Boissy A, Rae MT, Rhind SM. Effects of prenatal
undernutrition on emotional reactivity and cognitive flexibility in
adult sheep. Behav Brain Res. (2004) 151:25–35. doi: 10.1016/j.bbr.2003.
08.003
104. Andrade C, Alwarshetty M, Sudha S, Chandra JS. Effect of innate
direction bias on T-maze learning in rats: implications for research.
J Neurosci Methods (2001) 110:31–5. doi: 10.1016/S0165-0270(01)
00415-0
105. da Costa MJP, Broom DM. Consistency of side choice in the milking
parlour by Holstein–Friesian cows and its relationship with their
reactivity and milk yield. Appl Anim Behav Sci. (2001) 70:177–86.
doi: 10.1016/S0168-1591(00)00158-1
106. Meehl PE. Why summaries of research on psychological theories are often
uninterpretable. Psychol Rep. (1990) 66:195–244.
107. Rohrer JM. Thinking clearly about correlations and causation: graphical
causal models for observational data. Adv Methods Pract Psychol Sci. (2018)
1:27–42. doi: 10.1177/2515245917745629
108. Freund J, Brandmaier AM, Lewejohann L, Kirste I, Kritzler M, Krüger A, et
al. (2013) Emergence of individuality in genetically identical mice. Science
340:756–9. doi: 10.1126/science.1235294
109. Rice D, Barone Jr S. Critical periods of vulnerability for the developing
nervous system: evidence from humans and animal models. Environ Health
Perspect. (2000) 108:511. doi: 10.1289/ehp.00108s3511
110. Conrad MS, Johnson RW. The domestic piglet: an important
model for investigating the neurodevelopmental consequences
of early life insults. Annu Rev Anim Biosci. (2015) 3:245–64.
doi: 10.1146/annurev-animal-022114-111049
111. Glover V, O’connor TG, O’Donnell K. Prenatal stress and the
programming of the HPA axis. Neurosci Biobehav Rev. (2010) 35:17–22.
doi: 10.1016/j.neubiorev.2009.11.008
112. Brunton PJ. Effects of maternal exposure to social stress during pregnancy:
consequences for mother and offspring. Reproduction (2013) 146:R175–89.
doi: 10.1530/REP-13-0258.

