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Abstract
Female zebra finches Taeniopygia guttata will copy the novel foraging choice of males. The degree to which they do so, 
however, can vary considerably. Among-individual differences in social learning and their underlying neural pathways have 
received relatively little attention and remain poorly understood. Here, then, we allowed female zebra finches to observe live-
streamed male demonstrators feeding from one of two novel-coloured feeders (social information acquisition phase). After 
this social information acquisition phase, we tested from which feeder the females preferred to feed to determine whether 
they copied the feeder choice of the male demonstrator (social learning test phase). We then examined the brains of these 
females for immediate early gene activity (c-fos) in the neural social behaviour network for the time during which they were 
observing the male feeding. Of the 12 regions and sub-regions in the brain examined we found only one weak correlation: 
greater copying was associated with lower activity in the bed nucleus of the stria terminalis, BSTmv. Future work should 
perhaps focus on neural activity that occurs during the stage in which there is evidence that animals have copied a demonstra-
tor (i.e., social learning test phase in the current experiment) rather than during the period in which those animals observe 
that demonstrator (i.e., social information acquisition phase in the current experiment). What is clear is that the considerable 
emphasis on examining the behavioural component of social learning has not yet been accompanied by neural analyses.
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Abbreviations
AH	� anterior hypothalamus
AMV*	� anterior ventral mesopallium
BSTmd	� bed nucleus of the stria terminalis, dorsalmedial
BSTmv	� bed nucleus of the stria terminalis, ventromedial
BSTl	� bed nucleus of the stria terminalis, lateral
dHP	� dorsal hippocampus

LScv	� lateral septum, ventral caudal
LScvl	� lateral septum, lateral ventral caudal
LSr	� lateral septum, rostral
mHP	� media hippocampus
MS	� medial septum
POM	� medial preoptic area
VMH	� ventromedial hypothalamus

Introduction

Learning from observing or interacting with other indi-
viduals or the products of other individuals’ behaviour 
is considered to be ‘social’ learning (Heyes, 1994) and 
may be quicker and less effortful than gathering infor-
mation on one’s own (sometimes called in contrast ‘aso-
cial’ learning, which hereafter we refer to as ‘learning’; 
Laland, 2004). There is now a large body of observational 
and experimental work chronicling the prevalence of 
social learning across taxa (e.g., fish – Duffy et al., 2009; 
insects – Leadbeater & Chittka, 2007; mammals – Carter 
et al., 2014; birds – Aplin et al., 2015; reptiles – Kis et al., 

*Note that Mello et al., 2019, propose that AMV should refer to 
the medial ventral arcopallium
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2015) and behavioural context (e.g., foraging – Slagsvold 
& Wiebe, 2011; tool-use – Auersperg et al., 2014; song 
learning – Belzner et al., 2009; predators – Griffin, 2004; 
nest building – Guillette et al., 2016). There is also theory 
predicting under what conditions, called when-strategies, 
and from whom, called who-strategies, animals should 
copy (i.e., socially learn; Rendell et al., 2011; Galef, 2009; 
Laland, 2004). For instance, when-strategies can include 
state-based conditions such as ‘copy if uncertain’, whereby 
animals with no prior or relevant information should copy 
knowledgeable individuals (demonstrators) such as when 
first-time nest-building birds copy the nest-material choice 
of experienced birds (Guillette et al., 2016). When-strate-
gies also include frequency-dependent conditions such as 
‘copy the majority’, as seen when naïve nine-spine stick-
lebacks were more likely to copy the foraging decisions 
of larger groups of demonstrators (Pike & Laland, 2010). 
Alternatively, copying strategies may depend on the iden-
tity of the demonstrator (so-called who-strategies), which 
include ‘copy dominant individuals’ rather than subordi-
nates or ‘copy familiar individuals’ (e.g., zebra finches 
naïve to building copy material choices of familiar indi-
viduals; Guillette et al., 2016).

However, while these strategies often describe the pat-
terns of social learning by groups of naïve individuals, the 
degree to which naïve individuals learn from a demonstrator 
has received relatively little attention (Mesoudi et al., 2016; 
Watson et al., 2018). And there can be considerable variation 
in the degree to which naïve observers learn socially, as seen 
from data collated across 12 years of experiments conducted 
on the same group of chimpanzees: half of the variation in 
social learning scores across 16 different tests was attrib-
uted to the individual identity of the observer. Furthermore, 
individual identity accounted for the most variation of all 
traits measured (sex, age, rearing history, experimental his-
tory, and type of task; Watson et al., 2018). In chimpanzees, 
at least then, individuals vary considerably in the degree 
to which they learn from conspecifics. Moreover, there is 
mounting evidence that individuals are consistent in their 
propensity to learn socially (Mesoudi et al., 2016).

