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Environmental variability favours the evolution of learning and memory, influencing not only basic

associative learning processes but also more advanced cognitive abilities associated with cognitive
flexibility. When environmental conditions change repeatedly and predictably, the ability to learn related
patterns and anticipate future changes can be highly adaptive. We tested whether food-caching
mountain chickadees, Poecile gambeli, from different elevations could (1) successfully learn daily alter-
nating food locations in an eight-position spatial serial reversal task across multiple days and (2) use the
daily alternating rule to predict the next day's food location under natural conditions. Chickadees learned
the alternating, serial reversal task successfully but birds from high elevations with harsher, less pre-
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were capable of learning to predict which feeder would provide food the next day after switching food
locations just seven times. This behaviour suggests that chickadees recalled which feeder was rewarding
the previous day in order to anticipate the feeder that would provide a food reward on the current day.
Overall, our study suggests that food-caching chickadees are highly cognitively flexible and show per-
formance consistent with learning the reversal rule and are able to predict a learned switching pattern,
but such flexibility may be a trade-off with stronger spatial memories and higher memory load favoured
by harsher winter environmental conditions.

© 2022 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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In variable environments, learning and memory can be highly
adaptive, allowing animals to adjust their behaviour to varying
conditions based on previous experiences (Aoki & Feldman, 2014;
Dridi & Lehmann, 2016; Dunlap & Stephens, 2016; Stephens, 1991).
Learning is most effective when environments are uncertain (i.e.
environmental conditions such as precipitation, temperature and
food availability change frequently) and previous experience is
reliable (i.e. when learned information leads to the best action in
future situations; Dunlap & Stephens, 2016; Stephens, 1991). In
these environments, using associative learning to remember re-
lationships between stimuli and responses may provide an
advantage (Dunlap & Stephens, 2016). Moreover, if environmental
variation repeats nonrandomly, then individuals may be able to
learn general rules and even learn how to use these rules to predict
(or anticipate) future conditions (e.g. Murphy et al., 2008). This
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rule-learning approach may be more efficient than repeatedly
learning and relearning individual associations, as the latter may
interfere with learning new information or with retrieving previous
memories through proactive or retroactive interference
(Shettleworth, 2010; Tello-Ramos et al., 2019).

Regular environmental changes can be associated with multi-
modal cues, consisting of visual, auditory, spatial or even temporal
stimuli. Basic associative learning and memory abilities can be used
to make associations with each environmental cue, but flexibly
relearning information when conditions change may be difficult
due to proactive interference (Anderson & Neely, 1996; Jacoby et al.,
2001; Wixted, 2004). With relearned information, multiple mem-
ories may become associated with the same cue and subsequently
‘interfere’ with each other during memory recall (Bjork, 1989; Tello-
Ramos et al., 2018). The strength of proactive interference appears
related to the strength of initial memories (i.e. memory longevity
and persistence; reviewed in Tello-Ramos et al., 2019) and how
similar the cues and contexts are (Lewis et al., 2013; Rodriguez
et al., 1993). As a result, individuals that have better learning and
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memory ability often perform worse in tests designed to measure
flexibility (Bebus et al., 2016; Croston et al., 2017; Hermer et al.,
2021; Lewis & Kamil, 2006; Tello-Ramos et al., 2018). This raises
questions of how animals may solve complex tasks in natural
contexts when conditions change frequently.

The term ‘behavioural flexibility’ has been used to describe a
variety of different behaviours (Audet & Lefebvre, 2017), but,
traditionally in animal behaviour, cognitive flexibility is defined as
the ability to rapidly relearn changing associations, allowing ani-
mals to better track a changing environment or learn the reversal
rules (Badre & Wagner, 2006; Bond et al., 2007; Shettleworth, 2010;
Strang & Sherry, 2014; Tello-Ramos et al., 2019). Behavioural flex-
ibility is frequently measured in reversal associative learning tasks,
either using a single reversal (e.g. Croston et al., 2017) or serial
reversals (reviewed in Izquierdo et al., 2017). While both tasks
require an animal to learn a reversed contingency, repeatedly
reversing the same contingencies during the serial task may
introduce different cognitive processes associated with flexibility. A
single reversal task requires an individual to inhibit the recall of
previously learned associations to associate new information with
familiar cues during the reversal (Harlow, 1949; Strang & Sherry,
2014; Tello-Ramos et al.,, 2019). As there is only one reversed as-
sociation, individuals can forget the first association to learn the
second one. But this strategy poses a challenge for solving a serial
reversal task because after the second reversal, animals need to
relearn the first association, despite already learning to completely
inhibit that association during the first reversal. Instead, to effi-
ciently solve serial reversal tasks, an animal must learn to retain
previous memories of both associations and learn the ‘switching’ or
‘reversal rule’ (Izquierdo et al., 2017).

Learning an abstract rule may integrate different parts of the
brain and involve different cognitive processes than basic associa-
tive learning, such as executive functioning (Lai et al., 1995). Ani-
mals must first inhibit memories of previously learned associations
(e.g. unlearning them) and then learn new associations (e.g. Lai
et al,, 1995). Therefore, one way to measure performance in a se-
rial reversal task is to estimate how well animals learn and
remember the reversal locations following each reversal, measured
by the number of total errors before making a correct choice (e.g.
Croston et al., 2017). Such errors made within a reversal learning
context reflect the ability to switch between multiple memories
without inhibition, potentially providing major advantages to in-
dividuals in variable and predictable environments.

Many changing environmental conditions occur across days,
but it is still unclear to what extent animals can use time as a cue
in associations or can incorporate time into learning to learn the
predictable changes. Although it might be highly adaptive in
variable environments to learn and use a rule to predict condi-
tions across days or weeks, the ‘stuck in time’ hypothesis sug-
gests that animals can only respond to stimuli in the present
moment and cannot recall specific moments in the past to
anticipate future events (Roberts, 2002; Tulving, 1985). Animals
are well known to associate a stimulus or reward with internal
cues generated by circadian rhythms, referred to as an in-
dividual's ‘biological clock’ (Mistlberger, 2009; Roberts & Feeney,
2009; Suddendorf & Corbalis, 2007). Animals can also anticipate
daily rewards (e.g. Biebach et al., 1989), track short time intervals
(e.g. Pavlov, 1927; reviewed in Shettleworth, 2010) and
remember sequences of events after significant reinforcement
(Devine et al., 1979; Roberts, 2002; Shimp, 1976; Shimp & Moffitt,
1974). But less clear are the mechanisms that may underlie the
ability to learn to predict changes that occur across multiple
days. Without this ability, the benefits of learning a rule may be
limited to rules that can be associated with circadian rhythms
(i.e. within a ca. 24 h period).

In this study, we designed an experiment to test whether wild
food-caching mountain chickadees, Poecile gambeli, from two en-
vironments differing in environmental harshness and predictability
(Croston et al., 2016, 2017; Heinen, Pitera, Sonnenberg, Benedict,
Branch et al., 2021; Heinen, Pitera, Sonnenberg, Benedict, Bridge
et al., 2021; Pitera et al., 2018; Tello-Ramos et al., 2018) can (1)
learn the reversal rule in an eight-position spatial serial reversal
learning task with daily location reversals in the wild and (2) learn
to predict daily changes in the location of a food reward based on
previous experience during the task. Both processes, learning the
rules associated with repeated daily changes in a serial reversal task
and learning to predict future events, are usually considered
‘higher-level’ cognitive processes, as they involve learning abstract
strategies and rules that relate to learned associations
(Shettleworth, 2010).

We conducted an eight-position spatial serial reversal task by
alternating a rewarding food location each day between one of two
locations in an eight-feeder spatial array (using 4 previously
established feeder arrays; Fig. 1). This experimental set-up differed
from classic serial reversal tasks in two key ways. First, instead of
reversing the feeder locations after a learning criterion or fixed
number of trials, rewarding feeder locations were switched every
night, so every morning a different feeder provided food until the
end of the day. This design allowed us to explore whether in-
dividuals could associate the switching rule with a daily change;
birds were unlikely to be able to use circadian rhythms to solve this
task because food was available at the same time every day (during
daylight hours) but at a different location every other day. This
design also allowed birds to continue to learn beyond a set learning
criterion, but we could still assess performance at the end of each
day to confirm that all birds both fully learned the new location and
stopped visiting the previous location. Birds could forage ad libi-
tum, and daily visits were grouped into ‘trials’. A trial began when a
bird visited a feeder at an array and ended when that bird found the
food reward (after which chickadees typically left the array to eat or
cache that seed individually; Table 1).