70. Sherwin CM, Heyes CM, Nicol CJ. Social learning influences the
preferences of domestic hens for novel food. Anim Behav. (2002) 63:933–42.
doi: 10.1006/anbe.2002.2000
71. Kaminski J, Riedel J, Call J, Tomasello M. Domestic goats, Capra hircus,
follow gaze direction and use social cues in an object choice task. Anim
Behav. (2005) 69:11–8. doi: 10.1016/j.anbehav.2004.05.008
72. Baciadonna L, McElligott AG, Briefer EF. Goats favour personal over
social information in an experimental foraging task. PeerJ (2013) 1:e172.
doi: 10.7717/peerj.172
73. Nawroth C, Baciadonna L, McElligott AG. Goats learn socially from
humans in a spatial problem-solving task. Anim Behav. (2016) 121:123–9.
doi: 10.1016/j.anbehav.2016.09.004
74. Pitcher BJ, Briefer EF, Baciadonna L, McElligott AG. Cross-modal
recognition of familiar conspecifics in goats. ?R Soc Open Sci. (2017)
4:160346. doi: 10.1098/rsos.160346
75. Nawroth C, Ebersbach M, von Borell E. Juvenile domestic pigs (Sus scrofa
domestica) use human-given cues in an object choice task. Anim Cogn.
(2014) 17:701–13. doi: 10.1007/s10071-013-0702-3
76. Nawroth C, von Borell E, Langbein J. Exclusion performance in dwarf goats
(Capra aegagrus hircus) and sheep (Ovis orientalis aries). PLoS ONE (2014)
9:e93534. doi: 10.1371/journal.pone.0093534
77. Albiach-Serrano A, Bräuer J, Cacchione T, Zickert N, Amici F. The
effect of domestication and ontogeny in swine cognition (Sus scrofa
scrofa and S. s. domestica). Appl Anim Behav Sci. (2012) 141:25–35.
doi: 10.1016/j.applanim.2012.07.005
78. Langbein J, Siebert K, Nuernberg G. Concurrent recall of serially learned
visual discrimination problems in dwarf goats (Capra hircus). Behav.
Processes (2008) 79:156–64. doi: 10.1016/j.beproc.2008.07.004
79. Nawroth C, Prentice PM, McElligott AG. Individual personality
differences in goats predict their performance in visual learning and
non-associative cognitive tasks. Behav. Processes (2017) 134:43–53.
doi: 10.1016/j.beproc.2016.08.001
80. Zebunke M, Langbein J, Manteuffel G, Puppe B. Autonomic reactions
indicating positive affect during acoustic reward learning in domestic pigs.
Anim Behav. (2011) 81:481–9. doi: 10.1016/j.anbehav.2010.11.023
81. Ligout S, Porter RH, Bon R. Social discrimination in lambs:
persistence and scope. Appl Anim Behav Sci. (2002) 76:239–48.
doi: 10.1016/S0168-1591(02)00015-1
82. Nawroth C, Ebersbach M, von Borell E. A note on pigs’ knowledge of hidden
objects. Arch Anim Breed. (2013) 56:861–72. doi: 10.7482/0003-9438-56-086
83. Nawroth C, von Borell E, Langbein J. Object permanence in the dwarf goat
(Capra aegagrus hircus): perseveration errors and the tracking of complex
movements of hidden objects. Appl Anim Behav Sci. (2015) 167:20–6.
doi: 10.1016/j.applanim.2015.03.010
84. Whistance LK, Sinclair LA, Arney DR, Phillips CJC. Trainability of
eliminative behaviour in dairy heifers using a secondary reinforcer. Appl
Anim Behav Sci. (2009) 117:128–36. doi: 10.1016/j.applanim.2009.01.004
85. Nation K, Birge A, Lunde E, Cudd T, Goodlett C, Washburn S.
Video-based data acquisition system for use in eye blink classical
conditioning procedures in sheep. Behav Res Methods (2017) 49:1838–51.
doi: 10.3758/s13428-016-0826-x
86. Johnson TB, Stanton ME, Goodlett CR, Cudd TA. Eyeblink classical
conditioning in the preweanling lamb. Behav Neurosci. (2008) 122:722.
doi: 10.1037/0735-7044.122.3.722
87. Wredle E, Rushen J, De Passillé AM, Munksgaard L. Training cattle to
approach a feed source in response to auditory signals. Can J Anim Sci. (2004)
84:567–72. doi: 10.4141/A03-081
88. Moe RO, Nordgreen J, Janczak AM, Spruijt BM, Zanella AJ, Bakken M.
Trace classical conditioning as an approach to the study of reward-related
behaviour in laying hens: a methodological study. Appl Anim Behav Sci.
(2009) 121:171–8. doi: 10.1016/j.applanim.2009.10.002
89. Folkedal O, Fernö A, Nederlof MA, Fosseidengen JE, Cerqueira M, Olsen RE,
et al. Habituation and conditioning in gilthead sea bream (Sparus aurata):
effects of aversive stimuli, reward and social hierarchies. Aquac Res. (2018)
49:335–40. doi: 10.1111/are.13463
90. Vindas MA, Folkedal O, Kristiansen TS, Stien LH, Braastad BO, Mayer I, et
al. Omission of expected reward agitates Atlantic salmon (Salmo salar). Anim
Cogni. (2012) 15:903–11. doi: 10.1007/s10071-012-0517-7

Frontiers in Veterinary Science | www.frontiersin.org

12

August 2018 | Volume 5 | Article 193

Bushby et al.