Given this considerable, but thus far little understood, 
variation in the degree to which naïve individuals learn 
from demonstrators, it seemed plausible that determining 
the neural bases of social learning would help to explain 
why there is among-individual variation in social learn-
ing. Because female zebra finches (Taeniopygia guttata) 
vary in the degree to which they copy foraging decisions 
of males (Guillette & Healy, 2014, 2017), here we coupled 
this behavioural paradigm with quantifying immediate early 
gene (IEG) immunoreactivity in the brain using the expres-
sion of c-fos protein as a marker to test whether individual 
variation in social learning is related to neural activity in the 
social behaviour neural network.

Much is known about the processing of social informa-
tion in the social behaviour network, a highly conserved area 
across vertebrate taxa, and social learning may rely on the 
procession of social information (Johnson & Young, 2015, 
2017; O’Connell & Hofmann, 2011; Olsson et al., 2020). We 
selected the brain regions belonging to the social behaviour 
network as potential targets underpinning variation in social 
learning for two main reasons. First, social information pro-
cessing may affect attention, motivation and aggression that 
can filter the information observers learn from demonstra-
tors. For example, rodents raised in social isolation are less 
likely to learn from demonstrators than are conspecifics 
that are raised normally (Yusufishaq & Rosenkranz, 2013). 
Second, in estrildid finches, the neural and neuroendocrine 
activity in particular regions of the social behaviour net-
work co-vary according to (i) species differences in sociality 
(measured as average group size) and (ii) exposure to social 
stimuli (Goodson, 2005, 2008; Goodson et al., 2005; Good-
son & Wang, 2006). The particular regions we investigated 
were the bed nucleus of the stria terminalis (BSTl/mv/md), 
which is involved in social arousal, approach and avoidance, 
and the septal complex (LScv/cvl/r and MS), which medi-
ates affiliative behaviour, social recognition and non-sexual 
contact (Goodson, 2005; Goodson et al., 2006). Moreover, 
these two regions, the BST and the LS, also belong to the 
mesolimbic reward system, where the salience of external 
stimuli is assessed (O’Connell & Hofmann, 2011), which 
seems relevant to social learning.

Although we did not have specific predictions, we quanti-
fied expression of c-fos in the remaining three regions that 
comprise the neural social behaviour network: the anterior 
and ventromedial hypothalamus (AH and VMH, respec-
tively, which are implicated in agonistic challenges, han-
dling and restraint stress; Goodson & Evans, 2004), and the 
medial preoptic area (POM; which plays a role in aggres-
sion, reproduction and parental care; O’Connell & Hofmann, 
2011).

We also quantified IEG activity in the hippocampus 
because of its role in learning (O’Connell & Hofmann, 
2011) and, as a control region, in the anterior ventral meso-
pallium (AMV), which is part of the anterior motor path-
way. We expected social learning to be linked to IEG activ-
ity in the former, but not the latter, brain region. To assess 
whether IEG activity was a reflection of other behaviours, 
we scored both social (vocalizations) and non-social behav-
iours (scratches, hops, drinks, preen, pecks).

In this experiment we gave female observers 30 min to 
watch live-streamed male demonstrators eat from one, but 
not a second, novel-coloured feeder. In the following 60 
min we measured the degree to which the females copied 
their demonstrator’s choice of coloured feeder. To do this 
each female was offered both novel-coloured feeders and 
we scored the proportion of food she ate from the feeder 
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that matched the colour of the demonstrator’s feeder. As 
we immediately sacrificed each female and fixed the brain 
in paraformaldehyde to stop protein synthesis, the immedi-
ate early gene activity we quantified reflected the neuronal 
activity that occurred when the female observed the male 
demonstrator’s feeder choice. If social learning is dependent 
on the processing of information in the brain regions in the 
social behaviour network, then we expect to see correlations 
between IEG activity and the degree to which a female cop-
ied her demonstrator (the social learning score).

