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The influence of early life 
socialisation on cognition 
in the domestic pig (Sus scrofa 
domestica)
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Previously, the benefits of early-life socialisation on later-life social development have been reported 
in pigs. Here we investigated the effect of pre-weaning socialisation on the later-life cognitive 
ability of pigs using a range of techniques. Pre-weaning, 101 piglets had access to a neighbouring 
pen from ~ 15 days of age and interacted with non-littermates (socialised). An additional 89 piglets 
remained isolated within their home pen (controls). After weaning, 100 individuals were selected for 
a range of cognitive tests including a food reward T-maze test, reversal learning T-maze test, a social 
preference T-maze test, and a puzzle box test. Performance during the food reward test was not 
influenced by treatment. Treatment effected improvement over the course of the reversal learning 
test, with controls showing a significant decrease in trial duration after the first two trials. During the 
social preference test, socialised pigs spent significantly more time in the presence of larger stimulus 
pigs than controls and were quicker to leave the middle of the maze, suggesting improved social 
skills. Neither sex nor treatment was observed to influence pig’s ability to solve the puzzle box. Thus, 
overall, evidence from the social preference test suggests an effect of pre-weaning socialisation on 
aspects of social cognitive development.

Broadly speaking, the term ‘animal cognition’ refers to the collection of processes through which an animal 
obtains, retains, and decides to act upon information gathered about the world around them1. Such processes, 
including memory, learning, problem solving, and communication, have been studied in an extensive range of 
species2, including the domestic pig, Sus scrofa domestica [reviewed in3–5]. Domesticated animals kept in a com-
mercial setting are often unintentionally exposed to memory and learning challenges6,7 that can impact welfare. 
Memory and learning challenges often include the memorization of feeding routines and environmental aspects, 
the use of new or unfamiliar feeding apparatus, and the recognition of cues signalling husbandry practices. If 
pigs are not equipped with the cognitive abilities required to cope with these challenges, their welfare will likely 
be negatively impacted3.

Sneddon et al.8 suggested that the current, low-quality environments associated with modern pig produc-
tion systems may result in cognitive impairment, alongside the development of other behavioural and physical 
problems. Understanding species-specific cognition and how it can be manipulated through environmental 
factors, can therefore be used to facilitate the improvement of housing conditions, handling routines, and stock 
management7,9,10.

Animal welfare can also be indirectly influenced by the public’s perception of animal intelligence4. For exam-
ple, pigs are generally seen as being ‘intelligent’ animals 5, and many consumers consider poor welfare result-
ing from farming related practices to be immoral11. This can result in an increased demand for ‘high welfare’ 
products, leading to positive changes in farmer attitudes and improved legislation concerning the welfare of 
domestic livestock.

One particularly common welfare concern is the frequent mixing of unfamiliar pigs on commercial farms12–14. 
Pigs are a highly social species4,15 that use aggression to establish a new dominance hierarchy in the presence of 
unfamiliar individuals16–18. Furthermore, this aggression can be amplified by housing conditions, which often do 
not provide enough space for individuals to display correct threat and retreat behaviours19,20. Typically, piglets 
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are kept isolated within their litter groups for the entirety of the pre-weaning period. However, it has previously 
been reported that allowing piglets to interact with non-litter mates during this period, termed socialisation, can 
lead to a reduction in agonistic behaviours later in life17,18,21–24. While prior research has considered the effect of 
socialisation on aggression as a repeatable personality trait17,25, few studies have considered what effect early life 
socialisation has on other aspects of pig behaviour [but see25,26].

Multiple studies have shown that the quality of a pig’s early life environment can influence cognition with 
regards to both learning8 and memory27. For example, Bolhuis et al.28 found that environmental enrichment 
can lead to the improvement of working memory (short-term memory concerned with immediate conscious 
perception29) but not reference memory (longer-term memory concerned with the retention of information over 
time29). Despite this, the effect of the early life social environment on such aspects of cognition have yet to be 
explored. Previous research has revealed that the early life social environment can influence brain development 
in a number of species, including the common frog (Rana temporaira), laboratory mice (Mus musculus), and 
cooperatively breeding cichlids (Neolamprologus pulcher)30–32. Furthermore, the social intelligence hypothesis33 
suggests that group living requires the enhancement of cognitive abilities due to the need to monitor other 
group members, recognise previously cooperative partners, and maintain multiple relationships with other 
group members34. For example, proxies of social complexity such as the formation of long-term monogamous 
relationships, social group size, and variation in kinship between group members have been found to correlate 
with indicators of increased cognitive ability, such as brain size and improved performance in cognitive tasks35–37. 
Therefore, the aim of this study was to investigate the effect of pre-weaning social experience on both social and 
non-social aspects of cognition in the domestic pig using a range of existing and novel techniques.

Firstly, we tested the operant learning (defined as the performance of a learned response to a stimulus, based 
on prior associations between the stimulus and either a positive or negative outcome) and working/reference 
memory of pigs (defined above) that had experienced pre-weaning socialisation (socialised) and those that had 
not (control). Socialised individuals were expected to learn the location of a food reward sooner than controls 
and subsequently make fewer entries into the unbaited (incorrect) arm of the maze. Once the location of the 
reward had been successfully memorised (as indicated by a specified learning criteria), the propensity of pigs 
to develop inflexible responses to a learned environmental situation was explored using a reversal learning test 
[see38,39]. It was predicted that socialised individuals would be more flexible in their learning and better able 
to adjust their previously learned responses (referred to as ‘reversal learning’) as the pre-weaning period has 
been suggested to be an important period for the development of behavioural flexibility40. Events experienced 
during this period are therefore likely to influence an individual’s ability to deal with novel situations later in 
life. This increased flexibility would allow socialised individuals to find a relocated food reward with greater 
success than control individuals due to increased experience of unpredictable situations, caused by the presence 
of non-littermates, pre-weaning.