Individual Variation in Livestock Cognition

113. Weinstock M. The long-term behavioural consequences of
prenatal stress. Neurosci Biobehav Rev. (2008) 32:1073–86.
doi: 10.1016/j.neubiorev.2008.03.002
114. Jarvis S, Moinard C, Robson SK, Baxter E, Ormandy E, Douglas AJ,
et al. Programming the offspring of the pig by prenatal social stress:
neuroendocrine activity and behaviour. Horm Behav. (2006) 49:68–80.
doi: 10.1016/j.yhbeh.2005.05.004
115. Rodricks CL, Gibbs ME, Jenkin G, Miller SL. The effect of hypoxia
at different embryonic ages on impairment of memory ability in
chicks. Int J Dev Neurosci. (2008) 26:113–8. doi: 10.1016/j.ijdevneu.2007.
08.006
116. Hernandez CE, Harding JE, Oliver MH, Bloomfield FH, Held SD, Matthews
LR. Effects of litter size, sex and periconceptional ewe nutrition on side
preference and cognitive flexibility in the offspring. Behav Brain Res. (2009)
204:82–7. doi: 10.1016/j.bbr.2009.05.019
117. Gaillard C, Meagher RK, von Keyserlingk MA, Weary DM. Social housing
improves dairy calves’ performance in two cognitive tests. PLoS ONE (2014)
9:e90205. doi: 10.1371/journal.pone.0090205
118. Vieira ADP, de Passillé AM, Weary DM. Effects of the early social
environment on behavioral responses of dairy calves to novel events. J Dairy
Sci. (2012) 95:5149–55. doi: 10.3168/jds.2011-5073
119. Van der Meulen J, Koopmans SJ, Dekker RA, Hoogendoorn A. Increasing
weaning age of piglets from 4 to 7 weeks reduces stress, increases postweaning feed intake but does not improve intestinal functionality. Animal
(2010) 4:1653–61. doi: 10.1017/S1751731110001011
120. Krachun C, Rushen J, de Passillé AM. Play behaviour in dairy calves is
reduced by weaning and by a low energy intake. Appl Anim Behav Sci. (2010)
122:71–6. doi: 10.1016/j.applanim.2009.12.002
121. Sumner BE, D’Eath RB, Farnworth MJ, Robson S, Russell JA, Lawrence
AB, et al. Early weaning results in less active behaviour, accompanied by
lower 5-HT1A and higher 5-HT2A receptor mRNA expression in specific
brain regions of female pigs. Psychoneuroendocrinology (2008) 33:1077–92.
doi: 10.1016/j.psyneuen.2008.05.004
122. Yuan Y, Jansen J, Charles D, Zanella AJ. The influence of weaning age on
post-mixing agonistic interactions in growing pigs. Appl Anim Behav Sci.
(2004) 88:39–46. doi: 10.1016/j.applanim.2004.01.012
123. Napolitano F, Braghieri A, Cifuni GF, Pacelli C, Girolami A. Behaviour and
meat production of organically farmed unweaned lambs. Small Rumin Res.
(2002) 43:179–84. doi: 10.1016/S0921-4488(02)00015-9
124. Poletto R, Steibel JP, Siegford JM, Zanella AJ. Effects of early weaning and
social isolation on the expression of glucocorticoid and mineralocorticoid
receptor and 11β-hydroxysteroid dehydrogenase 1 and 2 mRNAs in the
frontal cortex and hippocampus of piglets. Brain Res. (2006) 1067:36–42.
doi: 10.1016/j.brainres.2005.10.001
125. Zhang LX, Levine S, Dent G, Zhan Y, Xing G, Okimoto D, et al. Maternal
deprivation increases cell death in the infant rat brain. Dev Brain Res. (2002)
133:1–11. doi: 10.1016/S0926-6410(01)00118-5
126. Kikusui T, Ichikawa S, Mori Y. Maternal deprivation by early weaning
increases corticosterone and decreases hippocampal BDNF and
neurogenesis in mice. Psychoneuroendocrinology (2009) 34:762–72.
doi: 10.1016/j.psyneuen.2008.12.009
127. Klein SL, Schiebinger L, Stefanick ML, Cahill L, Danska J, De Vries GJ, et al.
Opinion: sex inclusion in basic research drives discovery. Proc Natl Acad Sci
USA. (2015) 112:5257–8. doi: 10.1073/pnas.1502843112
128. Holden C. Sex and the suffering brain: researchers are seeking biological
reasons for the widespread gender differences in the prevalence and
symptomatology of mental disorders. Science (2005) 308:1574–8.
doi: 10.1126/science.308.5728.1574
129. Palanza P. Animal models of anxiety and depression: how are
females different? Neurosci Biobehav Rev. (2001) 25:219–33.
doi: 10.1016/S0149-7634(01)00010-0
130. Dalla C, Pitychoutis PM, Kokras N, Papadopoulou-daifoti Z. Sex
differences in animal models of depression and antidepressant
response. Basic Clin Pharmacol Toxicol. (2010) 106:226–33.
doi: 10.1111/j.1742-7843.2009.00516.x
131. Dalla C, Pitychoutis PM, Kokras N, Papadopoulou-Daifoti Z. Sex differences
in response to stress and expression of depressive-like behaviours in the
rat. In: Neill JC, Kulkarni J, editors. Biological Basis of Sex Differences in

