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Social learning is a primary mechanism for information acquisition in social
species. Despite many benefits, social learning may be disadvantageous
when independent learning is more efficient. For example, searching inde-
pendently may be more advantageous when food sources are ephemeral
and unpredictable. Individual differences in cognitive abilities can also be
expected to influence social information use. Specifically, better spatial
memory can make a given environment more predictable for an individual
by allowing it to better track food sources. We investigated how resident
food-caching chickadees discovered multiple novel food sources in both
harsher, less predictable high elevation and milder, more predictable low
elevation winter environments. Chickadees at high elevation were faster at
discovering multiple novel food sources and discovered more food sources
than birds at low elevation. While birds at both elevations used social infor-
mation, the contribution of social learning to food discovery was
significantly lower at high elevation. At both elevations, chickadees with
better spatial cognitive flexibility were slower at discovering food sources,
likely because birds with lower spatial cognitive flexibility are worse at track-
ing natural resources and therefore spend more time exploring. Overall, our
study supported the prediction that harsh environments should favour less
reliance on social learning.

1. Introduction

Social information, acquired through the observation of other individuals [1,2],
is important across a wide array of socially living taxa and in diverse contexts
such as habitat choice [3], mate choice [4,5] and food discovery [6-8]. Acquiring
new information through individual exploration requires a significant invest-
ment of time and energy, and using social information can reduce these costs
[9]. However, social information is typically less reliable than nonsocial infor-
mation [10,11], for example, because it may be outdated [9,12]. Moreover, in
the context of resource acquisition, using social information may increase com-
petition and result in locally decreased resource availability [13]. It is thus
critical to determine the factors that might influence the usefulness of social
learning in different natural conditions to understand why social species may
rely on individual learning in certain contexts.

The relative costs and benefits of using social information may vary depend-
ing on environmental conditions. When conditions are harsh and the
environment is unpredictable, the probability that group members have current
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and relevant information decreases, and social learners risk
making errors such as copying their group members’ mis-
takes, failing to detect new resources or learning about
changes in the environment too late to exploit them
[10,14,15]. Moreover, a simulation study predicted that
when food sources are ephemeral and unpredictable, relying
on social learning can reduce the ability of individuals to dis-
cover alternative food sources [16]. By contrast, more stable
environments have been predicted to favour social learning,
which allows individuals to quickly converge on the best
resources [16,17].

Reliance on social information may also depend on the
natural history of the taxa in question. For example, many
scatter-hoarding species cache thousands of food items and
rely on recovering these caches to survive the winter (e.g.
[18,19]). Many such species are highly social, but information
about cache locations is usually guarded from group mem-
bers via behavioural strategies [20,21]. Food caches are not
the only food available to these species, as they can continu-
ously forage and even continue to cache throughout the year.
It is not well known, however, how these species balance
individual and social learning when discovering novel food
sources.

Scatter-hoarding species rely on spatial cognition to
recover food caches, and better spatial learning and
memory abilities are associated with a higher probability of
overwinter survival [18,19]. Given this, it could be expected
that individuals with better spatial cognitive abilities experi-
ence a more predictable environment as they may rely on
their own memory of personal food caches and other
detected food sources. Such a predictable personal environ-
ment may allow them to reduce potentially costly
exploration behaviour. However, individuals with worse
spatial cognitive abilities are likely to be less successful at
remembering their food cache locations, which makes their
foraging less predictable. These individuals can be expected
to benefit disproportionately from engaging in more food
search behaviour, which may be costly (e.g. energy expendi-
ture, predation risk). Therefore, even within a group,
individuals may vary in their foraging strategies associated
with the discovery of novel food sources.

Here we tested (i) whether differences in environmental
harshness are associated with differences in social learning
when searching for novel food and (ii) whether variation in
spatial cognitive abilities is associated with differences in
the rate of discovery of novel food sources. In contrast with
previous studies [22] which tested for social transmission
using a single-novel food source, we attempted to emulate
more realistic conditions by using multiple novel food
sources simultaneously. Introducing multiple food sources
could better differentiate the effect of social learning from
the effects of independent search. When a single source is
found, other group members can converge on that source
using social information. However, when multiple novel
food sources are present, we can gauge relative reliance on
each type of learning; greater reliance on social learning
should result in the group discovering fewer food sources,
as most individuals would be expected to converge on the
first discovered source [23]. Lower reliance on social learning
should be associated with more independent exploratory be-
haviour, leading to faster discovery of multiple food sources.