Secondly, the ability of pigs to obtain and process information about socially relevant conspecifics, referred 
to as social cognition, was investigated. Previous investigation of social cognition has been focused upon an 
individual’s ability to recognise related and unrelated conspecifics [reviewed in41], store information about oth-
ers, such as location42 or familial relations43,44, and discern information about the short-term mental state or 
knowledge of an another individual45–47. Here we investigate if early life socialisation improves an individual’s 
ability to make assessments about their conspecifics resource holding potential (RHP) using a novel social prefer-
ence test. RHP refers to an individual’s ability to compete for and retain the resources required for survival and 
reproduction48,49 and is often considered to be represented by an individual’s body size or weight [50,51, but see52 
for review]. Therefore, larger individuals are predicted to be more successful during agonistic encounters. Given 
this, the mutual assessment hypothesis predicts that if individuals are able to determine RHP, the individual with 
the lowest RHP should retreat from contests, rather than waste energy engaging in a costly, aggressive interac-
tions they are unlikely to win52. However, while cognitive capacity required for individuals to make assessments 
regarding both their opponents RHP and their own relative RHP has been debated52–54, it currently remains 
unexplored. We predict that if pigs are able to assess the RHP of unfamiliar individuals, they will preferentially 
aim to retrieve a food reward located near smaller conspecifics compared with a food reward of equal value 
located near larger conspecifics. Additionally, if early life social experience increases social cognition, we predict 
that socialised individuals will be quicker and more accurate when making decisions about who to forage near.

Lastly, in order to test innovation, pigs were presented with a sliding-door puzzle box containing a food 
reward. Innovation, or an individual’s ability to solve either a novel problem or an existing problem with a new 
solution55,56, may have important consequences for survival and reproduction57. Here we explore the effect of 
early life socialisation on innovation, with the hypothesis that individuals experiencing early life socialisation 
will be quicker and more efficient at ‘solving’ the puzzle box than controls.

It is important to note that previous studies have shown pigs raised in barren environments tend to spend 
more time performing exploratory behaviours when presented with a novel object or environment38,58–60. One 
potential reason for this is that pigs from barren environments may have an unfulfilled motivation to per-
form exploratory behaviours58,59 such as rooting. Additionally, several studies have observed a positive correla-
tion between exploration and innovation61,62 with greater diversity in initial exploration resulting in increased 
problem-solving success55. As such, control individuals may be more motivated to interact with the puzzle-box 
than those with experience of socialisation, increasing the likelihood of them solving the puzzle accidently (i.e. 
moving the slider without the intention of accessing the food reward). To account for this, all individuals used 
in this study performed two novel object tests allowing for a measure of neophobia (hereafter referred to as 
neophobia score) to be assigned to each pig. This was then included in analyses of behaviours directed towards 
the puzzle-box.

The overall aim of this paper is to explore the effect that pre-weaning socialisation has on post-weaning per-
formance across a number of tasks testing different elements of cognition. We predict that socialised individuals 
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will be better able to remember the location of a food reward across T-Maze trials and subsequently adapt to a 
change in location faster than control individuals, representing learning flexibility in addition to improved refer-
ence memory. Additionally, we present a new method for testing social cognition that explores an individual’s 
ability to assess its competitors’ RHP and make foraging decisions based upon collected information. Socialised 
individuals are predicted to be better able to recognise asymmetries in body size than controls and therefore 
spend more time foraging near less intimidating pigs in order to minimise the likelihood of feeding displace-
ment. Finally, we predict that despite a potentially increased motivation to perform investigatory behaviours, 
control pigs will be less innovative than socialised individuals when attempting to access a rewarded puzzle box.

Methodology
Ethical note.  This study was approved by SRUC’s Animal ethics committee (no. ED AE 34/2017) and 
adhered to ASAB/ABS guidelines.

Animals and housing.  This study was conducted on 190 individuals (101 males, 89 females) selected from 
19 litters born across 2 farrowing events (referred to as batches). All pigs ([large white × landrace] × Duroc) 
were born between November 2017 and January 2018 at SRUC Easter Howgate pig unit (Roslin, Scotland) and 
reared in conventional farrowing pens. Males were not castrated and tails/teeth were kept intact. Ten litters 
underwent a socialisation treatment pre-weaning in which they were able to access one other neighbouring pen 
through a ~ 35 × 74 cm gap within the pen barrier from ~ 15 days of age (101 piglets). Access to the adjacent pen 
was allowed until weaning. The remaining nine litters were kept isolated within their home pen (control) as is 
standard practice on most commercial pig units (89 piglets). Piglets were weaned at four weeks of age by removal 
of the sow from the home pen. Socialised pigs were once again separated and all pigs were tagged and weighed.

One hundred piglets (52 Socialised, 48 Control) were selected for testing based on the proximity of their 
body weight to the average body weight of their litter at weaning (litter mean weight at weaning = 8.45 ± SD 
1.07 kg; average difference of selected individuals from litter mean = 0.74 ± SD 0.63 kg). Initially two males and 
two females from each litter were selected where possible, although this was increased to three males and three 
females for the second batch in order to increase the sample size. Five days after weaning selected pigs were 
moved to the experimental facilities where they were kept with their siblings in pens measuring ~ 2.15 × 2.15 m. 
Both water and solid feed pellets were provided ad libitum, in addition to edible straw bedding which was 
replaced daily. Individuals were allowed to habituate to both their new home pen and human interaction over 
the course of four days. All pigs were subsequently habituated to the testing area both in groups of diminishing 
size and individually over an additional period of 5 days. Brown food bowls (RSPCA 18 cm Lettered Dog Bowls) 
containing crushed banana were also presented to pigs in both their home pen and in the middle of the testing 
area to create a positive association between the bowls and food.