Methods

Subjects and housing

The subjects were 48 adult zebra finches (35 females, 
13 males; > 90 days of age) bred at the University of St 
Andrews. All birds were housed in colony room wire cages 
of same-sexed individuals (either 100 × 50 × 50 cm or 140 × 
71 × 122 cm). Colony rooms were kept on a 14:10 light:dark 
cycle (lights on at 07:00) with dusk and dawn lighting for 
~10 min at the start and end of each day and temperature 
at ~20 °C and humidity at ~50%. Each cage had several 
perch sizes (1–2 cm diameter) and types (plastic, wooden, 
rope) and the floors were covered with pressed wood pellets. 
Birds were given free access to mixed seeds, water and cut-
tle bone, oyster shell and vitamin block. Three times a week 
water was supplemented with calcium and vitamin D3, and 
food was supplemented with fresh greens (e.g., spinach). 
Four observer birds were tested in each trial during the light 
period (between the hours 07:00 and 21:00; four observ-
ers per bird demonstrator). The observer birds were always 
female and the demonstrator birds were always males.

The work was conducted with the approval of the Univer-
sity of St Andrews Animal Welfare and Ethics Committee.

Apparatus

The behavioural experiment was carried out in a test room 
containing one demonstrator cage and four observer wire 
cages. The apparatus was the same as that used by Guillette 
and Healy (Guillette & Healy, 2017; see Fig. 1 from Guil-
lette & Healy, 2017). White opaque material curtains were 
hung between each of the cages to allow vocal, but not vis-
ual, contact among the four cages. The observer cage (100 × 
50 × 50 cm, Kings Cages) contained two water dispensers, 
six perches, a cuttlefish bone and vitamin block. Two grey-
coloured food bowls were located on the opposite side of 
the cage from where the viewing monitor and experimental 
feeders would be located. During the test phase (described 
below) coloured feeders – one purple, one pink (wrapped 
in coloured opaque paper) – were attached to each cage. 

A video screen (ViewsSonic Thin Film Transistor, model 
# VS15804) was located 15 cm from the long side of the 
observer cage and concealed behind a white opaque curtain. 
The demonstrator cage was identical to the observer cages, 
with the exception that the baited coloured feeder was the 
only food source available to the demonstrator for the dura-
tion of the experiment.

Each cage contained three cameras (SpyCameraCCTV, 
Bristol, UK) connected to a laptop computer. A GoPro 
Hero3 (GoPro, Incorporated, California, USA) recorded 
and live-streamed the behaviour of the demonstrator. The 
mini-HDMI connection from the GoPro was connected to 
a 1 × 4 HDMI Splitter (HDelity by Cablesson), which was 
connected to each of the four video screens via a separate 
HDMI cable, thus the birds could vocally but not visually 
interact. Using this live-streaming set-up zebra finch females 
will copy the feeder colour choices of male demonstrators 
(Guillette & Healy, 2017) as they do when demonstrators are 
live (Guillette & Healy, 2014).

Behavioural testing

We followed the protocol as described in Guillette and Healy 
(2017). Each trial lasted approximately 24 h. Birds were 
randomly assigned to treatment groups. The observer bird 
viewed the behaviour of the demonstrator bird via a video 

Fig. 1   Scale schematic of the top-down view of an observer cage. 
The dashed line represents a white opaque barrier between the 
observer cage and the video screen. The video screen (monitor) was 
in place at all times with the exception of the observation phase. The 
food bowls were removed from the observer cage 2 h prior to the start 
of the observation phase. The demonstrator cage (not pictured) was 
identical to the observer cages barring one exception: the food bowls 
were never present, thus the baited colour feeder (only one colour in 
each trial) was the only food source available to the demonstrator. 
This figure originally appeared in Guillette and Healy (2017) and is 
open access under CC BY license.
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screen. All birds were in the same room and could vocally 
but not visually interact because of the white opaque curtains 
that hung between each cage. The video that the observer 
viewed was streamed live from the GoPro (30fps 1080p).

On Day 1, one bird was placed in each of the observer 
cages and in a demonstrator cage. At this time, all opaque 
curtains were in place, including between the observer and 
the video screen so birds could not see one another or the 
video screen. The only food available to the demonstrator 
bird was provided in one of the two feeders (pink or pur-
ple), and thus the demonstrator bird learned which feeder 
contained the food during the observation phase (described 
below).

On Day 2 food was removed from each cage 2 h post-light 
onset. In each trial there were two phases, the observation 
phase and then the test phase. The observation phase started 
after the 2 h of food deprivation. In the observation phase 
the second coloured feeder was added to the demonstrator’s 
cage so that the demonstrator had two feeders – one pink, 
one purple – and only one feeder contained food.

The 30-min observation period began when the opaque 
curtain between the observer cage and the video screen was 
removed so that the observer could view the behaviour of 
the demonstrator via the video screen. The demonstrator and 
observer behaviour and vocalizations were recorded via in-
cage video cameras scored at a later date.