To test these predictions, we studied food-caching moun-
tain chickadees (Poecile gambeli) at high and low elevations in

the northern Sierra Nevada [24,25]. Both elevation sites are n

along a continuously distributed coniferous forest with simi-
lar tree density that differs only in tree species composition,
so the main differences between elevations are associated
with the winter environment. Higher elevations are character-
ized by more severe winter conditions including lower
temperatures, higher and more persistent snow cover, and
more frequent and severe winter storms [26]. Comparisons
of daily foraging routines between chickadees at high and
low elevations suggest that chickadees at high elevation
face a greater risk of starvation, and that high elevation
environments are unpredictable (e.g. foraging interruptions
due to snow storms, temporally unpredictable food) during
the winter [25]. Overall, we define this high elevation
environment as ‘harsh’, meaning it is both temporally
unpredictable and imposes high metabolic costs (e.g. low
temperature, short day length). High metabolic costs can be
expected to amplify the negative effects of temporal unpre-
dictability by increasing both the need to obtain sufficient
energy, and the costs of failing to do so. Previous work in
this system found that chickadees at high-elevation cache
more food and have better spatial cognition associated with
cache retrieval than those at lower elevations [27]. We pre-
dicted that chickadees at harsher high elevation should be
faster at discovering multiple novel food sources and that
they should rely less on social learning compared to birds
at low elevation.

We also compared how variation in two cognitive traits,
spatial cognitive ability and reversal spatial cognitive ability
(flexibility), is associated with the novel food discovery.
While both abilities are associated with acquiring spatial
information, spatial learning and memory is likely more
important in food cache recovery as it is involved in acquiring
initial information [18,19], while spatial cognitive flexibility is
likely indicative of how well individuals can learn and
remember continuously changing food sources [28]. In both
cases, better spatial cognitive abilities are associated with
how fast individuals can acquire and remember spatial infor-
mation [28] and should be associated with a more predictable
individual-level environment [25]. Individuals with worse
spatial cognitive abilities of both types experience a less pre-
dictable environment and therefore may be more motivated
to take more risks and perform more searching behaviour,
potentially resulting in the faster discovery of novel food
sources compared to birds with better spatial cognitive
abilities.

This study was based in our long-term mountain chickadee
system in the northern Sierra Nevada, north of Truckee, Califor-
nia, USA (Sagehen Experimental Forest, Sagehen Creek Field
Station, University of California, Berkeley). Our study system
spans from low- (1900 m) to high-elevation (2400 m) sites associ-
ated with drastically different overwinter conditions [26,29]. Our
study site is located in a remote area of the Tahoe National Forest
with limited human activity. As a result, the only supplementary
food available to chickadees at our study site is provided by
us. Since 2014, we have banded chickadees with unique combi-
nations of passive integrated transponder (PIT) tags (IB
Technology, Leicestershire, UK) and colour bands. We trap and
band birds annually using mist nets at established feeders
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across both elevations during fall and winter and in nest-boxes
during the breeding season.

Based on observed breeding activity, chickadee density
appears similar across low and high elevation [26]. Feeder
attendance during the winter is consistent at high elevation,
but varies among years at low elevation, ranging from similar
attendance to that at high elevation to almost no birds attending
the feeders in some years [24,25,29,30]. At high elevation, we esti-
mate that 95% or more of the chickadees in the area are PIT-
tagged based on weekly visual observations. At low elevation,
the proportion of PIT-tagged birds varies by year, but on
average, is lower than that at high elevation (approx. 70-90%).

We classified all birds in this experiment as either juvenile
(first year) or adults (older than the first year of life) based on
extensive banding data prior to the experiment, as well as on
plumage characteristics and state of moult [31].

(b) Data collection

We used radio frequency identification (RFID)-equipped feeders
to conduct all experiments in this study (see [29,30,32]). When
active, feeders recorded PIT-tag ID, time, date and location of
all PIT-tagged birds landing on the feeder perch. Feeders
remained active throughout all daylight hours. Additionally, all
feeders could be programmed to allow food access only to
specific individuals while still recording visits of all individuals
landing on the feeder perch.