Food reward and reversal learning test.  At 7 weeks of age half the pigs (n = 50) were selected pseudo-
randomly (i.e. balanced for litter and sex) to perform the food reward test. This resulted in a sample of 26 social-
ised (11 male, 15 female) and 24 control (14 male, 10 female) individuals. Twelve food reward trials occurred 
across a 5-day period and involved training individuals to associate a randomly selected arm of the T-maze 
(Supplementary Fig. 1) with a food reward (i.e. the familiar food bowl baited with crushed banana). The location 
of the food reward remained consistent across all 12 trials. To minimise the effects of visual and olfactory cues, 
a non-baited bowl that had previously contained a food reward was located in the opposite arm of the T-maze 
(i.e. incorrect arm).

For each trial, pigs entered the maze via a centrally located gate and the time taken to find the baited bowl was 
recorded. Due to variation in food motivation, discovery of the reward was defined as the placing of the snout into 
the baited food bowl, rather than the consumption of food. The number of entries into each arm of the T-maze 
(counted when both front limbs crossed into the arm) was also recorded, in addition to the first arm visited.

Pigs were considered to have ‘successfully’ solved the T-maze if they located the food reward within 180 s of 
entering the maze without entering the incorrect arm. Individuals that entered the incorrect arm of the maze 
before locating the food were allowed to continue investigation but were recorded as having been ‘unsuccessful’. 
Pigs were able to make as many arm entries as required to find the food reward. Not all entries into the correct 
arm of the maze resulted in the location of the food reward. If the food reward had not been located within 180 s 
of entering the maze the individual was considered to have ‘failed’ the trial, given a maximum latency score of 
180 s, and gently guided towards the baited bowl (i.e. a researcher entered the maze and directed the pig to the 
baited bowl). In order to ensure continued motivation, strawberry jam was added to the food bowls (in addi-
tion to the crushed banana) from the 6th trial onward after pigs had been habituated to the new reward in the 
home pen.

For progression to the reversal learning test pigs were required to perform a minimum of 5 of their final 6 
food reward trials successfully, in addition to performing their first reversal learning trial unsuccessfully (i.e. 
pigs attempted to locate the food reward in its previously correct location). This resulted in a sample size of 13 
individuals (6 socialised, 7 control) for the reversal learning test. Six reversal learning trials were performed in 
the same manner as the food reward trials although the baited bowl was relocated to the previously incorrect arm 
of the T-maze, while the non-baited bowl was placed in the previously correct location. Again, the time taken to 
discover the baited bowl, first arm entered, and the number of entries into each arm was recorded.

Social preference test.  The remaining 50 pigs (26 socialised, 24 control) that did not participate in the 
food reward/reversal learning tests were selected to perform a single social preference test in a modified ver-
sion of the T-maze (Supplementary Fig. 2) that allowed for two pairs of unfamiliar stimulus pigs to be held in 
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pens located on either side of the maze. Small and large stimulus pigs were selected from individuals that had 
previously performed the food reward trials based on their weight in relation to the average weight of the test 
pigs (Batch 1 = 19.89 ± SD 2.21 kg, Batch 2 = 17.25 ± SD 2.64 kg). On average, ‘small’ stimulus pigs were ~ 82% 
(SE ± 2%) of the test pig’s body weight, while ‘large’ stimuli pigs weighted ~ 123% (SE ± 3%). The same stimulus 
pigs were repeatedly used within a batch and were only replaced for tests involving familiar littermates. The side 
of the maze containing the small stimulus pigs was pseudo-randomised (i.e. balanced for litter and gender) in 
order to minimise the effect of any pre-existing side bias. During the trial, test pigs were separated from stimulus 
pigs by means of a division grid (Supplementary Fig. 3) that prevented physical interaction but allowed for visual 
and olfactory assessment. Both sides of the maze also contained equally baited food bowls (banana and straw-
berry jam) located near the division grid. Pigs were again introduced to the maze through a centrally located 
gate and allowed to move freely around the T-maze for 180 s. Latency to enter either side of the T-maze (again 
defined as the placement of both front limbs into the side), in addition to the proportion of time spent in each 
section of the maze, and the first side of the maze entered, was recorded. If a pig did not enter one of the sides it 
was given a maximum entry latency of 180 s for that side.

Novel object tests.  Due to the development of health concerns unrelated to testing one pig was removed 
from the experiment at this point and did not perform either of the novel object trials, resulting in a sample size 
of 99. Two novel object tests were performed between 8–9 weeks of age and a maximum of 36 h apart. Prior to 
the test an object with which the pigs had no previous experience was placed in the centre of the social prefer-
ence T-maze (trial 1: traffic cone, trial 2: life ring). Pigs were then introduced to the maze and the time taken 
to make contact with the object was recorded. After initial contact pigs remained within the test area for 180 s 
and the percentage of time spent interacting with the novel object was recorded. If no contact was made within 
300 s the test was ended and the individual was given a maximum latency of 300 s and an interaction time of 
0 s. Neophobia scores were calculated for each test by subtracting an individual’s time spent interacting with the 
novel object from their latency to make contact with it (see63).

Puzzle box tests.  Each pig then performed two puzzle box trials in which the novel object from the pre-
vious test was replace by a novel 30 × 40 × 65  cm puzzle box (Supplementary Fig.  4). Puzzle box trials were 
performed on two consecutive days, a minimum of 48 h after the last novel object test. The puzzle box was 
constructed out of plywood and included a sliding clear Perspex door that pigs were able to move from side 
to side with their snout in order to gain access to a familiar food reward bowl containing crushed banana and 
strawberry jam. The sliding door was perforated with holes to allow olfactory cues to direct the pig’s attention 
towards the reward. Additionally, a light was installed inside the puzzle box in order to maximise the visibility of 
the food reward when the puzzle was shut.