After the 30-min observation phase we returned the 
opaque barrier so the observer could no longer see the dem-
onstrator. Each observer was also given one pink and one 
purple feeder, both containing food. With the exception of 
the observer phase, these feeder colours were novel to the 
observers. The spatial location of the feeders on the observer 
cages mirrored that of the demonstrator cage such that loca-
tion and colour cues were redundant. The test phase then 
began and lasted 60 min, during which the behaviour of the 
observers was video recorded. Please see Online Supple-
mentary Material (OSM) Fig. S1 for a schematic timeline of 
the experiment showing the intervals during which behav-
ioural measures were scored.

Brain tissue collection

Immediately after the test phase ended each observer bird 
was removed from their cage and terminally anaesthetized 
(0.3 ml intraperitoneal injection of pentobarbital). The brain 
was quickly removed and placed in 4% paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS; 0.1M pH = 7.4) 
and stored at 4 °C. Six days later brains were submerged 
in 15% sucrose in 4% PFA for 24 h at 4 °C and were then 
transferred to 30% sucrose in PBS for 24 h at 4 °C. Each 
brain was then frozen on powered dry ice, wrapped in foil, 
and stored in individual labelled plastic bags at −80 °C. 
Brains were transported to the Roslin Institute, University 

of Edinburgh on dry ice and the stored at −80 °C until pro-
cessing. The forebrain was coronally sectioned at 50 μm on 
a freezing microtome. The free-floating sections were col-
lected in 0.1M PBS and stored at −20 °C in a cryoprotectant 
and were processed for Fos immunocytochemistry within 4 
weeks.

Fos immunohistochemistry

All brains were processed in the same immunohistochemical 
run, and each brain was processed in one Corning netwell 
basket. Sections were washed four times for 15 min in 0.2% 
Triton X-100 in 0.1 M PBS (PBS-T) on a shaking platform. 
Sections were then rinsed three times in 0.1 M PBS for 5 
min. Sections were then incubated in 0.3% hydrogen perox-
ide for 20 min, then washed in PBS-T three times for 10 min, 
after which they were incubated in 10% Normal Goat serum 
(NGS) in PBS-T for 60 min and incubated in Fos antibody 
(1:5000; Santa Cruz Biotechnology Inc.) rabbit antibody 
(c-Fos [K-25, sc-253]) diluted in 10% normal goat serum in 
0.1 M PBS-T for 120 min at room temperature and then at 
4 °C for approximately 20 h. Following primary antibody 
incubation the tissue was washed three times in PBS-T for 
15 min. A Vectastain elite rabbit kit (Vector Laboratories, 
PK6101) was used to localize and amplify the antibody-anti-
gen complexes and sections were incubated for 60 min (anti-
rabbit secondary antibody and NGS in PBS-T). Sections 
were washed three times in 0.1 M PBS-T for 10 min and then 
incubated for 60 min in Avidin/Biotinylated horseradish-
peroxidase complex (ABC; Vector Laboratories) in PBS-T. 
The tissue was then washed three times in 0.1 M PBS-T for 
10 min, rinsed in 0.1 M PBS for 5 min, and briefly rinsed 
in 0.1 M sodium acetate buffer. Following these washes the 
antibody-avidin-biotin complexes were visualized in 0.4% 
diaminobenzidene solution (Sigma Fast DAB) for 90 s and 
then rinsed four times with 0.1M PBS to stop the reaction. 
The tissue was then float-mounted onto gelatinised glass 
microscope slides, allowed to air dry for 24 h before being 
counterstained with a 0.5% methyl-green solution (ethyl-
violet, Sigma) in 0.1M sodium acetate buffer pH = 4.2 for 
5 min, rinsed in distilled water, and dehydrated in 95% and 
then 100% ethanol. Finally, the slides were cleared in xylene 
and cover-slipped with glass coverslips using DePex (VWR).

Behavioural analysis

Observation phase  We quantified the behaviour of the 
observers and the demonstrators 90–60 min prior to sac-
rifice. The time delay between the behaviour and sacrifice 
provided time for the accumulation of Fos protein in the 
brain. For observers we scored the number of scratches (with 
feet), hops, drinks, preens, vocalizations and pecks while for 
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demonstrators we scored the number of pecks to each feeder 
and the number of vocalizations.