Frontiers in Veterinary Science | www.frontiersin.org

132.
133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

13

Psychopharmacology. Current Topics in Behavioral Neurosciences, Vol 8.
Berlin; Heidelberg: Springer (2010). p. 97–118. doi: 10.1007/7854_2010_94
Shors TJ. Stressful experience and learning across the lifespan. Annu Rev
Psychol. (2006) 57:55–85. doi: 10.1146/annurev.psych.57.102904.190205
Shors TJ, Lewczyk C, Pacynski M, Mathew PR, Pickett J. Stages of estrous
mediate the stress-induced impairment of associative learning in the female
rat. Neuroreports (1998) 9:419–23. doi: 10.1097/00001756-199802160-00012
Conrad CD, Jackson JL, Wieczorek L, Baran SE, Harman JS, Wright RL,
et al. Acute stress impairs spatial memory in male bit not female rats:
influence of estrous cycle. Pharmacol Biochem Behav. (2004) 78:569–79.
doi: 10.1016/j.pbb.2004.04.025
Bowman RE, Beck KD, Luine VN. Chronic stress effects on memory: sex
differences in performance and monoaminergic activity. Horm Behav. (2003)
43:48–59. doi: 10.1016/S0018-506X(02)00022-3
Kitraki E, Kremmyda O, Youlatos D, Alexis MN, Kittas C. Genderdependent alterations in corticosteroid receptor status and spatial
performance following 21 days of restraint stress. Neuroscience (2004)
125:47–55. doi: 10.1016/j.neuroscience.2003.12.024
Jonasson Z. Meta-analysis of sex differences in rodent models of
learning and memory: a review of behavioural and biological data.
Neurosci Biobehav Rev. (2005) 28:811–25. doi: 10.1016/j.neubiorev.2004.
10.006
Lighthall NR, Mather M, Gorlick MA. Acute stress increases sex differences
in risk seeking in the balloon analogue risk task. PLoS ONE (2009) 4:e6002.
doi: 10.1371/journal.pone.0006002
Maney DL. Perils and pitfalls of reporting sex differences. Philos Trans R Soc
B (2016) 371:20150119. doi: 10.1098/rstb.2015.0119
Murphy E, Nordquist RE, van der Staay FJ. Responses of conventional pigs
and Göttingen miniature pigs in an active choice judgement bias task. Appl
Anim Behav Sci. (2013) 148:64–76. doi: 10.1016/j.applanim.2013.07.011
Dall SRX, Houston AI, McNamara JM. The behavioural ecology
of personality: consistent individual differences from an adaptive
perspective. Ecol Lett. (2004) 7:734–9. doi: 10.1111/j.1461-0248.2004.
00618.x
Reale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ. Integrating
animal temperament within ecology and evolution. Biol Rev Camb Philos Soc.
(2007) 82:291–318. doi: 10.1111/j.1469-185X.2007.00010.x
Westneat DF, Wright J, Dingemanse NJ. The biology hidden inside residual
within-individual phenotypic variation. Biol Rev Camb Philos Soc. (2015)
90:729–43. doi: 10.1111/brv.12131
Koolhaas JM, Korte SM, De Boer SF, Van Der Vegt BJ, Van Reenen
CG, Hopster H, et al. Coping styles in animals: current status in
behavior and stress-physiology. Neurosci Biobehav Rev. (1999) 23:925–35.
doi: 10.1016/S0149-7634(99)00026-3
Sih A, Del Giudice M. Linking behavioural syndromes and cognition: a
behavioural ecology perspective. Philos Trans R Soc Lond B Biol Sci. (2012)
367:2762–72. doi: 10.1098/rstb.2012.0216
de Haas EN, Lee C, Hernandez CE, Naguib M, Rodenburg TB.
Individual differences in personality in laying hens are related to
learning a colour cue association. Behav Process. (2017) 134:37–42.
doi: 10.1016/j.beproc.2016.11.001
Bensky MK, Paitz R, Pereira L, Bell AM. Testing the predictions of copings
styles theory in threespined sticklebacks. Behav Process. (2017) 136:1–10.
doi: 10.1016/j.beproc.2016.12.011
Campbell DT, Fiske DW. Convergent and discriminant validation
by the multitrait-multimethod matrix. Psychol Bull. (1959) 56:81–105.
doi: 10.1037/h0046016
Moors A, Ellsworth PC, Scherer KR, Frijda NH. Appraisal theories of
emotion: state of the art and future development. Emot Rev. (2013) 5:119–24.
doi: 10.1177/1754073912468165
Mendl M, Burman OH, Paul ES. An integrative and functional framework for
the study of animal emotion and mood. Proc R Soc B (2010) 277:2895–904.
doi: 10.1098/rspb.2010.0303
Raoult C, Moser J, Gygax L. Mood as cumulative expectation mismatch: a test
of theory based on data from non-verbal cognitive bias tests. Front Psychol.
(2017) 8:2197. doi: 10.3389/fpsyg.2017.02197
Nettle D, Bateson M. The evolutionary origins of mood and its disorders.
Curr Biol. (2012) 22:R712–21. doi: 10.1016/j.cub.2012.06.020