The other key difference between our task and a binary choice
experiment was that our task presented eight equally likely loca-
tions for a food reward. This allowed us to measure ‘total location

()
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Figure 1. Example experimental set-up using a feeder array. Eight feeders (grey
squares) were arranged on a square frame. For each bird, the rewarding feeder
switched each day between two of the eight possible feeders (for example, feeder A
and feeder D). Based on Croston et al. (2016). Individuals were not all assigned to the
same feeders.
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Table 1

Term definitions
Term Definition
Trial Starts when a bird visits a feeder at an array; ends when the bird visits the correct rewarding feeder
Reversal When the rewarding feeder switches locations every day

Reversal feeder
Location errors
(only one possible per trial)
Reversal errors
Neutral errors
Performance
Single reversal
ability
Reversal rule

reversal task

An incorrect visit to the reversal feeder; maximum of one per trial

The number of feeders visited that never provided a food reward during the reversal task; maximum of six per trial

Generic term to describe the number of errors in a given context, e.g. location errors. Better performance describes fewer errors

Performance on the 5-day single reversal task before the first spatial serial reversal (Serial R1), used to assess cognitive flexibility before the serial

The feeder that provided a food reward during the previous reversal but is no longer rewarding during the current reversal
The number of feeders visited that did not provide a food reward (maximum of 7) per trial. The sum of neutral errors per trial and the reversal error

The ‘win-stay lose-shift’ strategy: individuals learn that if food is not present in location A, they must shift to location D. Learning this rule perfectly

should be reflected in ‘one-trial, one-error’ learning, in which individuals make one reversal error and no neutral errors in a given trial
Ability to predict Individuals learn that the reversal rule is associated with changing days, and they make no errors in the first trial each day, going directly to the correct

feeder

errors’, or the number of nonrewarding feeders that were visited
per trial (maximum of 7 total location errors per trial, out of 8
possible feeder locations; Table 1). Of these total location errors per
trial, we could further differentiate whether birds made a ‘reversal
error’ to the previously rewarding feeder during the previous day's
reversal (maximum of 1 reversal error per trial; Strang & Sherry,
2014; Stanton et al., 2021) or a ‘neutral error’ to another feeder
that did not provide a food reward during either reversal
(maximum of 6 neutral errors per trial; see Seu et al., 2009 for a
similar four-position single spatial reversal experiment in rats).
This design differs from a binary choice reversal task, in which all
errors are reversal errors by default, which specifically character-
izes an individual's persistence in visiting the reversal location (one
way to assess behavioural flexibility, reviewed in Izquierdo et al.,
2017). But by differentiating between reversal and neutral errors,
we could assess how birds learned the new, reversal association
while simultaneously assessing whether birds remembered and
relied on memories of the previous reversal location.

Neutral errors in a reversal learning context could provide in-
formation about imperfect learning and whether birds use a ‘win-
stay, lose-shift’ strategy, or reversal rule, to solve the task. If birds
are using this strategy (discussed in Strang & Sherry, 2014 using a
binary choice task), then they should only make a single reversal
error and no neutral errors during the first trial after each reversal,
suggesting that an individual first makes an error to the previously
rewarding choice and then immediately switches to the correct
choice. When learning a serial reversal task, birds should demon-
strate a continuum of learning from full inhibition of memories (i.e.
unlearning the previous association) at the beginning of the serial
reversal to perfect performance using a ‘win-stay, lose-shift’ strat-
egy towards the end of the task, by fully retaining both memories of
rewarded locations. Inhibition of previous memories associated
with previous locations being unrewarded can be expected to
result in a random search after each reversal, leading to neutral
errors immediately following each reversal as an individual
searches for the location that was rewarding 2 days prior. In
contrast, completely uninhibited memories of both locations
should be associated only with a single reversal error and no
neutral errors, consistent with using the reversal rule. Between
these two extremes, animals should go through intermediate
stages of incomplete inhibition leading to imperfect memories,
associated with moderate neutral errors after each reversal.
Accordingly, neutral errors immediately after each reversal
measured during the first trial should decrease throughout the
task.

While binary choice tasks and other studies rely on reversal
errors to measure cognitive flexibility (reviewed in Izquierdo et al.,
2017), using neutral errors in addition to reversal errors provides

additional detail to understand the resulting effect on learning and
performance. Plus, in multiple-choice spatial learning tasks, each
spatial location is unique and thus only one reversal error can be
made per trial. In this case, using neutral errors provides greater
detail to understand whether results are consistent with the effects
of proactive interference and the influence of higher-level cognitive
processes involving several brain regions including the hippo-
campus (e.g. Seu et al., 2009). Although this method does not
differentiate between these mechanisms, it should capture the end
result through variation in reversal learning. Ultimately, cognitive
flexibility reflects how well and how quickly an animal learns the
serial reversal task given all available choices, and thus measuring
performance in a spatial serial reversal task using all potential er-
rors provides the most ecologically relevant measure of flexibility.

We hypothesized that this task involves three types of learning
in the following progression (1) learning the two reversing feeder
locations (i.e. forming associations using spatial learning and
memory) and maintaining memories for both locations despite one
of them being unrewarded for a long period (full day); (2) learning
the reversal rule associated with serial reversal (i.e. learning to
switch between two rewarding feeders out of eight feeders using
cognitive flexibility within a spatial context without making any
neutral errors); and (3) learning to predict the next day's rewarding
feeder location (i.e. learning to associate the serial reversal rule
with time (i.e. days), so that individuals visit the new, correct
location without first checking the previously rewarded location).
We use the term ‘performance’ to describe the number of total
location errors including both reversal and neutral errors birds
made in different contexts. Good performance is reflected by a
faster reduction in the number of location errors throughout the
serial reversal task (i.e. days of the task). Optimal serial reversal
performance is associated with a single reversal error on the first
trial after each reversal, when an individual first visits the previ-
ously rewarded feeder and then immediately goes to the correct
feeder that was rewarding 2 days prior without making any neutral
errors. This behaviour could be associated with learning the
reversal rule based on flexible memories.

We assessed (1) through performance on a spatial learning and
memory task and a single reversal task before the serial reversal
experiment began. We assessed (2) based on the number of loca-
tion errors (both reversal and neutral) birds made during the first
trial of each day, as each bird's first visit of the day should reveal
where a bird expects to find food and does not represent relearning
of the new location. Birds that perfectly learned the reversal rule
could be expected to make only one error (reversal error) during
each reversal or feeder switch (Strang & Sherry, 2014); they should
go first to the previous day's rewarding feeder (i.e. the reversal
feeder) but then immediately switch to the correct new location
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without making additional neutral errors. We additionally assessed
reversal learning by testing for a reduction in the total number of
reversal errors over the first 20 trials across the serial reversal task.
Such a reduction is indicative of decreased persistence in making
reversal errors throughout the task. We assessed (3) using the first
trial of each day: if birds learned to predict the next feeder in the
reversal sequence across days, they should go to the correct feeder
without visiting the reversal feeder during the first visit of each day.
If birds learned to predict the next location based on the reversal
rule, then they should make no reversal errors, indicating that they
go directly to the correct rewarding feeder during the first trial of
each day. It is possible that performance measured by neutral errors
is confounded by basic spatial learning and memory ability, so we
additionally measured performance using only neutral errors
without reversal errors. In addition, we directly tested whether
spatial learning ability may indeed affect performance in our
reversal task when measured either by all errors or just by neutral
errors. We included individual performance on a spatial learning
and memory task (which we have previously demonstrated to
reflect learning ability; Branch et al., 2022; Sonnenberg et al., 2019)
in all analyses.

We conducted this serial reversal task with wild mountain
chickadees in their natural environment across two montane ele-
vations with substantial differences in winter conditions. Winter
conditions at higher elevations (ca. 2400 m) are consistently
harsher (i.e. lower ambient temperatures, longer duration of snow
cover) and less predictable (i.e. more frequent and unpredictable
snowfall and more severe winter storms, causing unpredictable
interruptions in food availability) compared to lower (ca. 1900 m)
elevations (Heinen, Pitera, Sonnenberg, Benedict, Bridge et al.,
2021; Kozlovsky et al., 2018; Pitera et al., 2018). Differences in
daily foraging routines between low and high elevations during the
winter were also consistent specifically with differences in envi-
ronmental predictability (Pitera et al., 2018). If learning a rule is
beneficial in more predictable environments, then we would expect
birds from the milder, more predictable environment at low
elevation to learn the alternating pattern better than birds from the
harsher, less predictable environment at high elevation. Our pre-
dictions are based primarily on the possible advantage of learning a
rule in predictable environments; however, there is also a differ-
ence in harshness across these elevations. We have previously
found significant cognitive, morphological and behavioural differ-
ences between birds from each of these environments (Croston
et al., 2016, 2017; Freas et al., 2012; Heinen, Pitera, Sonnenberg,
Benedict, Bridge et al., 2021; Pitera et al., 2018; Tello-Ramos et al.,
2018) and have found selection on spatial learning and memory
at the high elevation (Sonnenberg et al., 2019). Because there is
stronger selection on food-caching propensity and spatial learning
and memory ability at higher elevations compared to lower ele-
vations, we predicted that stronger proactive interference associ-
ated with stronger memories and higher memory load due to more
food caching would negatively affect high-elevation birds' flexi-
bility, reflected in their performance in learning a serial reversal
task (Tello-Ramos et al., 2019). Similarly, we predicted that older
birds would learn the reversal rule better than younger birds, ac-
cording to previous work documenting differences in cognitive
flexibility between these groups (Tello-Ramos et al., 2018).

METHODS
Study System
The study was conducted in winter 2020—2021 at Sagehen

Experimental Forest in the Sierra Nevada (Sagehen Creek Field
Station, University of California Berkeley, located 10 km north of

Truckee, CA, U.S.A.) as part of our long-term mountain chickadee
study (Croston et al., 2016, 2017; Freas et al., 2012; Kozlovsky et al.,
2018; Tello-Ramos et al., 2018). During annual banding efforts
(2014—2021), we trapped birds at nestboxes or feeders using mist
nets and banded them with unique colour bands and a passive
integrated transponder (PIT) tag with a unique alphanumeric ID (1B
Technology, Leicestershire, U.K.). Age at initial capture was deter-
mined as ‘juvenile’ (less than 1 year of age) or ‘adult’ (at least 1 year
or older) by using multiple plumage characteristics (Meigs et al.,
1983; Pyle, 1997), breeding status and nestling banding records if
available. Age in years was determined, when possible, from pre-
vious banding records (2013—2021).