(i) Spatial feeder arrays

All feeders used to trap and band birds were closed on 16 Decem-
ber 2019 and supplemental food was made available only at four
locations, each containing an array of eight feeders. The eight
RFID-equipped feeders in each array were equidistantly attached
to a square aluminium frame (122 x 122 cm) with two feeders on
each side, suspended approximately 4 m above the ground [24].
We used two arrays at low elevation and two at high elevation,
with approximately 1.5km distance between the two arrays
within each elevation (electronic supplementary material, figure
S1). Initially, all feeders in the array contained food (black oil sun-
flower seeds) and were deployed in ‘open’ mode with all doors
permanently open and food visible. Arrays were then set to ‘all’
mode from 30 December 2019 to 20 January 2020 at low elevation
and from 27 December 2019 to 20 January 2020 at high elevation.
In “all’ mode, all doors remained closed so the food inside could
not be seen, but the feeder doors would open for any PIT-tagged
bird landing on the perch. This mode was used to habituate birds
to the moving doors prior to spatial cognitive testing [24,29].
During this period, we detected 86 chickadees attending the
arrays at low elevation and 154 chickadees attending the arrays
at high elevation.

(ii) Spatial cognitive testing

Starting 20 January 2020 at low elevation and 3 February 2020 at
high elevation, we tested chickadees on two spatial cognitive
tasks, first on a spatial learning and memory task for 5 days
(ending 24 January 2020 at low elevation and 7 February 2020
at high elevation) and then on a reversal spatial learning task
for the next 5 days (ending 29 January 2020 at low elevation
and 10 February 2020 at high elevation) following established
protocols [19,24,30].

During the spatial learning and memory task, birds were
expected to learn and remember the spatial location of a single-
rewarding feeder in the array. Each bird attending the array
was assigned to a single feeder, with assignments spread
across all eight feeders pseudorandomly so that no birds were
assigned to their most visited feeder from the previous ‘open’
and ‘all’ periods. During testing, only the bird’s assigned
feeder door would open when the bird landed on the perch,

allowing that bird to take food. All other feeders recorded the n

ID, time, date and location of each visit, but did not allow
access to food. Performance was measured as the number of
‘location errors” each individual made within a trial. A trial
began when an individual visited any feeder in the array and
ended when the individual visited its assigned feeder. Location
errors were defined as the number of unrewarding feeders a
bird visited before visiting its assigned feeder. We used the
mean number of location errors per trial across the first 20
trials to estimate spatial learning and memory ability, following
our previous studies [19,24,29,30].

During the reversal spatial task, we reassigned each bird to a
new rewarding feeder within the array, meaning the previously
assigned feeder no longer provided a food reward. Birds that
had been assigned to the same feeder during the previous task
were reassigned to different feeders to reduce the possibility of
social learning (following [24,30]). When learning the reversal
task using these methods, birds make errors to their previously
rewarded locations, as would be expected based on individual
rather than social learning [30]. As in the previous task, we
used the mean number of location errors per trial over the first
20 trials of the task to evaluate reversal spatial cognitive ability
[24,29,30].

(c) Social network construction

After cognitive testing was completed, we collected data to deter-
mine the social networks of birds at each elevation using the
permanent spatial arrays. Starting from 21 February 2020 at
high elevation and 28 February 2020 at low elevation, we pro-
grammed two feeders on the opposite sides of each array to
remain open, allowing all birds to see and access food at any
time. The other six array feeders were emptied with the doors
left open so birds could see they contained no food. We used
data from 4 days (28 February 2020-2 March 2020) to construct
one social network for each elevation (1782 visits from 63 chick-
adees at low elevation and 3631 visits from 142 chickadees, at
high elevation; electronic supplementary material, figure S2).
The main reason for using two feeders per array (as opposed
to 8) was to collect more interpretable network data. Data collec-
tion for four days is likely to be sufficient for measuring the
existing social network because chickadees are highly resident
birds with mostly stable social structure throughout the non-
breeding season [33], and all birds visit the arrays almost every
day. Prior to data collection, birds had been visiting these
arrays for over a month, so the social networks measured rep-
resent both spatially and temporally stable supplementary food
conditions. This approach allowed us to measure the most
recent network immediately prior to the novel feeder introduc-
tion. We used a ‘gambit of the group’ approach [34] which
assumes that all individuals observed together were equally con-
nected to each other and infers the strength of connections based
on repeated co-occurrences across groups. We used a Gaussian
mixture model (GMM; gmmevents function from the R package
‘asnipe’ [35]) in R 4. 0.3 [36] to define grouping events.