Test phase  From the video recordings of the test phase for 
each trial we used Solomon Coder (beta version 16.06.26) 
to count the number of pecks delivered to each feeder by the 
observer. To quantify feeder colour preference, we calculated 
the proportion of pecks by the observer bird to the demonstra-
tor’s feeder colour. The test phase occurred from 60 min pre-
sacrifice. From these data we determined the copying behaviour 
of the observers ranging from 0 (exclusively eating from the 
non-demonstrated colour feeder) to 0.5 (eating equally from 
both the demonstrated and non-demonstrated colour feeder) 
to 1 (eating exclusively from the demonstrated colour feeder).

Quantification of Fos immunoreactivity (Fos‑ir)

Fos immunoreactivity (Fos-ir) was quantified in brain 
regions that form part of the neural social behaviour net-
work (Dere et al., 2015; Goodson, 2005; Goodson & Wang, 
2006; O’Connell & Hofmann, 2011): AH, BSTmd, BSTmv, 
BSTI, LScv, LScvl, LSr, MS, POM and VMH; areas asso-
ciated with learning and memory: dHP, mHP (O’Connell 
& Hofmann, 2011); and the anterior motor pathway: AMV 
(Edwards et al., 2020; Feenders et al., 2008; Hall et al., 
2014; Heimovics & Riters, 2007).

Each brain region of interest was located using full sec-
tion architecture and regional anatomy using brain atlases 
of the zebra finch (Nixdorf-Bergweiler & Bischof, 2007) 
and canary (Serinus canaria; Stokes et al., 1974). For each 
area adjacent coronal sections were inspected to locate the 
midpoint region (at 2.5 × magnification) and images of these 
regions (at 40 × magnification) were taken in both hemi-
spheres, using Nikon E600 Brightfield Microscope camera 
and Zen 2 software, across five coronal sections for dHP and 
mHP and three coronal sections for the remaining areas of 
interest (Fig. 2). The total number of Fos-ir cells were manu-
ally counted in the field-of-view (161 × 120 μm) using Zen 
2 software after applying the ‘set exposure’ and ‘auto-white 
balance’ functions. The number of suitable sections differed 
across individuals, therefore the number of Fos-ir nuclei in 
each brain region was summed and averaged to yield a sin-
gle value for each brain region in each bird (e.g., Hall et al; 
Edwards et al., Heimovics & Riters, 2007). To avoid uncon-
scious bias during Fos-ir quantification, birds were randomly 
assigned an identification number so that the experimenter 
was blind to the social learning score of the bird.

Statistical analyses

In two trials (n = 6 observers) the demonstrator did not 
eat and in one trial the demonstrator pecked at the dem-
onstrated feeder only six times (average = 150, standard 

deviation = 55; n = 3 observers), so these observers were 
removed from the experiment. Two observers did not 
eat during the test phase and three more observers were 
removed due to technical difficulties (1 = video failed; 2 = 
demonstrator feeder moved during the observation phase). 
One brain was damaged during extraction. The final num-
ber for all behavioural and neural measures was 20 females.

An independent-samples t-test was conducted to test for 
differences in the number of pecks by the demonstrator to 
the feeder that contained seed when the demonstrated con-
tainer was pink versus purple. To test for systematic copy-
ing by the observers a one-sample Wilcoxon signed rank test 
on the proportion of pecks to the demonstrated colour feeder 
was conducted with the chance level set to 0.5 (which means 
no preference). Fos-ir was significantly positively correlated 
r(20) = 0.56, p = 0.01 in the two sub-regions sampled in the 
hippocampus and thus these sub-regions were combined into 
one measure for the hippocampus (Hp, hereafter). A one-way 
repeated-measures (within-subjects) test was conducted to test 
for differences in Fos-ir neurons across the 12 brain areas and 
sub-divisions, the Huynh-Feldt correction for the violation of 
the sphericity assumption and all reported values were Bon-
ferroni-corrected to allow for multiple comparisons. Spearman 
correlations were performed on the average Fos-ir in each of 
the brain areas and the proportion of pecks to the demonstrated 
colour (social learning score) by the observer birds in the test 
phase. T-tests were conducted to test for differences between 
birds that copied (social learning score > 0.5, n = 10) and 
birds that did not copy (social learning score < 0.5, n = 10) 
the feeder colour of the demonstrator in the average Fos-ir in 
each brain area. In cases of unequal variances between groups 
(n = 2, LSr, BSTmv) an adjusted t-distribution was used. Step-
wise linear regressions were used to test whether the observers’ 
behaviour during the observation phase (number of scratches, 
hops, drinks, preen, vocalizations, pecks) predicted Fos-ir in 
each of the brain areas. Spearman correlations were performed 
to test whether the behaviour of the demonstrator during the 
observation phase (i.e., the behaviour that the observers could 
view/hear: pecks and vocalizations) was related Fos-ir in each 
of the brain areas of the observers. All analyses were con-
ducted in IBM SPSS Statistics 26 or 28.