Experimental Apparatus

Cognitive tasks in this study were conducted using spatial arrays
of ‘smart’ feeders, established at the study system in 2014 and used
annually for cognitive testing (Croston et al., 2016, 2017). Each of
four arrays (two per elevation, ca. 1.2 km apart) consisted of eight
feeders mounted equidistantly to a 122 x 122 cm aluminium frame
and raised 3 m above the ground. Each feeder was equipped with
radiofrequency identification (RFID) technology to detect PIT-
tagged individuals and control access to food within the feeder
via a mechanical door (Bridge & Bonter, 2011). The feeders could be
set to three different ‘modes’: (1) ‘open’ mode, when the feeder
doors were always open and food inside was clearly visible; (2) ‘all’
mode, when doors were closed until any PIT-tagged chickadee
landed on the perch, triggering the door to open; (3) ‘target’ mode,
when doors were closed and were programmed to only open for
certain PIT-tagged birds. ‘Target’ mode was used during cognitive
tests so that birds could be individually ‘assigned’ to a single
rewarding feeder at one array. ‘Open’ and ‘all’ modes were used to
habituate birds to the feeders. In all three modes, every visit by a
PIT-tagged bird was recorded, whether or not the bird obtained a
food reward.

Assessing Spatial Learning and Memory and Cognitive Flexibility

Before conducting the serial reversal experiment, birds were
habituated to the feeders during ‘open’ and ‘all’ mode (20
November 2020—13 January 2021). To assess spatial learning and
memory ability, birds were restricted to only one rewarding feeder
in an array (‘feeder A’) for 5 days (‘target’ mode, 13—17 January
2021). Birds were assigned to a rewarding feeder pseudorandomly
so that no individual was assigned to their most visited feeder
during ‘open’ or ‘all’ mode and the new feeder was always on a
different side of the square array. In a single spatial reversal task,
birds were reassigned to a different rewarding feeder (‘feeder D’) on
a different side of the same square array for 5 days (‘target’ mode,
17—20 January 2021). We use letters ‘A’ and ‘D’ to indicate that
assigned feeders within a task were not adjacent, but the assigned
feeder locations were not the same for every bird. Groups of birds
previously assigned to the same feeder were reassigned to separate
feeders to minimize social learning (Tello-Ramos et al., 2018).

Chickadees forage for single seeds, leaving the array to consume
or cache the seed, so each visit to the rewarding feeder yields one
food item. A ‘trial’ began when a bird first visited a feeder at an
array and ended when it received a food reward; all feeder loca-
tions visited before finding the food reward were ‘location errors’
(Table 1). We used the mean number of location errors per trial in
the first 20 trials as a metric of spatial learning and memory ability
in the first task and of reversal learning ability in the second task
(following our previous work: Croston et al., 2017; Heinen, Pitera,
Sonnenberg, Benedict, Branch et al, 2021; Heinen, Pitera,
Sonnenberg, Benedict, Bridge et al., 2021; Heinen, Benedict et al.,
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2021; Sonnenberg et al., 2019; Tello-Ramos et al., 2018). Our pre-
vious work showed that mean performance over the first 20 trials
provides an ecologically relevant measure associated with differ-
ences in fitness.

Spatial Serial Reversal Tasks

We tested chickadee performance in two separate spatial serial
reversal tasks in which the rewarding feeder alternated every day
between two locations, switching at night when feeders were
inactive so that each new day was another reversal. The first spatial
serial reversal (Serial R1) immediately followed the spatial learning
and memory and single reversal tasks and used the same feeder
assignments assigned to individuals in the previous tasks (e.g.
feeders A and D, 20—26 January 2021; Fig. 2). The second spatial
serial reversal (Serial R2) started 16 days after the end of Serial R1
and used new feeder assignments for all birds (e.g. feeders E and H,
10—26 February 2021; Fig. 2). Feeders ‘E’ and ‘H’ were not adjacent
to each other or to Serial R1 assignments.

We initially intended to conduct only one spatial serial reversal
task over a longer interval to allow for more reversals and more
time to detect significant trends. However, Serial R1 was inter-
rupted by an unexpected snowstorm that compelled us to alter the
operation of the feeders for the safety of the birds (Fig. 2). During
the storm, feeders were set to the ‘open’ door mode. After the
storm, feeders were reset to ‘all’ mode (5—10 February 2021, at low
elevation; 8—10 February 2021, at high elevation) and then set to
‘target’ mode to start Serial R2.

The snowstorm interruption allowed us to design Serial R2 to
test specifically whether experience with the two alternating lo-
cations affected serial reversal performance. During Serial R2, we
reassigned each bird to new feeder locations (feeder E and H) to
provide all birds with two new feeders to learn regardless of
participation in the previous spatial serial reversal task. Thus, we
were able to compare performance of (1) the same birds during
Serial R1 and R2 and (2) between birds with and without previous
experience in Serial R1. Furthermore, we did not repeat the spatial
learning and memory task and single reversal task with the new
feeder assignments. Instead, we started to alternate daily feeder
assignments immediately, so that birds only had 1 day to learn each
new feeder assignment before the second serial reversal task began
(instead of 5 days, as in the previous cognitive tasks). This allowed

us to assess the possible effect of giving birds less experience with
the two feeder locations before beginning the serial reversal. Serial
R2 then proceeded exactly the same as Serial R1 for the serial
reversal but with more reversals (15 days).

Data were only included for each serial reversal if a bird
participated in at least seven consecutive days of the task with at
least 20 trials per day (see Appendix, Table A1, Fig. A1). Consecutive
days were essential, because if a bird missed a day, it would miss an
entire reversal and would experience a different feeder sequence
compared to the other birds (e.g. instead of learning ‘ADADADA’,
the bird that missed day 3 of Serial R1 might experience ‘ADDADA").
We used a minimum of 7 days for both serial reversal tasks because
Serial R1 only lasted 7 days. We used a minimum of 20 trials,
following our previous work (Croston et al., 2017; Heinen, Pitera,
Sonnenberg, Benedict, Branch et al, 2021; Heinen, Pitera,
Sonnenberg, Benedict, Bridge et al., 2021; Heinen, Benedict et al.,
2021; Sonnenberg et al., 2019; Tello-Ramos et al., 2018), as the
mean performance during the first 20 trials represents a mean-
ingful measure associated with fitness (Sonnenberg et al., 2019).
Using 20 trials per day also ensures individuals had minimum
sufficient participation to learn the daily feeder location, since we
did not use a learning criterion.

Assessing Serial Reversal Performance

In our system, a bird could make a maximum of seven location
errors per trial, of which only one could be a reversal error and six
could be neutral errors (Table 1). In general, when a bird visits any
nonrewarding feeder (making either a reversal or neutral error)
and does not find food there, it will visit other feeders until it finds
the correct location and receives food. Thus, each bird receives one
reward in every trial and leaves the feeder array until it begins
another trial.

We expected the birds' behaviour to differ between the first
reversal and subsequent reversals. After the first location switch
(e.g. in the single reversal task), a bird should simultaneously learn
the new association and inhibit its previously learned association.
As it learns, it should be less likely to make a reversal error in each
subsequent trial. But when a bird experiences multiple reversals
(e.g. in the serial reversal task), it should learn not to inhibit the
previously learned association because both associations are
necessary to learn the reversal rule. This learning process should be

Feeder A Feeder D Feeder ADADA... *
13-26 Learning & Single .
Jan 2021 memory reversal serial reversal 1
5 days 5 days 7 days
Feeder E Feeder H Feeder EHEHEH...
10-26 .
Feb 2021 Serial reversal 2

1day 1day

15 days

Figure 2. Timeline of experiments. During 13—26 January 2021, three cognitive tasks were conducted: (1) 5-day learning and memory task with birds assigned to feeder A; (2) 5-
day single reversal task with birds assigned to feeder D; (3) 7-day serial reversal 1 task with feeder assignments alternating daily, ‘ADADA...". Experiments stopped during a
snowstorm. During 10—26 February 2021, birds were given (1) 1 day to learn feeder E, (2) 1 day to learn feeder H and (3) a 15-day serial reversal task 2 with feeder assignments

alternating daily, ‘EHEHE...".
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reflected in performance across reversals, during the first trial after
each reversal. In our serial reversal task, if the bird has ‘unlearned’
the previous association, it should treat the previous reversal
location the same as the other nonrewarding feeders, making many
errors as it searches for the correct feeder. As the bird learns not to
inhibit the previous association, the bird should make fewer
neutral errors during the first trial per day but may still make a
reversal error, suggesting the bird can recall the location of both
feeders. A bird is considered to have fully learned the serial reversal
rule when it only makes one reversal error and makes no neutral
errors in the first trial: the bird should visit the reversal feeder first,
then consecutively visit the correct rewarding feeder (e.g. Strang &
Sherry, 2014).