The arrays were visited by many birds from multiple social
groups in quick succession, resulting in extremely homogeneous
networks. To address this issue, we used the ‘double GMM’
method [37]. We ran an initial GMM with a resolution of 1 min
to detect the start and end of large-scale foraging events at
each feeder array. Next, we ran a GMM within each broad fora-
ging event at a 1 s resolution, allowing the second GMM to split
each flock event into shorter feeding bouts. For both runs, we
treated each array as a single-spatial location, as all array feeders
are within 2m of each other and birds from the same social
group can visit different array feeders simultaneously. The
result was a single group-by-individual matrix for each elevation.
We inferred association strengths among individuals from their
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co-occurrence in feeding bouts using the simple ratio index func-
tion in asnipe (function get_network), defined as the number of
times two individuals appeared in the same foraging event,
divided by the number of foraging events containing at least
one of the two individuals [38].

(d) Novel feeder discovery experiment

On 2 March 2020, we removed food from all array feeders, leav-
ing the doors open so birds could see that feeders were empty.
We then introduced two novel food ‘patches’, each consisting
of three RFID-enabled feeders, per elevation. Novel feeders
were identical to those on the array but mounted on a metal
pole approximately 2 m above the ground. Within each patch,
feeders were spaced approximately 125m apart from each
other and approximately 125 m from the array, and in sub-
sequent replicates, approximately 125 m from any previously
used location (high-elevation mean distance: 128 m, s.d.=40;
low-elevation mean distance: 140 m, s.d.=58; electronic sup-
plementary material, figure S1). Distance between feeders was
not significantly different between elevations (t3; =—0.889,
p=0.381). Considering that different feeder spacing can lead to
changes in the network structure in closely related species [39],
we specifically kept spacing between novel feeders consistent
across sites and replicates to minimize any potential effect of spa-
cing on our results. Within each elevation, the two patches were
separated by at least 1 km (electronic supplementary material,
figure S1). We carried out three replicates, each lasting 5 days,
with all feeders removed from old locations and moved to
novel locations for each replicate. Considering rugged mountai-
nous winter conditions, feeders had to be moved during
daylight hours but were concealed in a closed trailer during
transport and deployed when no birds were visible. No locations
were re-used over the course of the study.

(e) Analyses of novel feeder discovery
(i) Social learning, spatial cognition and age in discovery of novel

feeders

We estimated social learning rates with network-based diffusion
analysis (NBDA), using the R NBDA code v. 1.2.15 [40]. NBDA
identifies social transmission by assuming that if the social trans-
mission is occurring, the spread of behaviour should follow the
social connections between individuals, with a rate of trans-
mission proportional to the strength of association [41-43]. The
behaviour of interest in our study was the discovery of a novel
feeder, defined as an individual’s first recorded visit to that
feeder, with each feeder treated as an independent discovery
event. We used a time-of-acquisition approach which assesses
both the order in which individuals discovered the feeder, and
the time it took them to discover it [42], excluding all non-day-
light times. Since individuals arriving at the feeder in a group
should be considered as learning about the feeder simul-
taneously rather than transferring information to each other,
we added ‘ties” between all individuals that arrived at the
feeder within 3 min of each other, preventing information trans-
fer between these individuals [42]. We used the social networks
constructed from the post-cognitive testing array data, excluding
any individuals that discovered novel feeders but were not pre-
sent in the social networks (10 at high elevation; 7 at low
elevation). As some individuals discovered all six feeders at
high elevation, indicating that the two patches were not comple-
tely independent, we used one network containing all birds at
high elevation (i.e. using data from both arrays), and one net-
work containing all birds at low elevation. However, to account
for most birds having a strong preference for one area near one
of the two arrays at each elevation, we included this preferred
location as an individual-level variable.

We used a multimodel inferencing [41,42] approach in which n

we constructed every NBDA model for all combinations of the
following parameters: individuals’ spatial learning and
memory abilities (mean number of location errors per trial over
the first 20 trials), reversal spatial learning and memory abilities
(mean number of location errors per trial over the first 20 trials),
age class (adult or juvenile), and initial array assignment as
individual-level variables assumed to affect individual-level
learning. Replicate and feeder ID were included as random
effects [40]. We included models in which all birds were assumed
to have the same social transmission rate across elevations, in
which social transmission differed between elevations, and in
which only nonsocial learning was possible. We considered
whether the nonsocial learning rate was constant over time,
varied linearly over time or varied following a gamma distri-
bution. We included models where social transmission and
nonsocial learning were assumed to combine additively, and
where they were assumed to combine multiplicatively. Finally,
to investigate whether information flow in fact followed the
social network, we also considered models which replaced the
observed social network with a homogeneous network, which
assumes all individuals at each elevation are equally connected
to each other [7].