Results

Demonstrator performance

The demonstrators pecked only at the feeder that contained 
seeds and did not peck more at one colour-baited feeder than 
at the other (number of pecks to the purple feeder: 168 ± 48, 
range 133–237; pink: 137 ± 59, range 90–220; t7=-0.86, p 
= 0.42).
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Observer performance

The number of pecks to feeders by the observers ranged from 
91 to 558. Overall, the female observers did not prefer the 
feeder colour of that used by their demonstrator (Wilcoxon 

signed-rank test, Wstandardized = -0.51, N = 20, p = 0.61; 
Fig. 3). As on further investigation we found that observers 
tended to prefer pink over purple feeders (Wstandardized = 1.91, 
N = 20, p = 0.056), we conducted two additional one-sam-
ple Wilcoxon signed rank tests: one for birds that watched 

Fig. 2   Brain regions quantified for Fos-ir in the zebra finch brain. 
The location along the sagittal plane of two transverse sections (1, 
2) showing the location of the regions quantified bilaterally for Fos-
ir. The full brain drawing is pictured with the beak on the left. Rep-

resentative photomicrographs of sampling squares taken in tissue 
stained to label neurons producing Fos-ir in LScvl. Scale bar repre-
sents 50 μm
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a demonstrator feeding from a pink feeder (Wstandardized = 
1.10, N = 12, p = 0.27), and the second for the females that 
watched a male feeding from a purple feeder (Wstandardized 
= -1.68, N = 8, p = 0.09). Neither of these comparisons 
significantly differed from no preference (0.5).

Relationship between Fos‑ir and observer 
and demonstrator behaviour in the observation 
phase

Several observer behaviours predicted Fos-ir significantly 
across four of the brain areas measured, see Table 1 for all β and 
P values: observers that drank more had lower Fos-ir in the AH, 
while increased vocalizations, pecks and preens were related 
to lower Fos-ir in the VMH. There was one positive significant 
relationship: observers that preened more had higher Fos-ir in 
the LScv. Demonstrator behaviour, the number of pecks, was 
negatively correlated with Fos-ir in two brain areas: more pecks 
by the demonstrator was correlated with lower Fos-ir in the 
LScv and LScvl; see Table 2 for Pearson r and p values.

Differences in Fos‑ir among the different brain 
regions

There were significant differences in Fos-ir neurons across the 
brain areas we measured F(1,5.37) = 10.56, p < 0.0001, η2

partial 
= 0.36). See Fig. 4 for the mean Fos-ir number by brain region 
and OSM Table S1 for the significance levels that are Bonfer-
roni-corrected to allow for multiple comparisons.

Relationship between social learning score 
and neural score

There were no significant correlations between the social 
learning score and Fos-ir in any brain region measured with 
the exception of the BSTmv: birds with lower social learn-
ing scores had more Fos-ir in the BSTmv (p = 0.05; Fig. 5; 
Table 2 for Spearman R and P values, all ns = 20). When 
observers were separated into those females that copied (n 
= 10) and those females that did not copy (n = 10), the 
demonstrator’s feeder colour choice, Fos-ir in the BSTI (p 
= 0.06) and BSTmv (p = 0.07, Fig. 6; Table 2 for T and P 
values, all dfs = 18), tended to be higher in those birds that 
did not copy the demonstrator.

Discussion

Some females copied the novel colour feeder demonstrated 
by males, while others did not. There was also variation in 
the extent to which females used the social information: 

Fig. 3   The proportion of pecks (y-axis) to the demonstrated colour 
feeder by the observers in the test phase. Each circle represents one 
observer, empty circles represent purple demonstrated colour and 
black circles represent pink demonstrated colour
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the proportion of choices to the feeder that matched the 
demonstrated colour was not all-or-none, and most of 
the females opted to eat from both novel-coloured feed-
ers. We found some variation in the Fos-ir among some 
brain regions (and sub-divisions): female observers that 
copied the novel feeder colour used by male demonstra-
tors had fewer Fos-ir positive neurons in the BSTmv and 
also tended to have fewer Fos-ir positive neurons in the 

lateral subdivision of the BST. Females that drank more 
had fewer Fos positive neurons in the anterior hypothala-
mus, and increased pecking, vocalizing and preening was 
associated with lower Fos activity in the ventromedial 
hypothalamus. Moreover, the more pecks a demonstrator 
male made to a feeder while the females observed him, the 
lower Fos-ir in her lateral septum.