Metrics for Learning to Reverse

Location errors in trials 1—5 to measure performance

For both serial reversal tasks, we analysed the number of loca-
tion errors each bird made per trial in the first five trials per day. We
analysed the first trial separately from trials 2—5 per day because
the first trial was entirely based on what birds learned prior to the
current reversal. It provides specific information about where the
birds expected to find food based on their previous experience
when they visited the array for the first time following the night
after each reversal (i.e. after being rewarded at a different feeder
during the previous day). Performance in trial 1 per day does not
represent relearning of the new location during that day. In
contrast, during trials 2—5 per day, birds have already found the
rewarding feeder during the first trial and thus could use that
experience to find the correct feeder. We assessed trials 2—5 per
day to test for consistency in performance following trial 1, and we
expected to see evidence of learning across these trials because
previous work has found variation in learning within five trials of
similar cognitive tasks (Croston et al., 2017). Hereafter, we always
refer to the trials ‘per day’ but may refer to these simply as ‘trial 1’
or ‘trials 2—5".

Total location errors in the last five trials to assess daily learning

We also analysed the sum of location errors in the last five trials
per day to assess whether individuals learned the association for
that particular day. We used the sum of location errors in the sta-
tistical analyses instead of errors per trial to avoid complexities in
fitting zero-inflated models, as we expected most trials towards the
end of each day to have zero location errors. Performance at the end
of each day was important to assess because we did not reverse
associations based on individuals reaching a learning criterion, as is
more common in the serial reversal literature. If a bird did not learn
the feeder location by the end of a given day, we expected it to
make more errors than expected by chance (i.e. more than 4.5 er-
rors per trial, or more than 22.5 errors summed across five trials;
Tille et al., 1996; assessed using one-sample Wilcoxon signed-rank
tests). All birds in our study performed much better than expected
by chance and, moreover, showed performance similar what is
commonly used as a learning criterion.

We also used the sum of total location errors in the last five trials
per day to explore whether birds demonstrated ‘anticipatory er-
rors’, in which individuals make more errors just before the reversal
switch. Anticipatory errors have been documented in single
‘within-session reversal’ tasks (i.e. when the reversal occurs once
after a fixed number of trials; Rayburn-Reeves et al., 2011; Stagner
et al.,, 2013). In our study, these errors might suggest birds use
timing or counting to switch associations instead of local cues
associated with the change in day, and we might see these errors
increase throughout the serial reversal task despite improved
performance in the first five trials per day.

Proportion of birds with perfect reversal performance

In addition, we analysed the proportion of birds that reached
perfect serial reversal learning performance (i.e. only making a
single error in trial 1, which is a reversal error) out of all the birds
that participated each day and how this proportion changed
throughout the task.

Metric for Learning to Predict

To assess whether birds learned to predict which feeder would
provide food the next day, we tested whether or not birds made a
reversal error in trial 1 per day (e.g. Rayburn-Reeves et al., 2011).Ifa
bird learned to predict the alternating locations of the rewarding
feeders, it should not make a reversal error in trial 1, instead going
directly to the new rewarding feeder. Thus, the probability that a
bird makes a reversal error in trial 1 should decrease across re-
versals (i.e. days) as the bird learns to predict the next feeder. This
should coincide with an overall reduction in the number of location
errors in trial 1 each day.

Metrics for Assessing Proactive Interference

Previous reversal trials

To assess the potential association between proactive interfer-
ence and learning the serial reversal task, we used the total number
of trials completed during the previous reversal (‘previous reversal
trials’) to estimate total experience and potential learning of the
reversal feeder location. If proactive interference negatively affects
performance in the serial reversal, we expected birds that
completed more previous reversal trials (and thus that formed
stronger associations with the reversal feeder) would make more
location errors. Stronger associations with a location should lead to
more inhibition of previous memories and hence more neutral
errors would be expected.

Sum of reversal errors in the first 20 trials

We also analysed the sum of reversal errors made in the first 20
trials per day (maximum 20 reversal errors; maximum of one per
trial) to assess ‘reversal’ persistence, when a bird continued to visit
the feeder that was rewarded during the previous day even after it
located the new rewarding feeder in trial 1. As birds learn the
reversal rule and learn to overcome proactive interference, we
should see a reduction in the number of reversal errors across the
serial reversal task. If birds at high elevation have more proactive
interference than birds at low elevation, we would expect low-
elevation birds to reduce the number of reversal errors faster
(Croston et al., 2017). For birds that participated in both serial
reversal tasks, we also analysed the number of reversal errors made
in Serial R2 to previously rewarding feeders from Serial R1.

Comparing performance between serial reversal tasks

We compared performance (location errors in trial 1) between
the two serial reversal tasks by (1) comparing birds that partici-
pated in both tasks to birds that participated in only one task and
(2) comparing performance between tasks within birds that
participated in both Serial R1 and R2.

Statistical Analyses

Data from Serial R1 and R2 were analysed separately due to the
different experimental procedures (i.e. the amount of time to learn
the two rewarding feeder locations) and possible effects from
conducting experiments sequentially. We primarily used linear
regression models fitted using R version 4.1.0 (R Core Team, 2018).
Before and during model fitting, we checked all assumptions of
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linear models, using the R package ‘DHARMa’ (Hartig, 2020) to
check Q—Q plots, residual by predicted value plots and goodness-
of-fit tests. Generalized linear mixed-effects models (GLMM)
were fitted for daily data that contained repeated measures (in-
dividuals repeated each day). The conclusions of Nakagawa and
Cuthill (2007) and Schielzeth et al. (2020) were considered dur-
ing model fitting and reporting.

Learning the locations

The two rewarding feeder locations used for Serial R1 were the
same as those learned by birds during the 5-day spatial learning
and memory task and the 5-day single reversal task (Fig. 2). The
mean number of location errors per trial over the first 20 trials of
each task (not per day) were used to assess performance on each
task. These metrics were used as predictor variables to assess
learning and memory ability and single reversal ability, respec-
tively, in serial reversal analyses. Separate models were fitted for
each cognitive ability to avoid possible covariance, due to the
hypothesized trade-off between spatial learning and memory and
cognitive flexibility (Tello-Ramos et al., 2018, 2019). The two new
locations for Serial R2 were introduced 2 days before the start of
Serial R2 (Fig. 2), were available for 1 day each and were also
evaluated using the mean number of location errors in the first 20
trials. However, we did not use these measures as predictor vari-
ables in our models, as these locations were the third and fourth
learned locations for birds that had already participated in Serial
R1.

For all four feeder locations, we used linear regressions to
evaluate how mean performance varied across elevations (high and
low) and age groups (juvenile and adult). We used one-sample
Wilcoxon signed-rank tests to compare the mean performance for
each learned location to chance level (given eight choices, random
expectation is 4.5 errors; Tille et al., 1996).

Learning to reverse

We fitted four Poisson generalized linear mixed-effects models
(GLMM) with the number of location errors per bird per day (1) in
trial 1, (2) trials 2—5, (3) the sum of the last five trials and (4) in
trials 2—5 before making a reversal error. All models included a
random intercept of individual bird ID to adjust for repeated
measures. All models included the same predictor variables: day of
the experiment (i.e. reversal number), elevation (high or low),
cognitive task performance (either spatial learning and memory
ability from the first 5-day task or single reversal performance from
the second 5-day task; Fig. 2), either age class (juvenile or adult) or
age in years (0—8 years old) and interaction effects of day = elevation
and cognitive performance =elevation. We also included the num-
ber of previous reversal trials to assess the effect of total experience
from the previous reversal, which should be indicative of the
strength of the reversal association; more trials can be expected to
result in stronger associations. We first fitted models containing all
predictor variables and dropped nonsignificant interactions and
variables from reported analyses (except for the main day*eleva-
tion interaction, which was always included). Numeric variables
were centred and scaled, and the previous reversal trials were log-
transformed. Models using data from trials 2—5 also included trial
number as a categorical variable to compare performance between
trials. We did not include trial number as a numeric variable
because we did not expect a linear relationship between perfor-
mance (i.e. learning) and trial number. Models using data from the
last five trials per day used the total number of trials completed that
day, instead of previous reversal trials, to control for total learning
during that reversal. Models using the number of neutral errors
made before making a reversal error during trials 2—5 excluded
trials in which birds did not make a reversal error at all.

To assess previous reversal trials in Serial R1, data from the first
reversal (day 1) had to be excluded because there were no data
from a previous reversal. To assess whether this exclusion biased
the data, the models were also fitted using all 7 days of data from
Serial R1 without previous reversal trials (Appendix, Table A2).
There was no difference in the main results.

We also fitted a Gaussian GLMM using the proportion of birds
each day that made exactly one reversal error in trial 1, with no
neutral errors. The model included a fixed effect of day, elevation
and a day=elevation interaction. The model was weighted by the
number of total birds per day.

Learning to predict

We created a binary categorical response variable indicating
whether or not a bird made a reversal error in trial 1 per day. We
fitted logistic GLMMs using a logit link with a random intercept of
individual and fixed effects of day, elevation, age, cognitive ability
and the number of previous reversal trials. Learning to predict
which feeder would be rewarding each day should be associated
with a significantly lower chance of visiting the reversal feeder in
trial 1 across the serial reversal task.

Possible effects of proactive interference

In addition to analysing the effect of the number of previous
reversal trials, we also used GLMMs to compare performance be-
tween birds without experience in Serial R1 with birds that
participated in both Serial R1 and R2, to assess performance be-
tween the two serial reversal tasks and to test for elevational dif-
ferences in the sum of reversal errors for the first 20 trials across the
serial reversal task.