The time taken for pigs to make contact with the puzzle box was recorded. If no contact was made within 
180 s the test was ended and the individual was given the maximum latency score of 180 s. After first contact, 
pigs remained within the test area until either they successfully opened the puzzle box and obtained the food 
reward or until a futher 180 s had passed. The percentage of time a pig spent in contact with the puzzle box, as 
well as the time taken to solve it, was recorded. During the first test, if a pig did not solve the test within 3 min 
they were marked as unsuccessful and the box was opened for them in order to prevent negative associations 
being formed with the puzzle-box/test area.

Statistical analysis.  All data analysis was performed in the statistical package R version 3.3.1 (The R Foun-
dation for Statistical Computing). All data are presented as means ± standard error of the mean.

i)	 Food Reward and Reversal Learning Test
Due to technical difficulties 8 of the 50 pigs selected for this test (5 socialised, 3 control) only participated in 

11 of the 12 food reward trials. A further 10 trials from 9 pigs were ended before conclusion due to the perfor-
mance of two escape attempts. Additionally, three pigs (1 socialisation, 2 control) were removed from the test and 
subsequent analysis due to incomplete habituation, as indicated by the performance of fear related behaviours 
during testing. This resulted in data for a total of 546 food reward trials (293 socialised, 253 control) from 47 
pigs (25 socialised, 22 control). A total of 14 pigs (6 socialised, 8 control) met the learning criteria required for 
progression to the reversal learning trials. Of these, one control individuals performed the first reversal learning 
trial successfully (i.e. did not enter the now incorrect arm of the T-maze), suggesting that previous learning of 
the food reward location was not complete. This individual was therefore removed from the test and its subse-
quent analysis.

Results for the food reward T-maze test and the reversal learning T-maze test were analysed using separate 
sets of models. For both tests, the time taken to find the reward, the total number of entries into either side of 
the maze, the number of incorrect entries, and the number of correct entries that did or did not result in the 
individual locating the food reward were analysed as separate dependent outcomes using general linear mixed 
effects models (GLME’s). Trial number, treatment, sex, and all possible interactions were included in each of the 
models as fixed effects while batch, sow ID, and pig ID were included as appropriately nested random factors in 
order to account for the non-independence of individuals between trials. For food reward models, the location of 
the rewarded food bowl (i.e. right or left), and its interaction effects were also included as fixed effects. Due to a 
limited number of pigs progressing to the reversal learning trial, the previous location of the rewarded food bowl 
was included in these models as a fixed effect after all non-significant (p > 0.1) interaction effects were removed. 
Model residuals were checked for normality and data were transformed accordingly. Individual success (i.e. if 
an individual completed the trial with no incorrect entries) was examined in the same way using a generalised 
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linear mixed effect model (GLMME) with a binomial distribution and a logit link function. The likelihood of an 
individual progressing to the reversal learning test was also examined using a GLMME containing treatment, 
sex, location of the rewarded food bowl, and all possible interactions as fixed effects. Pen ID and Batch were also 
included as nested random factors.

All models initially included all relevant variables and interaction effects. Non-significant interaction effects 
(p > 0.1) were removed from the model sequentially. All fixed factors were retained within the model, with the 
exception of food reward location, which was dropped if non-significant (p > 0.1). Test statistics were extracted 
from models using restricted maximum likelihood (REML) and a Wald’s Test.
ii)	 Social Preference Test

Analysis of individual behaviour during social preference testing included data gathered from all 50 partici-
pating piglets (26 socialised, 24 control). The percentage of time spent in each side of the T-Maze was examined 
using a GLME. The side of the T-maze occupied (i.e. the side containing the small stimulus pigs, hereafter referred 
to as the ‘small side’ vs the large stimulus pigs, hereafter referred to as the ‘large side’ vs the central area, hereafter 
referred to as the ‘middle’), an individual’s pre-weaning treatment (i.e. socialised vs control), sex, and the location 
of the small side (i.e. right or left) were all included in the model alongside their interactions as fixed effects while 
batch number and pen ID were also included in the models as appropriately nested random effects. The time 
taken for the piglets to enter into either side of the T-Maze and time taken to enter the small side of the T-maze 
was also explored using two GLMEs containing treatment, sex, the location of the small side and the interactions 
between them as fixed effects. Again, batch number and pen ID, were included as nested random effects in order 
to account for any underlying litter effects. Lastly, the likelihood of an individual to enter the side of the maze 
containing the pair of small stimulus pigs before entering the side of the large stimulus pigs was examined in the 
same way using a GLMME with a binomial distribution and a logit link function. Models initially contained all 
relevant fixed factors and interaction effects. Non-significant interactions (p > 0.1) were removed sequentially, 
while all fixed factors were retained. Models were examined by means of a Wald’s test and REML.
iii)	 Novel Object and Puzzle Box Test

As previously mentioned, one individual did not perform either of the novel object or puzzle box tests due to 
health concerns unrelated to testing. In addition to this, four other individuals did not complete the first novel 
object test due to escape attempts, while seven individuals did not complete the second novel object test. This 
resulted in a sample size of 94 individuals for the first test and 92 for the second test. Only three individuals did 
not receive a neophobia score for either test. Two individuals failed to make contact with the novel object during 
the second test and were subsequently given the maximum neophobic score of 300 for that test. When comparing 
the behaviour of individuals that completed both novel object trials (n = 90), neophobic score was found to be 
strongly correlated (Spearman’s Rank Correlation; rs = 0.36, p < 0.01). Therefore, an average neophobia score was 
calculated for a total of 96 individuals. Average neophobia score was analysed using a GLME model containing 
treatment (socialised or control), sex, and all interaction effects as fixed factors. Batch and litter were also included 
as appropriately nested random factors. Initially all appropriate factors and interactions were included in the 
model. Non-significant interaction effects (p > 0.1) were removed from the model sequentially. All fixed factors 
were retained within the model. Once again, models were explored using REML and a Wald’s test.