For each model, we obtained its Akaike information criterion,
corrected for sample size (AICc). Competing models were com-
pared with AAICc values, with all models within six AAICc
considered as having good evidence of relative fit to the data
[44]. We derived 95% confidence intervals for parameters using
profile likelihood techniques, based on the best predictive
model that included a given parameter [43].

(i) Rate and extent of discovery of novel feeders

We recorded the amount of daylight time that elapsed between
when we placed the feeder at the novel location and when the
first PIT-tagged chickadee detected at each feeder; the time
between the placement of the feeders and each bird’s first visit
to each feeder and the number of feeders each bird discovered
within each replicate. We compared these metrics between low
and high elevations using linear mixed models, using the Ken-
ward-Rogers algorithm to calculate the denominator degrees of
freedom (R packages ‘Ime4’ [45] and ‘Imertest’ [46]).

First, we analysed whether elevations differed in time to the
initial discovery of the novel feeders, using the time until the first
bird was detected at each feeder as a dependent variable, and
elevation and replicate as fixed factors. Next, we tested whether
there were differences between elevations in the time to discov-
ery of subsequent feeders within a patch, using the time until
the first bird was detected at each feeder as a dependent variable,
and elevation, replicate and feeder number (whether the feeder
was the first, second or third discovered within its patch) as
fixed effects. Third, we tested for elevational differences in the
rate of discovery for all birds, not just the first bird at each
feeder. In order to meet assumptions of homogeneity of variance,
we log-transformed discovery time for this analysis. We used
log-transformed time to discover the first, second and third
feeder within a patch by each bird as a dependent variable,
bird ID as a random factor, and elevation, order of feeder discov-
ery, spatial learning and memory score, reversal spatial learning
score and replicate as fixed factors.

To model the number of feeders discovered during each
replicate, we created a generalized linear mixed model with a
binomial distribution and logit link function, using the pro-
portion of feeders found by each bird as the dependent
variable, elevation, replicate, spatial learning and memory
score, and reversal spatial learning score as fixed effects, and
bird ID as a random effect. We only counted feeders discovered
within a bird’s most frequently visited patch, which meant that
the small number of birds at high elevation that discovered
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Table 1. Summary of the three top models for novel feeder discovery (1-3), along with the best model including age and preferred location (4), the best [}
nonsocial model (5) and the best model with a homogeneous social network (6).

social
model type transmission

1 multiplicative, non-constant varies with
elevation

2 multiplicative, non-constant varies with
elevation

3 multiplicative, non-constant the same across
elevations

4 multiplicative, non-constant varies with
elevation

5 additive, non-constant none

6 multiplicative, non-constant, varies with

homogeneous network elevation

Table 2. Posterior parameter estimates and 95% credible intervals for the
best-fitting model of novel feeder discovery.

parameter mean [95% credible interval]

40.28 [27.22, 52.04]
71.22 [65.44, 91.38]
0.39 [0.27, 0.56]

social, high elevation
social, low elevation

spatial reversal learning

more than three feeders were capped at three. Finally, we tested
for elevation differences in the probability of discovering all three
feeders in a patch during each replicate and whether such
probability was associated with differences in cognitive abilities.

(iii) Model simulations

For each replicate, we recorded the order of k individuals’ arrival,
k being the total number of birds that discovered each feeder. For
each new arriving bird after the first, we calculated the mean
association strength to knowledgeable individuals (i.e. all indi-
viduals that had previously arrived at the patch). Following
Hillemann et al. [47], we compared these observed patterns to a
null model which simulated individuals arriving at the feeder
in random order, generated by randomly selecting k individuals
from the local network. This null model assumes social learning
plays no role in feeder discovery. We also compared our obser-
vations to an affiliate model, which simulates simple social
discovery of the feeder. For this model, we randomly selected
one individual as the first arrival. We then randomly chose the
second arrival from the first arrival’s associates. Each subsequent
arrival was selected from the pool of knowledgeable individuals’
associates, continuing until k individuals were selected. We ran
2000 repetitions of each model and compared the mean associ-
ation strength to knowledgeable individuals from each model
to our observed values.