We had two unexpected results: (1) we did not find group-
wide copying of male demonstrator foraging choices by 
female observers; (2) we found little immediate early gene 
activity related to copying. The lack of group-wide copy-
ing may have been due to a preference for pink over purple 
feeders: females tended not to copy when their demonstrator 
fed from a purple feeder colour rather than if he fed from a 
pink feeder. In a previous experiment by the same research-
ers, female zebra finches had an overarching colour prefer-
ence for white rather than black feeders, and this preference 
obscured evidence of social learning (Guillette et al., 2014). 
Unexplained pre-existing colour preferences for both food 
(e.g., Rosa et al., 2012) and nest material (e.g., Muth et al., 
2013) can make interpreting the results of social learning 
experiments difficult, especially when there are no pre-tests 
for colour preferences, as in the current experiment. On the 
other hand, testing for pre-existing colour preferences prior 
to a social intervention (e.g., a conspecific foraging from one 
of two pre-tested feeders), can also obscure social informa-
tion acquisition and/or use because as an individual collects 
asocial information (via the pre-test) they may be less likely 
to socially learn because their uncertainty about the environ-
ment is reduced (Guillette et al., 2014; Laland, 2004; Rosa 
et al., 2012).

Table 1   Beta values and p values for stepwise linear regressions that 
tested whether the observers’ behaviour during the observation phase 
(number of scratches, hops, drinks, preen, vocalizations, pecks) pre-
dicted Fos-ir in each of the brain regions

Brain Observer behaviour

Behavior 𝛃 p

AH drinks -0.45 0.05
BSTmd NA NA NA
BSTmv NA NA NA
BSTI NA NA NA
LScv preens 0.46 0.04
LScvl NA NA NA
LSr NA NA NA
MS NA NA NA
POM NA NA NA
VHM vocalizations, pecks, 

preens
-0.63, -0.44, 

-0.40
<0.01, 

<0.01, 
<0.04

HP NA NA NA
AMV NA NA NA

Table 2   Test statistics and p values for all correlations between Fos-
ir across brain regions and social learning score (proportion of pecks 
to demonstrated colour feeder by observers in the test phase), copy 

(proportion of pecks to demonstrated colour > 0.5) versus no copy 
(proportion of pecks to demonstrated colour > 0.5) and demonstrator 
behaviour (pecks and vocalizations) during the observation phase

Social learning score copy vs No Copy Demonstrator pecks Demonstrator vocaliza-
tions

Brain area Spearman r p t-test p Spearman r p Spearman r p

AH -0.31 0.19 1.05 0.31 0.28 0.37 0.38 0.10
BSTmd -0.36 0.12 1.52 0.15 -0.29 0.21 0.14 0.57
BSTmv -0.44 0.05 1.99 0.07 -0.27 0.26 0.19 0.42
BSTI -0.38 0.10 2.06 0.06 -0.41 0.07 -0.13 0.59
LScv -0.05 0.85 -0.32 0.75 -0.51 0.02 -0.23 0.33
LScvl -0.34 0.14 1.40 0.18 -0.45 0.04 -0.01 0.98
LSr -0.17 0.45 0.94 0.36 -0.43 0.06 -0.14 0.55
MS 0.05 0.84 0.09 0.93 -0.3 0.21 -0.40 0.85
POM -0.24 0.31 -0.42 0.68 -0.26 0.27 -0.35 0.13
VMH -0.26 0.26 0.75 0.46 -0.05 0.82 -0.01 0.98
HP 0.01 0.68 -0.78 0.48 -0.15 0.54 -0.25 0.30
AMV 0.38 0.15 -0.88 0.39 0.08 0.75 -0.15 0.52
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Our second unexpected result was that we found little 
evidence for Fos-ir activity in brain regions associated with 
social behaviour that were related to the observed varia-
tion in social learning. Indeed, female zebra finches that 
copied the novel feeder colour used by male demonstrators 
had fewer Fos-ir positive neurons in the BSTmv, a sub-
region of the extended medial amygdala that is involved 
with social and appetitive arousal. This result is consistent 
with that of Goodson et al. (2005), who found that Fos-ir in 
the BSTm (they did not divide this region into sub-regions) 
was lower as the sociality of finch species increased (soci-
ality = average group size). In that experiment Goodson 