During the first puzzle box trial two individuals failed to make contact with the puzzle and were given a 
maximum contact latency of 180 s. These incomplete trials were not included in models related to behaviours 
performed while interacting with the puzzle box. Additionally, nine individuals were removed from trial 1 
and subsequent analysis due to escape attempts. Of these, four individuals were removed from trial 2 for the 
same reason. All individuals that performed trial 1 also performed trial 2. Trials containing individuals with 
no recorded neophobia score were also removed from analysis. This allowed latency to contact the puzzle box 
(hereafter referred to as contact latency) to be examined for 184 trials (trial 1 = 90, trial 2 = 94). The percentage of 
the trial that individuals spent in contact with the puzzle box (hereafter referred to as contact time), the latency 
to solve the puzzle box (hereafter referred to as solve latency), and the likelihood that an individual was able to 
solve the puzzle (1 or 0) were recorded for 182 trials (trial 1 = 88, trial 2 = 94). Individuals that did not solve the 
puzzle box within the initial 180 s after first contact were given the maximum latency to solve (180 s) and were 
recorded as non-successful.

GLME’s including treatment (socialised or control), experience with the puzzle (i.e. first or second attempt), 
sex, and average neophobia score as fixed effects were used to examine contact latency, contact time, and solve 
latency. Batch, litter, and focal piglet ID were also included in these models as appropriately nested random 
effects. Lastly, a GLMME with a binomial distribution and a logit link factor containing the aforementioned fixed 
and random effects was used to investigate the likelihood of successful access into the puzzle box.

Results
Food reward/reversal learning test.  The likelihood of an individual performing a food reward trial 
successfully was significantly affected by a three-way interaction between treatment, sex, and the location of the 
food reward (χ2

1 = 3.96, p = 0.05, Fig. 1). Males from the socialised treatment and females from the control treat-
ment were significantly more likely to complete a trial successfully when the food bowl was located in the left 
arm of T-maze than when it was located in the right arm (Mann Whitney U Test; w = 2679, p > 0.01 and w = 1510, 
p = 0.02 respectively). On the other hand, males from the control treatment were significantly more likely to 
successfully complete a trial when the food reward was located in the right arm of the T-Maze (Students T-Test; 
w = 2296, p = 0.04). The location of the food reward did not significantly influence the likelihood of socialised 
females performing the trial successfully (Students T-Test; w = 2947.5 p = 0.69). Additionally, the time taken to 
find the bowl containing the food reward, was not significantly influenced by sex, trial number, or treatment 
(p > 0.05). The total number of arm entries made was found to be significantly influenced by the interaction 
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between sex and trial (χ2
11 = 20.44, p = 0.04), although visualisation of the data revealed that males and females 

only differed in trial 5, where on average males made fewer total arm entries than females (male = 1.61 ± 0.27 
entries, female = 3.00 ± 0.35 entries; Fig. 2). Additionally, the number of correct entries made was significantly 
affected by a three-way interaction between treatment, sex, and the side of the food reward (χ2

1 = 4.67 ± 0.03). 
Visualisation of the data suggests that while no effect was observed in females, males from both the socialised 
and control treatment made more or less correct arm entries respectively when the baited food bowl was located 
in in the left arm of the T-maze (Fig. 3). The number of incorrect entries made was not significantly affected by 
sex, treatment, trial, or the location of the food reward bowl (p > 0.05). Furthermore, progression from the food 
reward test to the reversal learning test was not significantly influenced by treatment or sex (p > 0.05).

The likelihood an individual performed a successful reversal learning trial was not significantly influenced 
by sex, trial number, treatment, or the previous location of the food reward (p > 0.05). However, latency to find 
the baited bowl did significantly change over the course of the 6 trials (χ2

5 = 42.57, p < 0.01), with the extent of 
the change over time differing between treatments (χ2

5 = 16.93, p < 0.01). Further investigation revealed that 
control individuals showed a large decrease in latency to find the baited bowl from the third trial onwards, while 
no change in the socialised treatment was observed over the course of the trials (Fig. 4).While the number of 
correct entries made was not significantly influenced by sex, trial number, treatment, or previous location of the 
food reward (p > 0.05), both the total number of arm entries and the number of incorrect entries were signifi-
cantly influenced by trial (χ2

5 = 23.11, p < 0.01 and χ2
5 = 27.92, p < 0.01 respectively) and sex (χ2

1 = 5.22, p = 0.02 
and χ2

1 = 3.94, p = 0.05 respectively). Both the total number of arm entries and the number of incorrect entries 
decreased over the course of the 6 trials, with the exception of trial 6 (Supplementary Material Fig. 5). Addition-
ally, on average males performed fewer entries into the incorrect arm and subsequently performed fewer total 
arm entries than females (Supplementary Material Fig. 6).

Social preference test.  The percentage of time piglets spent in each side of the maze was significantly 
affected by the size of the stimulus pigs (χ2

1 = 52.07, p < 0.01), with individuals on average spending longer in 

Figure 1.   Mean likelihood of finding the food reward without entering into the incorrect arm of the food 
reward T-maze for socialised females, socialised males, control females, and control males when the food 
reward was located in the right side (grey bars) and left side (white bars) of the T-maze. Error bars represent the 
standard error of the mean.

Figure 2.   Mean number of total arm entries presented for females (black circles and solid black line) and males 
(white circles and dashed black line) across the 12 food reward trials. Error bars represent the standard error of 
the mean.
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the small side than the large side (Tukey’s Honest Significant Differences Test; z = 3.11, p < 0.01), or the middle 
(z = 4.86, p < 0.01) of the maze (small side: 47 ± 4%; middle: 15 ± 2%; large size: 38 ± 4%). There was also a sig-
nificant interaction effect of treatment and stimulus pig size on time spent in each side of the maze (χ2

2 = 8.43, 
p = 0.01), with socialised individuals spending longer in the large side of the T-maze than controls (and subse-
quently less time in the middle of the T-maze; Fig. 5).