3. Results
(a) Network-based diffusion analysis

Using the networks constructed from the post-testing array
data (electronic supplementary material, figure S3), we carried

random

variables

replicate spatial reversal learning 0 26594.7
replicate, none 16.67 26611.35

feeder ID
replicate spatial reversal learning 17.07 26611.77
feeder ID spatial cognition, age, 230.3 26824.99
preferred location

feeder ID none 1646.58 28241.28
none spatial reversal learning 1698.04 28292.74

out a full model-fitting procedure on all feeder discovery
replicates. The most parsimonious model contained social
transmission at both elevations (table 1), with a significantly
higher rate of social transmission at low elevation than at
high elevation (non-overlapping 95% CI parameter estimates;
table 2); included spatial reversal learning and memory ability,
which was negatively associated with novel feeder discovery
rates at both elevations (table 2); and had a non-constant,
decreasing rate of acquisition (table 1). There was substantially
less support for a model with the same rate of social learning
at both elevations, and little or no support for models contain-
ing purely asocial learning mechanisms or models fitted with
a homogeneous social network (table 1). Neither preferred
array location, age (adult versus juvenile), nor spatial learning
and memory ability were significantly associated with novel
feeder discovery rates, as no models with these parameters
were among the three top models or within six AAICc of
these models (electronic supplementary material, table S1).

(b) Time to novel feeder discovery
At least one novel feeder was found by 152 chickadees at high
elevation and 65 chickadees at low elevation (electronic sup-
plementary material, table S2). Of these birds, 132 birds at
high (93% of 142) and 49 (78% of 63) at low elevation were pre-
sent in the social network (electronic supplementary material,
figure S2). Birds at high elevation discovered feeders signifi-
cantly faster than birds at low elevation, approximately 6 h
sooner (ANOVA: F; 3, = 6.807, p = 0.014; electronic supplemen-
tary material, figure S3). There was also a significant effect of
replicate, indicating feeders in later replicates were discovered
sooner (ANOVA: F;3,=11228, p=0.002). There was no
significant interaction between replicate and elevation
(ANOVA: F, 3, =0.285, p = 0.597). We found that a single outlier
exerted a disproportionate influence on the model; however,
the difference between elevations remained significant when
this point was removed (ANOVA: F; 5, =7.287, p=0.011).
When we included order of feeder discovery within a
patch, there was a significant interaction between elevation
and whether the feeder was discovered first, second or
third (ANOVA: F;3,=5.221, p=0.029), but no significant
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Figure 1. Time elapsed between feeder placement and the first recorded visit at that feeder, separated by whether the feeder was the first (a), second (b) or third
(c) feeder discovered within its patch. The horizontal line in the boxplot indicates median time, boxes represent 25% and 75% interquartile ranges and whiskers
show the largest and smallest values within 1.5 times the interquartile ranges. Points within the boxplots indicate model means (symbols represent replicates).

main effect of either elevation (F; 30 =0.724, p = 0.401) or dis-
covery order (Fjzo=1.66, p=0207). There was also a
significant main effect of replicate (ANOVA: F, 3, =18.465,
p <0.001). Tukey post hoc analyses revealed that there were
no significant differences between elevations in the time to
discovery of the first (t;p=-0.341, p=0.99) or second (p=
0.521) feeders, but birds at high elevation discovered the
third (t3p = —3.83, p = 0.007) feeder in each patch significantly
faster than low elevation birds (figure 1).

When we analysed the time to feeder discovery for each
individual, there was a significant interaction between
elevation and discovery order (whether the feeder was the
first, second or third discovered by each individual)
(GLMM: Fy 7422, =3.87, p<0.049). Additionally, we found
significant main effects of discovery order (GLMM:
Fi,74220=63.65, p<0.001) and replicate (Fig56s=60.54, p <
0.001). There were no significant main effects of elevation
(F1,728.07=0.204, p=0.652), spatial learning and memory
score (Fy 13656 =0.02, p=0.963), or spatial reversal score
(F1,15834 =0.06, p=0.805), as well as no significant inter-
actions between these terms (all p>0.1). Post hoc analyses
showed that there were no significant differences between
elevations in the time birds took to discover their first
feeder (p=0.31), but chickadees at high elevation were
significantly faster than chickadees at low elevation to dis-
cover their second (p=0.007) and third feeders (p =0.066;
electronic supplementary material, figure S4).