et al. (2005) exposed male and female finches to a social 
stimulus (same-sex conspecifics), and found the lowest 
Fos-ir in colonial species (zebra finches and spice finches 
Lonchura punctulata), moderate Fos-ir in the social, but 
not colonial, Angolan blue waxbill Uraeginthus angolen-
sis, and the highest Fos-ir in the territorial violet-eared 
waxbill Uraeginthus granatina. Why this relationship is 
negative is unclear, but Goodson et al. (2005) proposed 
that a higher response may indicate social stress. If this is 
the case, then it could be that the females in our experi-
ment that were more stressed were thereby less likely to 
copy a male’s feeder choice. Future work might, then, 
involve examining whether female acute stress response 
(corticosterone) during social information acquisition is 
associated with social learning (copying). Nonetheless, the 

Fig. 4   Fos-ir number/50 μm section (y-axis) by brain region (x-axis). Bars represent average + SEM for 20 female zebra finches that watched a 
male demonstrator eat from one but not a second novel coloured feeder

Fig. 5   Average Fos-ir number/50 μm section in the BSTmv (y-axis) 
and the proportion of pecks to the demonstrated colour feeder by 
female observers in the test phase (x-axis). Females with higher 
social learning scores had lower Fos-ir in the BSTmv, Spearman r 
(20) = -0.44, p = 0.05

Fig. 6   The average Fos-ir number / 50 μm section (y-axis) in the 
BSTI (filled bars; T(18) = 2.06, p = 0.06) and BSTmv (open bars; 
T(18) = 1.99, p = 0.07) for birds that copied (social learning score > 
0.5, n = 10,) and birds that did not copy (social learning score < 0.5, 
n = 10). Bars represent + SEM
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BSTm does appear to regulate behavioural responses to 
conspecifics, and may therefore play a role in whether or 
not individuals are more, or less, likely to acquire or use 
social information. Other work, again using finch species 
that vary in sociality, showed that neuropeptide receptor 
densities in the BSTm and other regions in the septal com-
plex increased as the species-typical group size increased 
(Goodson & Wang, 2006). Moreover, vasotocin immuno-
reactive neurons in the BSTm increased in IEG expression 
in gregarious species that were exposed to conspecifics 
but decreased in expression in territorial species that were 
exposed to conspecifics (Goodson & Wang, 2006).

We also share with Goodson et al. (2005) changes in Fos-
ir in the lateral septum: in both cases as the demonstrators 
did more demonstrating, less activity was found in the lateral 
septum of the observers. Goodson et al. (2005) found that 
territorial birds (less social) had a significantly higher IEG 
response compared to more social species. Work in song 
sparrows (Melospiza melodia) indicates that multiple sub-
divisions in the LS show IEG responses to stressors, and our 
lateral septum data may, as suggested above, be a result of 
social stress (Goodson & Evans, 2004).

Conclusion

To our knowledge this is the first study describing an 
attempt to link an individual’s social learning on a for-
aging task to the IEG activity in their social behaviour 
network for the period of time during which they learned 
information from a demonstrator. We hypothesized that 
the neural activity in the SBN during information acquisi-
tion (learning) may influence the degree to which an indi-
vidual learns from a demonstrator and therefore predicted 
among-individual co-variation in social learning score and 
neural activity. Overall, we found weak evidence of co-
variation between neural activity in subdivisions of the LS 
and BST and what individuals watched during learning and 
their behavioural output (i.e., evidence of social learning), 
respectively. Moreover, the direction of the co-variation 
maps onto earlier work on social information processing 
conducted among finch species (e.g., Goodson et al., 2006). 
Although there is agreement between our data and the 
Goodson et al. work, we did not find strong relationships in 
IEG activity with the degree to which females learned from 
observing a male’s choice of feeder colour. One explana-
tion is that our social learning score (i.e., whether or not 
the female copied the foraging choice of her demonstrator) 
was taken from a period of time after we took a snapshot of 
IEG activity. If a female acquired social information from 
her demonstrator but did not use it, our social learning 
score would not have correlated with her IEG activity. We 
suggest at least two possible future avenues for work: (1) 
Examining IEG activity in the social behaviour network in 

the interval when the observer puts learned information to 
use; and (2) determining more specifically the functions of 
the various regions in the social behaviour network. This 
would usefully be coupled with a clearer articulation of the 
aspects of social learning that differ from learning in an 
asocial context (e.g., Heyes, 2012; Heyes & Pearce, 2015). 
Given the considerable body of work on social learning, it 
now seems timely that effort would be especially directed 
to addressing these issues.
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