There was no significant effect of treatment or sex on an individual’s likelihood of entering the small side first, 
although latency to enter the small side for the first time was significantly influenced by the three-way interaction 
effect of treatment, sex, and the location of the small side (χ2

1 = 6.62, p = 0.01; Supplementary Material Fig. 7). 
When the small stimulus pigs were located on the left, socialised females and control males were quicker to enter 
the small side than when the small stimulus pigs were located on the right. On the other hand, socialised males 
and control females appeared quicker to enter the small side when it was located on the right compared to the 
left. Upon further investigation, however, these observations were found to be non-significant (Students T-Tests 
and Mann Whitney U Tests; all p > 0.1).

Latency to enter into either side of the T-maze was significantly influenced by treatment (χ2
1 = 12.16, p < 0.01; 

Fig. 6), the two-way interaction between sex and small side location (χ2
1 = 9.16, p < 0.01), and the three-way 

interaction between treatment, sex, and small side location (χ2
1 = 4.39, p = 0.04; Supplementary Material Fig. 8). 

Overall, control pigs took significantly longer to leave the middle of the T-maze than socialised pigs. The side 
of the maze in which the small stimulus pigs were located did not significantly affect the latency of socialised 
males, socialised females, or control males to enter either side of the maze (Students T-Tests and Mann Whit-
ney U Tests; all p > 0.2). Females from the control treatment appeared quicker to leave the middle of the maze 
when the small stimulus pigs were located on the right, however this was not significant (Mann Whitney U Test; 
W = 20.5, p = 0.75).

Novel object test and puzzle box test.  Average neophobia score was not significantly influenced by 
treatment or sex. As predicted, latency to contact the puzzle box was significantly influenced by both aver-
age neophobia score (χ2

1 = 13.24, p < 0.01) and attempt number (χ2
1 = 13.14, p < 0.01). A significant two-way 

interaction revealed that the extent to which average neophobia score influenced latency to contact the puzzle 

Figure 3.   Mean number of correct arm entries made by socialised females, socialised males, control females, 
and control males during food reward trials when the food reward was located in the right side (grey bars) and 
left side (white bars) of the T-maze. Error bars represent the standard error of the mean.

Figure 4.   Mean latency (s) to find the food reward presented for socialised (black circles and solid black line) 
and control (white circles and dashed black line) individuals across the 6 reversal learning trials. Error bars 
represent the standard error of the mean.
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Figure 5.   Mean percentage of time (max = 180 s) socialised and control individuals spent in the side of the 
T-maze containing either the small or large stimulus pigs during the Social Preference test. Percentage of time 
spent in the middle of the maze is also provided. Error bars represent the standard error of the mean.

Figure 6.   Mean latency (s) of socialised and control individuals to enter either side of the of social preference 
test. Error bars represent the standard error of the mean.

Figure 7.   The relationship between average neophobia scores and latency to contact the puzzle box (s) 
presented for both attempts (attempt 1—black circles and solid black trendline, attempt 2—white circles and 
dashed black trendline).
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box was significantly influenced by attempt number (χ2
1 = 11.89, p < 0.01; Fig. 7); latency to contact the puzzle 

box was significantly correlated with average neophobia score during the pigs’ first attempt to solve the puzzle 
box (Spearman’s Rank Correlation; rs = 0.34, D.F. = 89, p < 0.01) but not their second attempt (Spearman’s Rank 
Correlation; rs = 0.19, D.F. = 93, p = 0.07). Latency to contact the puzzle box was also significantly influenced 
by a two-way interaction between sex and average neophobia score (χ2

1 = 4.07, p = 0.04; Supplementary Mate-
rial Fig. 9) and a four-way interaction between treatment, sex, attempt number, and average neophobia score 
(χ2

1 = 5.31, p = 0.02), although no obvious patterns could be discerned. Across all individuals, pig spent longer 
interacting with the puzzle box on their second attempt than their first (χ2

1 = 5.85, p = 0.02) and were, on average, 
quicker to solve the puzzle box during their second attempt (χ2

1 = 6.78, p < 0.01). 
During the first trial, 51 of the 88 pigs that made contact with the puzzle box were able to solve it within 

180 s. During the second trial 54 of the 94 pigs that made contact with the puzzle box were able to solve it within 
180 s. 82% of individuals that succeeded in opening the puzzle box on their first attempt were also successful 
during their second attempt. However, neither treatment, sex, neophobia score, nor trial number influenced an 
individual’s likelihood of solving the puzzle.

Discussion
We hypothesised that over both the 12 trials of the food reward test and the 6 trials of the reversal learning test, 
individuals would improve the speed with which they were able to locate the baited reward bowl, while decreasing 
the number of entries made into the incorrect arm of the maze. Furthermore, given previous evidence suggest-
ing that early life social environment can influence brain development30–32, and that environmental enrichment 
can lead to improved working memory in pigs28, we predicted that socialisation would influence the rate at 
which individuals showed this improvement, with socialised individuals improving more rapidly than control 
individuals. Despite this, trial number did not appear to influence behaviour during the food reward test in any 
meaningful way. However, over the course of the six reversal learning trials the average number of entries into the 
unrewarded arm of the T-maze (and subsequently the total number of arm entries) did decrease as trial number 
progressed, indicating a possible reliance on reference memory. Furthermore, latency to find the food reward 
during the reversal learning trials did appear to decrease between trials 2 and 3 in control individuals, although 
contrary to our predictions no obvious change was observed in individuals from the socialised treatment. This 
result should be interpreted with caution however, as only individuals that reached the learning criteria in the 
food reward test participated in these trials, resulting in a comparatively small sample size (n = 13). Additionally, 
the likelihood of an individual entering into the side of the T-maze containing the food reward before entering 
the incorrect side did not change over the course of either test, suggesting that pigs may not have remembered 
the location of the food bowl from one trial to the next.