(c) Number of feeders discovered
When we examined the number of feeders found at each
elevation, we found a significant interaction between elevation

and replicate (x*, = 36.14, p<0.001), and a significant main
effect of replicate (x?, = 70.04, p < 0.001). Post hoc comparisons
showed that high elevation birds were significantly more likely
to discover more feeders during the last replicate (p <0.001).
There was no significant association with reversal spatial
cognitive ability (le = 0.348, p=0.555) and the interaction
between reversal spatial cognitive ability and elevation was
not significant (x?, =2.908, p=0.088). Finally, when we
tested for differences between elevations in the probability of
discovering all three feeders during each replicate, high
elevation birds were more likely to discover all three feeders
(elevation: )(21 =17.370, p<0.001), and birds were more
likely to discover all three feeders in later replicates (replicate:
X%, = 22.054, p <0.001). There was also a significant elevation
by replicate interaction (%, =20.405, p<0.001), while the
effect of reversal spatial learning ability was not statistically
significant (3%, = 0.1263, p=0.722) and neither were inter-
actions between elevation and reversal spatial learning
ability (3%, = 1.886, p=0.167) or between replicate and rever-
sal spatial learning ability (y*, =2.826, p=0.243). Spatial
learning and memory ability was not significant in any of
these analyses (electronic supplementary material, table S3).

(d) Model simulations

At both high and low elevation, new arrivals to feeders were
more connected to knowledgeable individuals than predicted
by the null model of random arrival order (electronic sup-
plementary material, figure S5). At low elevation, new
arrivals were more connected to knowledgeable individuals
than predicted by the affiliate model, which simulated a net-
work-driven order of discovery. By contrast, at high
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Figure 2. The proportion of individuals that found a given number of the
novel feeders at high and low elevations. The majority of the birds at low
elevation found two novel feeders per replicate, while more birds at high
elevation found three feeders.

elevation, new arrivals were less connected to knowledgeable
individuals than predicted by the affiliate model, but slightly
more connected than predicted by the random discovery
model. At both elevations, standard deviations for the affiliate
and random models using existing social networks had sub-
stantial overlap, and our observed values fell within the
region covered by both models (electronic supplementary
material, figure S5).

4. Discussion

Chickadees at harsher high elevation were faster at discover-
ing multiple novel food sources, discovered more novel
feeders within each patch and were less reliant on social
learning to discover these feeders than birds at low elevation.
Our data support social learning along the network edges, as
the NBDA with a homogeneous network did not fit the data
as well as the observed network. Spatial cognitive flexibility
(estimated across both elevations in one model), but not
spatial learning and memory ability, was negatively associ-
ated with the discovery of multiple novel feeders when
controlling for social learning. Thus, birds with worse rever-
sal spatial cognitive performance were faster at discovering
novel feeders. Our simulations based on separate high and
low elevation networks were aligned with our observed
results—at high elevation, observations were less consistent
with predictions based on birds using social learning to dis-
cover novel feeders suggesting less use of social information.

The rate of initial discovery of the patch was similar at
both elevations, suggesting similar motivation to search for
feeders, but chickadees at high elevation discovered sub-
sequent feeders in each patch significantly faster.
Furthermore, most individuals at low elevation only

discovered one or two novel feeders within a patch while |JFli

most individuals at high elevation discovered all three, and
some even discovered all six feeders. These data support
our predictions that chickadees at high elevation continued
searching for food even after they had already discovered a
food source. Combined with our findings that birds rely
less on social learning at high elevations, these results suggest
that individual learning is more important for birds living in
harsher environments. If high-elevation birds relied more on
social learning, it might interfere with discovering alternative
food sources and gaining new information, which are essen-
tial when winter conditions are severe and natural food
sources are ephemeral.

Previous work with closely related black-capped chicka-
dees [39] suggested that the distance between feeders may
influence aspects of social network measurements, though
probably not the overall network structure. Our conclusions
rely on the assumption that networks in chickadees remain
stable over time [33] following movements of the novel fee-
ders. The network structure we used was measured
immediately prior to the introduction of novel feeders at per-
manent feeder arrays. Even though we only used 4 days prior
to novel feeder manipulations to construct the network, these
arrays had been consistently used by chickadees for over a
month prior to our measurements and so we think our net-
work measurements provided a reliable snapshot of the
birds” network. Considering that (i) chickadees are highly
resident birds with a stable social group structure [33], (ii)
we maintained consistent spacing between novel feeders
and (iii) the novel feeder treatments were relatively short in
duration between replicates (5 days versus 14 days in the
black-capped chickadee study [39]), we assume that our
novel feeder treatment was unlikely to trigger significant
changes in the existing social network. Nevertheless, it
remains possible that our manipulation of novel feeders
might have resulted in some network changes, and these
potential changes could differ between elevations, which
could have affected our results in later replicates.