To compare performance of birds that participated in both serial
reversal tasks with those that only participated in Serial R2, we
fitted a Poisson GLMM model using the number of location errors
from trial 1 per day of Serial R2. The model included a random
intercept of individual and fixed effects of Serial R1 participation
status (categorical), day, elevation, previous reversal trials and in-
teractions of day=elevation and participation =elevation.

To explore differences in performance between the two serial
reversal tasks within the same birds, we fitted a Poisson GLMM
model using the number of location errors made in trial 1 per day of
Serial R1 and R2 using only birds that completed both tasks. The
model included a random intercept of individual and fixed effects of
day, elevation, previous reversal trials, task (Serial R1 or R2) and
interactions of day=elevation and task*elevation.

To assess the sum of reversal errors in the first 20 trials per day
of Serial R1 and R2, we fitted three GLMM models with a random
intercept of individual and fixed effects of day, elevation, number of
previous reversal trials and an interaction of day*elevation. One
model used reversal errors made in Serial R1, one model used
reversal errors made in Serial R2, and the third model used errors
made in Serial R2 to the feeders assigned during Serial R1. We thus
limited the Serial R2 data set to birds that participated in both serial
reversal tasks.

Statistical software

All models were fitted using ‘lme4’ package (Bates et al., 2015) in
R version 4.1.0 (R Core Team, 2018) and evaluated using Wald chi-
square, and P values were calculated from ANOVA tests using the
‘car’ package. Tukey adjusted post hoc pairwise comparisons were
calculated using ‘emmeans’ (Lenth, 2020). Residuals were analysed
using ‘DHARMa’ (Hartig, 2020), and modified R® values were
calculated according to Nakagawa and Schielzeth (2013) using the
‘performance’ package (Ludecke et al., 2020). Seven optimizers
were evaluated using ‘allFit’ from the ‘lme4’ package for each model
before selecting the ‘bobyqa’ optimizer from the ‘lme4’ package.
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The number of trials completed on either the previous day or the
current day was log-transformed due to a strong right skew.
Numeric variables were centred and scaled. Figures were created
using ‘ggplot2’ (Wickham, 2016), ‘ggeffects’ (Ludecke, 2018) and
‘raincloud’ plots (Allen et al., 2021).

Ethical Note

To the best of our knowledge, no birds were harmed by the
collection of these data and birds were only handled for a few
minutes during banding. To band adult and juvenile birds, we
placed up to three plastic colour bands around the birds’ legs in a
process that took no more than 30s. One of these colour bands
contained a PIT tag. If the bird had been previously banded with a
metal numeric band issued by the U.S. Geological Survey Bird
Banding Laboratory, only two colour bands were added and the
colour band containing the PIT tag was placed on the opposite leg
as the metal band. We detected no negative effects of using PIT tags
and colour bands during our study. After bands were attached,
birds were visually inspected for age and sex and were measured
for wing length using flattened wing length. Total handling time
was only a few minutes and birds were released immediately. To
reduce stress during handling, banding efforts were not conducted
during adverse conditions (i.e. wind, precipitation), birds were
banded as soon as possible after capture and total handling time
was minimized further during cold temperatures (ca. <5 °C). The
study was approved by the University of Nevada Reno Institutional
Animal Care and Use Committee (Protocol numbers 00818, 00046
and 00603) and was in accordance with California Department of
Fish and Wildlife Permit D-0011776516-4. For banding efforts, we
followed U.S. Federal Bird Banding Permit 22878.

RESULTS

We first present results for Serial R1, then for Serial R2, and
finally compare both serial reversal tasks to assess evidence for
proactive interference. We present results organized by predictions
for each serial reversal task: learning the locations, learning to
reverse and learning to predict. Age was not a significant predictor
in any GLMM and was removed from reported results (Appendix,
Tables A3, A5).

Serial R1: Learning the Locations

In the 5-day spatial learning and memory task, birds performed
better than chance (one-sample Wilcoxon signed-rank tests: V =0,
P < 0.001; mu=4.5 location errors per trial), making an aver-
age + SE of 1.07 + 0.38 mean location errors per trial in the first 20
trials. Performance did not vary significantly between elevations or
age groups (linear regression: elevation: Fi171 = 0.93, P = 0.34; age:
Fi171 =2.77, P=0.10; Rgdj =0.01; N=97).

In the 5-day single reversal task, birds performed better than
chance (one-sample Wilcoxon signed-rank tests: V=0, P < 0.001;
mu = 4.5 location errors per trial), making an average + SE of
0.50 + 0.24 mean location errors per trial in the first 20 trials. Single
reversal performance also did not vary significantly between ele-
vations or age groups (linear regression: elevation: Fj171 = 2.56,
P=0.11; age: F1171 =0.01, P=0.91; Rgdj =0.004; N =97).

Serial R1: Learning to Reverse

Serial R1, trial 1

During Serial R1, chickadees improved their trial 1 performance,
making fewer location errors in trial 1 each subsequent day of the
task. Birds at low elevation improved significantly faster than birds

at high elevation (N = 97; Table 2, Fig. 3a). There was no significant
effect of the number of previous reversal trials or spatial learning
and memory ability on trial 1 performance, but birds with better
single reversal ability performed significantly better in trial 1
throughout Serial R1 (Table 2).

There were significant interactions between elevation and day
and elevation and single reversal ability (Table 2, Appendix,
Fig. A2). Post hoc GLMM analyses indicated that the main effects
in the model were driven by birds at low elevation: birds' perfor-
mance in trial 1 improved significantly with days and birds with
better single reversal ability also performed better in trial 1 (Pois-
son GLMM for low elevation: day: estimate = —0.18, X% =15.82,
P<0.001, N=46; single reversal ability: estimate=0.30,
x4 =30.96, P<0.001; number of trials previous day: x3 = 0.38,
P=0.54, R%c=027, R*m=019; N=46). In contrast, at high
elevation, there was no significant effect of day or single reversal
ability on performance in trial 1 (Poisson GLMM for high elevation:
day: x2 = 0.45, P = 0.50; single reversal ability: x3 = 0.61, P = 0.44;
number of trials previous day: X% =0.73, P=0.39; R?c=0.13,
R’m =0.01; N = 51).

Birds at both elevations overall performed better than chance in
trial 1, on average making only a few location errors by the last day
of Serial R1 (mean + SE location errors in trial 1 on day 7 at low
elevation: 1.33 + 1.32; one-sample Wilcoxon signed-rank test:
V =577.5,N =46, P<0.001; mean =+ SE location errors in trial 1 on
day 7 at high elevation: 2.25 + 1.49; one-sample Wilcoxon signed-
rank test: V= 24345, N =51, P < 0.001).

In Serial R1, the proportion of birds that made one reversal error
and no neutral errors in trial 1 was greater at low elevation
compared to high elevation and significantly increased at both el-
evations across days of the task (linear regression: elevation:
F111 =7.28, P=0.02; day: estimate + SE = 0.03 + 0.01, Fy 11 = 12.20,
P =0.005; Rgdj =0.57; N = 97; Fig. 4a).

Serial R1, trials 2—5

After finding the correct feeder in trial 1, chickadees dramati-
cally reduced the number of location errors they made in subse-
quent trials each day, making an average + SE of 0.23 + 0.64 errors
per trial across trials 2—5 in Serial R1 (Fig. 3a). In contrast to trial 1,
performance on trials 2—5 did not vary significantly across days
(Fig. 3a) or between elevations. Trial 2—5 location errors were also
not significantly associated with spatial learning and memory
ability; however, birds that completed more previous reversal trials
performed better during trials 2—5 (Table 2).

There was no overall effect of single reversal ability on trial 2—5
performance in Serial R1, but there was a significant interaction
between elevation and single reversal ability (Table 2). Post hoc
GLMM indicated that, at high elevation, birds with better single
reversal ability also performed better during trials 2—5 (Poisson
GLMM: day: x?=0.83, P=036; single reversal ability:
estimate = 0.24, x% =11.04, P < 0.001; number of previous reversal
trials: x?2 =3.36, P=0.07; trial number: x3=3.48, P=032;
R%c = 0.12, Rm = 0.06). In contrast, there was no significant effect
of single reversal ability on trials 2—5 at low elevation (Poisson
GLMM: day: x3 = 0.002, P = 0.97; single reversal ability: x3 = 1.67,
P =0.20; number of previous reversal trials: x% =1.63, P=0.20;
trial number: x3 = 15.60, P = 0.001; R%c = 0.14, R?m = 0.04).