These findings somewhat contrast those of previous studies, which have reported clear evidence of reference 
memory use in pigs during spatial discrimination tasks [8,27,28,64,65, but see38]. We can think of three reasons 
as to why our study showed little evidence for reference memory use, especially during the food reward task, 
despite the findings of these previous studies. The first is that the young age of the pigs during this test (7 weeks 
old) may have limited their ability to recall and act upon prior experience. Under natural conditions, piglets do 
not begin weaning until between 8 and 15 weeks of age66. The continuous presence and care of the sow prior 
to this may limit the need for piglets to develop certain cognitive abilities (such as spatial memory) during this 
period. Secondly, given the reduced spatial complexity of a T-maze, the food reward and reversal learning tasks 
presented in this experience were likely to have been less cognitively demanding than those previously used to 
explore working and reference memory (i.e. spatial holeboard task28,64). Held et al.6 argued that memory-based 
tasks might need to be more complex than remembering one food location if looking for an effect of early-life 
stressors on cognition. It is possible that the limited number of potential food locations, in addition to the lack of 
a negative reinforcement during incorrect choices, may have reduced the cost of simply re-exploring the T-maze 
during every trial, making reliance upon reference memory redundant. Given the age of the pigs and the potential 
impact negative experience may have had on both welfare and motivation to enter the T-maze, the implementa-
tion of a negative reinforcer was not suitable for this study, although it may lead to improved learning in older 
individuals and should be considered for further studies. Lastly, a larger number of trials may have been needed 
to detect an improvement in reference memory, especially for individuals that were unable to achieve the learn-
ing criteria required for progression to the reversal learning test. This final suggestion seems unlikely however, 
as improvements to spatial memory have been observed in pigs over the course of considerably fewer trials8,65.

During the reversal learning test, females were found to make significantly more incorrect arm entries (and 
subsequently more total arm entries) than their male counterparts. Again, this result should be interpreted 
with caution due to the small number of individuals progressing to the reversal learning test, however, sexual 
dimorphism in cognitive abilities has been reported in a variety of species67–70. Interestingly, previous studies 
considering the effect of sex on spatial cognition in the domestic pig have been contradictory8,27,71,72. Sex dif-
ferences in cognitive ability may be explained by differences in the environmental demands males and females 
experience, such as social life complexity or home range size72–74. For example, male and female wild boar expe-
rience very different adult social environments, with females forming groups of closely related individuals75,76 
and males typically dispersing from their maternal group at ~ 16 months of age to become solitary75,77,78. During 
the mating season, males will compete vigorously with each other for access to these groups and subsequently 
chase away any males over a year old that have remained with the group77. Therefore, in order to maximise their 
breeding potential, solitary males typically hold a much larger home range than groups of females77,79. This 
increased home range, in addition to the absence of potentially informed conspecifics from whom information 
can be exploited46,47 may explain why males in our study made fewer mistakes than their female counterparts 
during the reversal learning test.
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Although it was hypothesised that socialised individuals would show greater reversal learning due to their 
pre-weaning experiences, this was not the case. Control individuals were observed to be quicker in adapting to a 
change in food location than their socialised counterparts. This is in line with the findings of Mendl et al.38, who 
observed that pigs raised in an enriched environment were less able to supress their previously learned response 
to a T-Maze than individuals from a barren environment. Furthermore, De Jong et al.27 observed that while pigs 
raised in a barren environment were initially more fearful of a novel situation, they were quicker to habituate to 
this novelty than individuals raised in an enriched environment. It is therefore possible that the absence of non-
littermates may have resulted in a lower-quality environment (such as those experienced in previous studies) for 
the control individuals, subsequently resulting in an improved ability to display flexible learning.

An alternative explanation for this improved behavioural flexibility in control individuals may have been an 
increased motivation to explore the T-maze, as experience of a barren early life environment has been suggested 
to increase boldness and exploratory behaviour in domestic pigs (38,60 but see65,80). However, little evidence was 
found in this study to support this theory as control individuals did not differ from their socialised counterparts 
in the number of arm entries made throughout the reversal learning test. Furthermore, treatment did not affect 
neophobia score as calculated during the novel object tests, suggesting socialised and control individuals did 
not differ in their motivation to perform exploratory behaviours. Contrary to predictions, socialised individuals 
showed no improvement over the course of the reversal learning test, suggesting they were less able to deviate 
from a previously learned behaviour than their control counterparts.

Lastly, the location of the food reward bowl (i.e. right or left) appeared to significantly interact with other 
factors explored within this study. For example, a three-way interaction between treatment, sex, and the location 
of the food reward was observed to influence both the likelihood of success in a trial and the number of correct 
arm entries made during the food reward tests. While no obvious pattern could be discerned, we can think of 
two reasons why the arm in which the food reward was located may have influenced results. Firstly, individual 
differences in lateralisation caused by sex and early life social experience may have led to side preferences during 
the food reward test81. Alternatively, pigs may have developed a bias side preference due to the location of their 
home pen relative to that of the T-maze. In order to reach the T-maze, some individuals may have had to turn 
repeatedly in one direction, while others may have experienced a more balanced number of right and left turns.