August 2018 | Volume 5 | Article 193

Bushby et al.

Individual Variation in Livestock Cognition

174. Antonides A, Schoonderwoerd AC, Scholz G, Berg BM, Nordquist RE, van
der Staay FJ. Pre-weaning dietary iron deficiency impairs spatial learning and
memory in the cognitive holeboard task in piglets. Front Behav Neurosci.
(2015) 9:291. doi: 10.3389/fnbeh.2015.00291
175. Val-Laillet D, Besson M, Guérin S, Coquery N, Randuineau G, Kanzari
A, et al. A maternal Western diet during gestation and lactation modifies
offspring’s microbiota activity, blood lipid levels, cognitive responses,
and hippocampal neurogenesis in Yucatan pigs. FASEB J. 31:2037–49.
doi: 10.1096/fj.201601015R
176. Clouard C, Kemp B, Val-Laillet D, Gerrits WJ, Bartels AC, Bolhuis JE.
Prenatal, but not early postnatal, exposure to a Western diet improves spatial
memory of pigs later in life and is paired with changes in maternal prepartum
blood lipid levels. FASEB J. (2016) 30:2466–475. doi: 10.1096/fj.201500208R
177. Wang B. Molecular mechanism underlying sialic acid as an essential nutrient
for brain development and cognition−3. Adv Nutr. (2012) 3:465S−72S.
doi: 10.3945/an.112.001875
178. Wang B, Yu B, Karim M, Hu H, Sun Y, McGreevy P, et al. Dietary sialic acid
supplementation improves learning and memory in piglets. Am J Clin Nutr.
(2007) 85:561–9. doi: 10.1093/ajcn/85.2.561
179. Mayer EA. Gut feelings: the emerging biology of gut–brain communication.
Nat Rev Neurosci. (2011) 12:453. doi: 10.1038/nrn3071
180. Galland L. The gut microbiome and the brain. J Med Food (2014) 17:1261–72.
doi: 10.1089/jmf.2014.7000
181. Hoffman JD, Parikh I, Green SJ, Chlipala G, Mohney RP, Keaton M,
et al. Age drives distortion of brain metabolic, vascular and cognitive
functions, and the gut microbiome. Front Aging Neurosci. (2017) 9:298.
doi: 10.3389/fnagi.2017.00298
182. Xu Y, Zhou H, Zhu Q. The impact of microbiota-gut-brain axis
on diabetic cognition impairment. Front Aging Neurosci. (2017) 9:106.
doi: 10.3389/fnagi.2017.00106
183. MacFabe DF, Cain NE, Boon F, Ossenkopp KP, Cain DP. Effects of
the enteric bacterial metabolic product propionic acid on object-directed
behavior, social behavior, cognition, and neuroinflammation in adolescent
rats: relevance to autism spectrum disorder. Behav Brain Res. (2011) 217:47–
54. doi: 10.1016/j.bbr.2010.10.005
184. Bailey MT, Coe CL. Maternal separation disrupts the integrity of the
intestinal microflora in infant rhesus monkeys. Dev Psychobiol. (1999)
35:146–55.
185. O’Mahony SM, Marchesi JR, Scully P, Codling C, Ceolho AM, Quigley
EM, et al. Early life stress alters behavior, immunity, and microbiota in
rats: implications for irritable bowel syndrome and psychiatric illnesses. Biol
Psychiatry (2009) 65:263–7. doi: 10.1016/j.biopsych.2008.06.026
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