Serial R1, last five trials

The sum of location errors made in the last five trials per day
was overall significantly better than chance (one-sample Wilcoxon
signed-rank test: V=0, N=97, P <0.001) and did not vary signif-
icantly across days (Table 3, Appendix, Fig. A3). Birds at low
elevation made significantly fewer location errors in the last five
trials (average + SE = 0.38 + 0.736 total location errors in last five
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Table 2
Serial R1 GLMM model results with location errors per trial during trials 1-5
Focal variable Effect Spatial Serial Reversal 1 (N = 97)
Trial 1 Trials 2—5
Estimate SE 2 P Estimate SE %2 P
Spatial learning Day -0.18 0.04 16.52 <0.001 —0.006 0.06 0.01 0.92
and memory
Elevation 0.32 0.08 15.17 <0.001 — 0.13 0.17 0.68
Spatial learning and memory 0.07 0.04 3.38 0.07 0.05 0.06 0.62 0.43
Previous reversal trials <0.001 0.07 0.00 0.99 -0.25 0.1 6.22 0.01
Trial — — — — — — 11.83* 0.008
Day *elevation 0.17 0.06 8.05 0.005 —0.05 0.09 0.34 0.56
Bird ID (random intercept) — — — o? = 0.084 - - - 0% =021
R%*c = 0.25, R?’m = 0.09 R%c = 0.13, R?m = 0.02
AIC = 2034.1 AIC = 2989.7
Single reversal Day ~0.18 0.04 15.81 <0.001 —0.005 0.06 0.01 0.94
ability
Elevation 0.32 0.07 18.76 <0.001 0.01 0.12 0.01 0.92
Single reversal ability 0.25 0.04 31.96 <0.001 -0.11 0.07 2.07 0.15
Previous reversal trials 0.07 0.06 1.10 0.29 -0.22 0.1 5.07 0.02
Trial — — — — — — 11.77¢ 0.008
Day *elevation 0.15 0.05 6.68 0.01 —0.06 0.09 0.41 0.52
Single reversal ability «elevation -0.19 0.08 6.26 0.01 0.44 0.13 11.76 <0.001
Bird ID (random intercept) — — — o =0.05 — — — 6% =017
R%*c = 0.26, R*m = 0.17 R*c = 0.1, R’m = 0.04
AIC = 2010.8 AIC = 2981.1

Separate models were fitted for spatial learning and memory and single reversal ability and trial 1 and trials 2—5. Conditional and marginal R? (R?c and R>m) were calculated
according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Estimates for elevation are relative to high elevation. All y? statistics
use 1 degree of freedom, unless otherwise indicated. Bold text indicates P values less than the significance level (. = 0.05).

3 The 2 statistic reports 3 degrees of freedom.

trials , N = 46) than birds at high elevation (0.52 + 0.77 total loca-
tion errors in last five trials, N = 51) and their overall performance
was consistent with better than 90% criterion (<0.5 errors/5 trials).
Furthermore, birds completing more trials on the same day made
fewer location errors in the last five trials; thus, birds with more
experience with the daily feeder location had better performance

(Table 3).

Number of location errors

Elevation

- -© Low

& High

Day

Serial R1: Learning to Predict

Birds, on average, were significantly less likely to make a
reversal error in trial 1 as Serial R1 progressed (Table 4, Fig. 3b).
Spatial learning and memory ability was not a significant predictor,
but birds that completed fewer previous reversal trials and birds
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Figure 3. For Serial R1, (a) the number of location errors per trial for trials 1-5 per day and (b) the predicted probability of visiting the previous feeder (i.e. make a reversal error) in
trial 1 per day. Shaded areas indicate 95% confidence intervals generated using the ‘ggplot Im’ method. In (a), points and error lines indicate estimated marginal means and standard
errors were calculated from reported GLMMs. Heavy dashed lines indicate expected random error values. In (b), the predicted probability was calculated using reported GLMMs and

‘ggeffects’.
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Figure 4. Proportion of birds that showed ‘one-trial, one-error’ learning (one reversal error, no neutral errors) during trial 1 of (a) Serial R1 and (b) Serial R2. Lines represent linear

regression and shaded areas indicate standard error of the regression line.

Table 3
Model results for the total errors in the last five trials in Serial R1 and R2

Effect Serial R1 (N = 97) Serial R2 (N = 235)

Estimate SE X% P Estimate SE X% P
Day -0.04 0.09 0.24 0.63 -0.17 0.03 24.33 <0.001
Elevation 035 0.14 6.32 0.01 -0.15 0.09 2.66 0.10
Total daily trials -0.42 0.11 14.43 <0.001 -0.37 0.06 40.11 <0.001
Day =elevation —-0.08 0.11 0.59 0.44 0.01 0.06 0.01 0.90
Bird ID (random intercept) — — — 2 =0.13 — — — 0% =022

R?c = 0.15, R’m = 0.06

R%c = 0.20, R?m = 0.05

Conditional and marginal R? (R%c and R?’m) were calculated according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Elevation
estimates are relative to high elevation in Serial R1 and low elevation in Serial R2. Bold text indicates P values less than the significance level (o = 0.05).

with better single reversal ability were less likely make a reversal
error (Table 4).

There was a significant interaction between day and elevation,
and post hoc GLMM models showed that the likelihood of making a
reversal error only decreased significantly at low elevation, but not
at high elevation. On the last day of Serial R1, ca. 21% of birds at low
elevation did not make a reversal error in trial 1 (Fig. 5a). Moreover,
when these birds made no reversal errors, they also made zero or
one neutral error (Fig. 5b), suggesting that when birds did not visit
the previous reversal feeder, they went directly to the correct
rewarding feeder instead.

There was also a significant interaction between single reversal
ability and elevation (Table 4), although the model reported a sin-
gular fit and thus interpretation may be limited to chickadees in
this sample (see Appendix for further details). Post hoc GLMM
models indicated that the effect of single reversal ability was also
only present at low elevation, and there was no significant effect of
the number of previous reversal trials (logistic GLMM: day:
estimate = —0.05, x% =743, P=0.006; single reversal ability:
estimate = 1.13, x% =15.66, P<0.001; previous reversal trials:
X3 =3.39, P=0.07; R%=NA, R°'m=0.33). In contrast, at high
elevation, the probability of making a reversal error did not change
significantly over time and was not significantly associated with
single reversal ability, but more previous reversal trials were
associated with a higher probability of making a reversal error
(logistic GLMM: day: X% = 0.87, P=0.35; single reversal ability:

x3=3.57, P=0.06; previous reversal trials: estimate =0.84,
X; =5.28, P=0.02; R%c = NA, R?'m = 0.12). Both post hoc models
were overfitted and R%*c could not be calculated (reported as
R%c = NA). However, we had to include individual ID as a random
effect due to pseudoreplication issues.

Serial R2: Learning the Locations

Birds had 1 day to learn the first feeder location of Serial R2 (i.e.
feeder E) before Serial R2 began. While learning this location, birds
performed better than chance in the first 20 trials (one-sample
Wilcoxon signed-rank test: V=0, N =235, P <0.001), making an
average + SE of 0.68 + 0.31 mean location errors per trial in the first
20 trials. Juveniles overall performed worse than adults, and there
was a significant interaction between elevation and age: juveniles
at high elevation performed better than juveniles at low elevation,
but there was no difference between elevations for adults (linear
regression: elevation: Fq331=0.72, P=0.40; age (categorical):
F1231 =26.60, P<0.001; agexelevation: Fj31 =4.81, P=0.03;
Rgdj =0.12; N=235).

Birds next had 1 day to learn the second feeder location (i.e.
feeder H, first reversal) before Serial R2 began. Birds also performed
better than chance in the first 20 trials (one-sample Wilcoxon
signed-rank test: V=0, N=235, P<0.001), making an aver-
age + SE of 0.65 + 0.36 mean location errors per trial in the first 20
trials. While learning the location of feeder H, juveniles overall
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Table 4

Logistic GLMM results for the odds of making a reversal error during trial 1 each day of Serial R1 and Serial R2

Focal variable Effect Spatial Serial Reversal 1 (N = 97) Spatial Serial Reversal 2 (N = 180, N = 164)
Estimate SE X% P Estimate SE X% P
Spatial learning Day —0.51 0.19 7.28 0.007 —0.03 0.1 0.09 0.77
and memory Elevation 0.01 0.27 0.002 0.97 -0.29 0.13 4.70 0.03
Spatial learning and memory 0.1 0.13 0.58 0.45 -0.15 0.06 7.07 0.008
Previous reversal trials 0.65 0.25 6.82 0.009 0.39 0.12 10.01 0.002
Day =elevation 0.73 0.27 7.33 0.007 0.16 0.12 1.68 0.19
Bird ID (random intercept) - - - o2 = 0.004 - - - o2 =0.05
R%c = 0.09, R?m = 0.09 R%c = 0.05, R?’m =
0.03
AIC = 444.6 AIC = 2079.9
Single reversal Day -0.54 0.2 7.38 0.007 -0.02 0.11 0.03 0.86
ability Elevation -0.32 0.32 0.97 0.32 -0.22 0.14 241 0.12
Single reversal ability 0.93 0.23 16.38 <0.001 0.03 0.06 0.17 0.68
Previous reversal trials 0.79 0.27 8.66 0.003 0.34 0.13 7.30 0.007
Day *elevation 0.73 0.28 6.97 0.008 0.15 0.13 137 0.24
Single reversal ability «elevation -1.35 0.31 18.58 <0.001 NS
Bird ID (random intercept) — — — o? = 0.004 — — — o = 0.08
Singular fit R?c = 0.04, R?’m =
0.02
AIC = 4209 AIC = 1928.3

Separate models were fitted for spatial learning and memory and single reversal ability. Conditional and marginal R? (R?c and R?m) were calculated according to Nakagawa and
Schielzeth (2013). ‘NS’ indicates nonsignificant term removed from final model. Estimates on the log-odds scale. Elevation estimates relative to high elevation. Models fitted
with spatial learning and memory for Serial R2 had a sample size of 180; models fitted with single reversal ability for Serial R2 had a sample size of 164. Bold text indicates P

values less than the significance level (o = 0.05).

performed significantly worse than adults, but there was no sig-
nificant difference in performance between elevations and no
interaction effect between elevation and age (linear regression:
elevation: Fy331 =0.002, P = 0.96; age (categorical): Fy23; =10.97,
P =0.001; Rgdj =0.04; N =235).