As predicted, during the social preference test pigs spent significantly different amounts of time in the three 
sections of the T-maze, showing an overall preference for the side containing the small stimulus pigs. However, 
socialised and control individuals were found to significantly differ in the percentage of time spent in each side 
of the maze. Socialised individuals on average spent nearly half (46%) of the trial in the large side of the T-maze, 
while control individuals spent a larger percentage of the trial in the middle of the T-maze than their socialised 
counterparts. It was hypothesised that socialised pigs would be better able to distinguish differences in the RHP 
of the stimulus pigs, and would therefore show a greater preference for eating at the food bowl nearest to the 
small stimulus pigs, over who they would be better able to assert their dominance. However, although socialised 
pigs were quicker than controls to leave the middle of the T-maze, indicating a more rapid assessment, they spent 
significantly more time in the side of the large stimulus pig than their control counterparts. We suggest that 
socialised individuals may have been less fearful in the presence of unfamiliar pigs, having already experienced 
novel social interactions pre-weaning. This would explain why they were quicker to enter into either side of the 
maze, and why they appeared less reluctant to feed from the food bowl located in the same side of the T-maze 
as the large stimulus pigs. Previous studies have demonstrated improved social behaviour in adult pigs experi-
encing early life socialisation during the pre-weaning period, such as reduced aggression17,18,21–24, while studies 
exploring the effects of early life physical enrichment on social interactions observed that pigs from an enriched 
environment directed less manipulative behaviour (such as nosing and tail-biting) towards pen-mates than 
those experiencing a barren pre-weaning environment60,82,83. Furthermore, a study exploring the effect of early 
life social environment of mice found that individuals raised in a communal litter displayed a higher propensity 
to interact socially and were quicker to achieve a defined social role than those raised within standard nests30.

Alternatively, control pigs may have been better able to assess the RHP of the stimulus pigs than those expe-
riencing socialisation. A recent study suggested that control individuals performed a form of opponent-only 
assessment, engaging less with larger opponents, regardless of their own RHP84. In contrast, pigs experiencing 
socialisation pre-weaning were observed to perform a novel form of assessment in which they gather information 
regarding both the RHP of themselves and of their opponents84,85. Socialised individuals were more prepared to 
further escalate contests when the RHP difference between themselves and their opponent was large and in the 
opponents’ favour, which may explain the observed preference of socialised pigs for the large side of the T-maze.

Despite this, treatment did not affect the likelihood of an individual entering the side of the T-Maze contain-
ing the small individuals first, although again a three-way interaction effect between treatment, sex, and the 
location of the small side suggested the potential development of side biases. It is possible that test individuals 
were unable to gather accurate information regarding the stimulus pigs RHP, such as their relative size, from the 
middle of the maze, despite the short distance. Pigs perform parallel walking and adopt a shoulder to shoulder 
position before performing escalated contest behaviours50,78,86, which may be necessary for assessment. As such 
pigs may have entered into a side at random before beginning their assessment.

While individual neophobia score was found to be correlated between the two novel object trials, it was not 
significantly influenced by sex or treatment. This was surprising as previous studies have reported an increased 
motivation for exploration in pigs experiencing a barren pre-weaning environment38,58–60. It is probable that while 
the absence of non-littermates limited the range of potential play partners pigs had access to, neither socialised 
nor control individuals differed in their pre- or post-weaning experience of abiotic factors, such as space per pig 
(i.e. stocking density) or substrate availability.

It was predicted that socialised pigs would be quicker to solve the puzzle box than their control counterpart 
once neophobia (and subsequently their motivation to perform exploratory behaviours) was accounted for. 
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However, we found no evidence to suggest that socialised or control pigs differed in their motivation to investigate 
novel objects or their innovation with regards to a puzzle box task. Latency of individuals to approach the puzzle 
box was influenced by their neophobia score, with the extent of this effect being influenced by both trial and sex. 
As expected, pigs were less fearful of the puzzle box during their second exposure and were significantly quicker 
to make contact. Furthermore, the average time taken to solve the puzzle decreased between trials, although the 
likelihood of success did not differ. This suggests that while pigs that solved the puzzle on their first attempt were 
quicker to solve it during their second, pigs that did not solve it remained unable to do so even after having the 
solution shown to them by researchers.

It should be noted that due to the large number of statistical tests used in the analysis, the occurrence of 
Type 1 error was possible, and these results should therefore be interpreted with some caution [see87]. However, 
previous studies exploring the influence of early life social environment on pig behaviour have shown such 
effects can often be very subtle and may be missed when research is focussed on overall outcomes, rather than 
individual components of behaviour84. Additionally, Nakagawa88 has reported that behavioural research is more 
likely to suffer from Type 2 errors than other fields, due to the practical and ethical limitations of testing large 
numbers of animals. Therefore, the use of significance correction techniques (such as the Bonferroni correction) 
to account for the possibility of Type 1 errors would likely have further increased the risk of reporting Type 2 
errors to unacceptable levels.

Conclusion
In conclusion we found no evidence to suggest that socialised individuals relied on reference memory over the 
course of the food reward tests. However, individuals that reached the learning criteria of the reversal learning 
test did reduce their total number of entries and the number of incorrect entries made over the course of 6 trials, 
suggesting some evidence of reference memory use. Furthermore, control individuals were observed to be better 
able to alter their behaviour when the location of the food reward was switched than socialised individuals, as 
indicated by a reduction in latency to find the food reward between trials 2 and 3. During the social preference 
test individuals were observed to spend longer in the side of the maze containing the small stimulus pigs than in 
the side of the maze containing the large stimulus pigs, or the middle. Socialised individuals were quicker than 
controls to leave the middle of the maze and were found to spend longer in the side of the maze containing the 
large stimulus pigs, suggesting an increase in boldness. This adds further support to previous studies suggesting 
socialised pigs may prefer to perform escalated contest behaviour when their opponent displays a higher RHP 
than their own. Neither neophobia score nor ability to innovate was influenced by treatment or sex. Overall, these 
data provide some evidence to suggest that socialisation influences social cognitive development as revealed by 
the social preference test results. However, other aspects of cognitive development were not affected, suggesting 
that other mechanisms to explain the changes in social behaviour observed following early-life socialisation 
should be explored.

Data availability
Data is available upon request.
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