While chickadees at low elevation seemed to reduce
feeder use in some years, which we hypothesize is due to
pine seed production, in other years, including the year of
this study, they consistently visit the feeders throughout the
winter. Hypothetically, lower reliance on feeders at low
elevation may also explain our differences between
elevations, but we think it is unlikely because (i) time to dis-
cover the first feeder in all replicates was similar between
elevations, suggesting similar motivation to search for food;
(ii) compared to high elevation, adults at low elevation
show higher overwinter mortality [48]. Higher adult survival
but lower juvenile survival at high elevations is likely associ-
ated with stronger selection pressures on spatial cognition
associated with food caching, so only the juveniles with the
best cognitive abilities survive their first winter [49]. While
we predicted that both spatial learning and memory ability
and reversal spatial ability should be associated with the
rate of novel food discovery, we only detected a significant
relationship with spatial cognitive flexibility. Better spatial
cognitive flexibility performance was associated with slower
novel food discovery. Unlike spatial learning and memory
ability, which is likely involved in relatively stable memory
associated with food caching and cache recovery [28,30],
reversal spatial ability reflects how well birds can learn and
remember rapidly changing spatial information—knowing

~

£7870707 ‘88T § 0§ 'Y 2044  qdsi/jeuinol/biobuiysiigndAiaposiefo



Downloaded from https://royalsocietypublishing.org/ on 19 May 2021

when older spatial associations should be forgotten while
simultaneously learning new associations. In some cases,
these two abilities appear to show a tradeoff [28]. Our
result suggests that birds that are better at learning and
remembering rapidly changing locations of ephemeral food
can afford to be more conservative in searching for new
food sources. Separate independent analyses showed no sig-
nificant effects of reversal spatial ability on the time to
discover new feeders or on the number of feeders discovered.
This result is not surprising as these models could not control
for the effect of social learning on novel feeder discovery. If
social learning and cognitive flexibility are confounded, ana-
lyses that only use one of these measurements cannot
distinguish between them. Birds that are worse at tracking
changing spatial locations of food sources may benefit from
relying on social learning and continuous exploration instead,
allowing them to quickly discover new food sources.

We think that social learning did not affect our initial
measurement of reversal spatial ability because birds were
assigned to their initial feeders randomly rather than as exist-
ing social groups. Later, we reassigned birds previously
assigned to the same feeder to different feeders, further
removing opportunities for social information [19,24,30]. In
fact, we previously found that if birds were reassigned
between initial and reversal feeders as a group, their perform-
ance was no different from birds reassigned to different
feeders (B.R.S. & V.V.P. 2019, unpublished data). Most impor-
tantly, the analyses of errors made during the reversal task
showed that poorer performers made errors to the previously
rewarded location [30], suggesting that birds indeed rely on
their individual cognitive abilities in this task.

We detected no significant effect of age on novel feeder
discovery even though it may be expected that juvenile
birds, which are always socially subordinate, should experi-
ence a more unpredictable environment. A recent meta-
analysis also reported no significant association between age
and social learning [50]. While Penndorf & Aplin [50] ident-
ified some environmental and life-history features associated
with social learning, our experiment points to another critical
variable—environmental unpredictability and severity. We
found that even in the same species on a small spatial scale,
individuals experiencing harsher winter conditions had
lower reliance on social learning. This is likely a direct behav-
ioural response to immediate environmental conditions [10],
but it remains possible that elevation-related differences in
social learning may be affected by selection, similar to

selection on spatial cognitive abilities, as chickadees do not
move across elevations [19,27]. Social dominance status is
also known to be associated with novel food discovery in
black-capped chickadees [51], but, unfortunately, we were
not able to measure dominance status in this experiment.
Most importantly, while adding dominance status would
have provided more refined results in relation to individual
characteristics, it is unlikely to affect our overall conclusions
associated with elevations and spatial cognition.

Overall, our study supported our predictions that reliance
on social learning is associated with environmental harshness
and unpredictability. Greater reliance on social learning in
harsher environments may be detrimental by reducing the
probability of discovering numerous and ephemeral food
sources. Variation in reversal spatial cognitive ability adds
another component associated with individual environmental
uncertainty, such that individuals with worse reversal spatial
cognitive abilities seem to benefit from more active searching
associated with the discovery of novel food sources.
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