Serial R2: Learning to Reverse

Serial R2, trial 1

Performance in trial 1 improved significantly across days in
Serial R2 (Table 5, Appendix, Fig. 6a). There was no overall effect of
elevation, but there was a significant interaction between day and
elevation: birds at low elevation improved their performance at a
higher rate and made significantly fewer location errors than birds
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at high elevation by the end of Serial R2. Birds that completed more
previous reversal trials performed significantly worse in trial 1, but
there was no effect of spatial learning and memory ability or single
reversal ability (Table 4).

In Serial R2, the proportion of birds that made one reversal error
and no neutral errors in trial 1 was significantly greater at low
elevation compared to high elevation and significantly increased at
both elevations across days of the task (linear regression: elevation:
Fi127=1812, P<0.001; day: estimate +SE =0.02 + 0.002,
Fy27 =84.09, P < 0.001; Rgdj =0.77; N = 235; Fig. 4).

Serial R2, trials 2—5

After locating the rewarding feeder during trial 1 each day of

Serial R2, chickadees again showed almost perfect performance in

Number of location errors

Figure 5. At low elevation in Serial R1: (a) the number of birds per day that either made or did not make a reversal error during trial 1 after each reversal and (b) the number of

neutral errors made by birds that did not make a reversal error during trial 1.
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Table 5
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Serial R2 model results for the number of location errors in trials 1-5

Focal variable Effect Spatial Serial Reversal 2
Trial 1 Trials 2—5
Estimate SE o P Estimate SE 2 P
Spatial learning
and memory
(N =180) Day -0.23 0.02 92.66 <0.001 -0.59 0.04 216.45 <0.001
Elevation 0.03 0.04 0.67 0.41 0.29 0.09 10.37 0.001
Spatial learning and memory -0.01 0.03 0.34 0.56 0.07 0.04 2.68 0.10
Previous reversal trials 0.1 0.02 11.53 <0.001 0.22 0.05 18.36 <0.001
Trial — — — — — — 16.90% <0.001
Day *elevation 0.07 0.03 5.70 0.02 0.36 0.05 54.68 <0.001
Bird ID (random intercept) — — - 6% =0.02 — - — 0% =0.22
R%*c=0.16,R?m = 0.09 R%*c = 0.20, R>’m = 0.09
AIC = 8473.2 AIC = 129149
Single reversal
ability
(N = 164) Day -0.23 0.03 81.33 <0.001 -0.61 0.04 190.07 <0.001
Elevation 0.04 0.04 0.91 0.34 0.29 0.1 8.72 0.003
Single reversal ability 0.02 0.03 0.80 0.37 —0.01 0.04 0.08 0.78
Previous reversal trials 0.1 0.02 9.22 0.002 0.22 0.05 17.37 <0.001
Trial — — — — — — 15.19% 0.002
Day *elevation 0.07 0.03 5.32 0.02 0.38 0.05 54.80 <0.001
Bird ID (random intercept) — — — o =0.03 — — — 6% =022
: R%*c=0.16,R’m = 0.09 R%*c = 0.20, R?’m = 0.09
AIC = 7753.5 AIC =117779

Separate models were fitted for spatial learning and memory and single reversal ability, due to covariance. Conditional and marginal R? (R%c and R*m) were calculated ac-
cording to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Elevation estimates are relative to high elevation. All % statistics use 1

degree of freedom, unless otherwise indicated. Bold text indicates P values less than the significance level (o = 0.05).

3 The 7?2 statistic reports 3 degrees of freedom.
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Figure 6. For Serial R2, (a) the number of location errors per trial for trials 1-5 per day and (b) the probability of visiting the previous feeder (i.e. making a reversal error) in trial 1
per day. Confidence intervals (shaded) generated from ‘ggplot Im’ method. Estimated marginal means (points) and standard errors (lines) were generated from reported GLMMs.
Heavy dashed line indicates expected random value. In (b), predicted probabilities were simulated using GLMMs and ‘ggeffects’.

subsequent trials, making an average + SE of 0.22 + 0.73 location
errors across trials 2—5 on the last day of Serial R2 (Fig. 6a). In
contrast to Serial R1, performance improved significantly across

days and differed significantly between elevations (Table 5). There
was a significant interaction between elevation and day: low-
elevation birds performed significantly better than high-elevation
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birds (Table 5). Similarly to Serial R1, birds that completed more
previous reversal trials performed significantly worse during trials
2—5, while spatial learning and memory ability and single reversal
ability were not significant predictors (Table 6).

Serial R2, last five trials

The sum of location errors made in the last five trials per day
was significantly better than would be expected by chance (one-
sample Wilcoxon signed-rank test: V=0, N =235, P <0.001), but
in contrast to Serial R1, it decreased significantly across days and
did not vary significantly between elevations (Table 3, Appendix,
Fig. A5). Birds made an average + SE of 0.48 + 0.88 total location
errors in the last five trials per day across the Serial R2, which is
consistent with better than 90% learning criterion (<0.5 errors/5
trials). Consistent with Serial R1, better performance in the last five
trials of Serial R2 was associated with more trials completed in the
same day (Table 3).

Serial R2: Learning to Predict

Unlike Serial R1, the probability of making a reversal error in
trial 1 did not change significantly with days across Serial R2
(N = 235; Table 4, Fig. 6b). Birds at high elevation were signifi-
cantly less likely to make a reversal error than birds at low
elevation (N = 235; Table 4). Whereas birds with better spatial
learning and memory ability were more likely to make a reversal
error in trial 1 (N = 180; Table 4, Appendix, Fig. A6), there was no
significant effect of single reversal ability (N =164; Table 4).
Consistent with Serial R1, birds that completed more previous
reversal trials were also more likely to make a reversal error in trial
1 each day of Serial R2.

Exploring Proactive Interference in Serial R1 and R2

Neutral errors before reversal errors in trial 1

In Serial R1, during trials in which birds visited the feeder that
was rewarding before the switch (i.e. made a reversal error), the
number of neutral errors birds made before making a reversal error
in trial 1 was very low (average + SE = 0.04 + 0.24 errors; N = 97)
and did not vary across days, between elevations, with spatial
learning and memory ability or with single reversal ability
(Appendix, Table A4, Fig. A4). In contrast, during Serial R2, although
the number of neutral errors before a reversal error in trial 1 was

Table 6

also very low (average + SE = 0.07 + 0.31; N =235), birds made
fewer such errors across days. Also, birds at low elevation and birds
with better spatial learning and memory ability made significantly
fewer neutral errors before making a reversal error compared to
birds at high elevation and birds with worse spatial learning and
memory (Appendix, Table A4, Fig. A4). Consistent with Serial R1,
there was no significant effect of single reversal ability (Appendix,
Table A4). Trials in which birds did not make a reversal error
were excluded from both analyses.

Comparing performance between Serial R1 and R2

Birds that participated in both serial reversals (N = 86) in gen-
eral made significantly more trial 1 location errors in Serial R2 both
compared to birds that did not participate in Serial R1 at all (N = 33,
Fig. 7b, Table 6) and compared to their performance in trial 1 of
Serial R1 (Fig. 7a, Table 6).

Sum of reversal errors in the first 20 trials

In Serial R1, the sum of reversal errors in the first 20 trials per
day did not vary between elevations, across days or with the
number of previous reversal trials (Fig. 8, Table 7; N=97). In
contrast, in Serial R2, the sum of reversal errors in the first 20 trials
decreased significantly with days across the task and was greater
for birds that completed more previous reversal trials (Fig. 9,
Table 7; N = 86). In this analysis, we included two types of reversal
errors made in the same Serial R2 task: reversal errors made to
Serial R1 feeder locations and reversal errors made to the reversal
feeder location in Serial R2. But there was not a difference in error
type on the sum of reversal errors (Table 7).

In Serial R2, the sum of reversal errors in the first 20 trials was
significantly greater at high elevation and decreased significantly
across days for both reversal errors made to Serial R2 locations and
to Serial R1 locations but only varied significantly with previous
reversal trials for Serial R2 reversal errors (Table 7).

For reversal errors made in Serial R2 to locations used in Serial
R1, there was a significant interaction between elevation and day.
Post hoc GLMMs suggested that these reversal errors decreased
faster at low elevation and were not affected by the number of
previous reversal trials (Fig. 9; Poisson GLMM: days:
estimate + SE = —0.48 + 0.04, x? =138.95, P<0.001; number of
previous reversal trials: estimate + SE =0.08 +0.09, x? =0.82,
P=0.36; R?c=045 R’m=0.24; N=40), compared to high
elevation, where the number of previous reversal trials was

GLMM model results comparing location errors in trial 1 of Serial R2 based on participation in Serial R1 and R2

Data set Comparing Serial R1 and R2
Effects Estimate SE X% P
Full participation in Serial R1 and R2 or Day -0.23 0.03 80.31 <0.001
only full participation in Serial Elevation <0.001 0.04 0.001 0.99
R2 (N=119) SR1 Participation (full) 0.13 0.05 7.69 0.006
Previous reversal trials 0.11 0.04 9.69 0.002
Day *elevation 0.07 0.03 4.07 0.04
Bird ID (random intercept) — — — Var. = 0.02
R%*c = 0.15, R*m = 0.10
Full participation in both Day -0.13 0.02 34.41 <0.001
Serial R1 and R2 (N = 86) Elevation -0.37 0.07 28.14 <0.001
Task (Serial R1 or R2) 0.14 0.05 9.39 0.002
Previous reversal trials 0.09 0.04 6.93 0.008
Day +elevation —0.08 0.03 4.92 0.03
Taskxelevation 0.38 0.1 26.80 <0.001
Bird ID (random intercept) — — — Var. = 0.02

R?c = 0.16, R’m = 0.11

Conditional and marginal R? (R?c and R”m) were calculated according to Nakagawa and Schielzeth (2013). Elevation estimates are relative to high elevation. Bold text indicates

P values less than the significance level (o = 0.05).
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Figure 7. Performance (location errors) in trial 1 each day, comparing Serial R1 and R2, for (a) birds that participated in both Serial R1 and R2 (N = 86) by elevation and serial
reversal task and (b) birds that participated in both Serial R1 and R2 (N = 86) compared to birds that only participated in Serial R2 (N = 33) by elevation. In (b), only Serial R2

performance is depicted. Heavy dashed line indicates expected random values.

positively correlated with reversal errors to Serial R1 locations
(Poisson GLMM: days: estimate + SE = —0.30 + 0.04, x% =67.61,
P <0.001; previous reversal trials: estimate + SE = 0.19 + 0.09,
X3 = 3.86, P = 0.049; R*c = 0.40, R?’m = 0.11; N = 46).

For reversal errors made in Serial R2 to Serial R2 reversal
feeders, there was also a significant interaction between elevation
and day. Post hoc GLMMs indicated that at low elevation, these
reversal errors decreased across days and were positively corre-
lated with previous reversal trials (Poisson GLMM: days:
estimate + SE = —0.14 + 0.04, x% =14.07, P<0.001; previous
reversal trials: estimate + SE = 0.25 + 0.07, x? =11.20, P < 0.001;
R?c =0.06, R?’m =0.05; N=40), but there was no significant
decrease in the number of these errors at high elevation (Poisson
GLMM: days: estimate + SE = —0.02 + 0.03, x3 =0.28, P=0.60;
number of previous reversal trials: estimate + SE = 0.02 + 0.06,
x? = 0.08, P = 0.77; N = 46). However, the high-elevation post hoc

model had a singular fit, likely due to low variance among birds
used as the random intercept (¢ < 0.001).

Supplemental Analyses of Neutral Errors

We also include results of analyses using only neutral errors
instead of total location errors to evaluate performance in trial 1
and trials 2—5 for both Serial R1 and R2 (see Appendix, Table A6).
These results are consistent with our main conclusion and do not
suggest that neutral errors were correlated with spatial learning
and memory performance.

DISCUSSION

The two main aims of the study were to test whether chicka-
dees in the wild could (1) learn an eight-position spatial serial
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Figure 8. Sum of reversal errors in the first 20 trials per day of Serial R1 by day and elevation. All reversal errors were made during Serial R1. Includes only birds that participated in
Serial R1 and the spatial learning and memory task and single reversal learning task (N = 97).

reversal learning task with daily location reversals by reaching
performance consistent with learning the reversal rule and (2)
learn to predict the next daily food location based on experience
during the serial reversal task. Performance of birds at both ele-
vations was consistent with learning the reversal rule and low-
elevation birds consistently outperformed high-elevation birds.
Chickadees learned to reverse associations in the two serial
reversal tasks, making fewer and fewer location errors in trial 1
each day and making almost no location errors (including no
neutral errors) after trial 2 each day. After just seven reversals in
Serial R1 and 15 reversals in Serial R2, average performance in trial
1 after the reversal was close to a mean of 1.5 location errors at
low elevation and a mean of 2.25 location errors at high elevation.
Moreover, the proportion of birds showing trial 1 performance
consistent with learning the reversal rule (a single reversal error
and no neutral errors, associated with ‘win-stay; lose-shift’)
increased at both elevations by the end of both serial reversal
tasks. Again, this proportion was greater at low elevation than at
high elevation. At the same time, birds clearly learned the
rewarding feeder location by the end of every day in both tasks, as
indicated by fewer than 0.5 mean location errors per trial during
the last five trials of the day. This is significantly better than ex-
pected by chance and corresponds to better than a 90% learning
criterion. Together, these results show that many birds learned to
first visit the reversal feeder and then immediately sought out the
correct rewarding feeder in the first trial after each reversal, which
is consistent with learning the serial reversal rule (Chittka, 1998;
Strang & Sherry, 2014).

Improvement in serial reversal performance was mainly due to a
reduction in neutral errors during the first trial after each daily
switch. In both tasks, birds reduced the total number of location
errors in trial 1 across days. Considering that birds could make a
maximum of one reversal error per trial, this suggests that birds
made fewer neutral errors as they learned the task. In other words,
they sampled fewer nonrewarding feeders while searching for the
correct rewarding feeder each day across the task. Neutral errors
during reversal learning show that birds did not fully retain
memories of the previously rewarding feeder following a full day of
reinforcement at a different feeder. Moreover, when birds made a
reversal error in the first trial each day, they rarely made any
neutral errors beforehand. This means that birds typically
remembered the most recently visited feeder, and that neutral er-
rors estimated how well they learned to remember the least recent
(correct) feeder location. As birds made fewer neutral errors, they
learned to remember both feeder locations and flexibly shift be-
tween those memories without inhibiting them. This is consistent
with the increase in the proportion of birds showing ‘one-trial, one-
reversal-error’ performance by the end of both serial reversal tasks.
These results also appear consistent with cognitive flexibility,
which is associated with executive function (e.g. Lai et al., 1995) and
may allow birds to quickly switch learning contingencies while
retaining previous memories.

An alternative explanation for the reduction in neutral errors is
that neutral errors could reflect spatial learning and memory ability
rather than reversal learning ability. However, if that were the case,
then we would expect that birds with better spatial learning
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Table 7
Sum of reversal errors in the first 20 trials
Response variable Effects Estimate SE X% P
Serial R1: Sum of reversal errors Elevation 0.13 0.07 3.44 0.06
in the first 20 trials per day (N = 97) Day —-0.03 0.04 0.62 0.43
Previous reversal trials -0.02 0.06 0.09 0.77
Elevation =day 0.01 0.06 0.01 0.91
Bird ID (random intercept) — — — a? = 0.046
R%*c = 0.125, R?’m = 0.013
AIC = 1987.9
Serial R2: Sum of reversal errors Elevation 0.24 0.047 25.91 <0.001
in first 20 trials per day (N = 86) Days -0.12 0.036 10.69 0.001
Previous reversal trials 0.11 0.046 5.72 0.02
Elevation=day 0.1 0.046 4.94 0.03
Bird ID (random intercept) — — — ¢? = 0.003
R%c = 0.05, R?’m = 0.05
AIC = 3294.7
Serial R2: Sum of reversal errors to Elevation —0.01 0.12 0.003 0.95
Serial R1 locations in first Day -0.49 0.04 151.48 <0.001
20 trials per day (N = 86) Previous reversal trials 0.12 0.06 3.79 0.05
Elevation «day 0.18 0.06 10.92 <0.001
Bird ID (random intercept) — — — ¢? =023
R%*c =042, R’m = 0.17
AIC = 3563.6

Conditional and marginal R? (R*c and R?m) were calculated according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Elevation
estimates are relative to low elevation for Serial R1 and high elevation for Serial R2. For Serial R2, only including birds that fully participated in both Serial R1 and R2 (N = 86).
Bold text indicates P values less than the significance level (o = 0.05).

variation in this ability is associated with significant differences in
overwinter survival (Sonnenberg et al., 2019) and has a genetic
basis (Branch et al.,, 2022). Yet variation in spatial learning and

abilities would make fewer neutral errors throughout the task. To
address this alternative, we measured spatial learning and memory
ability before the serial reversal task. Our previous work shows that
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Figure 9. Sum of reversal errors in the first 20 trials per day of Serial R2 by day elevation (high: triangles; low: circles) and reversal error type. All reversal errors were made during
trials in Serial R2, separated by type: reversal errors to Serial R1 target feeders (yellow) and reversal errors made to the Serial R2 target feeders (green). Includes only birds that
participated in Serial R1 and Serial R2 and the spatial learning and memory task and the single reversal learning task (N = 86).
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memory ability was not significantly associated with differences in
neutral errors during the serial reversal task, whether tested as
total location errors or separately. Additionally, we found eleva-
tional differences in serial reversal performance that were opposite
from previous results for spatial learning and memory; specifically,
our present results show that birds from low elevation out-
performed high-elevation birds for serial reversal, yet we have
previously shown that high-elevation birds have better spatial
learning and memory abilities than birds at low elevation (Croston
et al., 2016, 2017; Freas et al., 2012). We also find the alternative
explanation unlikely because learning within a reversal paradigm
assumes interference from previous memories, and thus makes
serial reversal performance distinct from basic learning and
memory ability. Flexibility is measured by how fast animals can
learn changing associations, and in the case of serial reversal, how
fast animals can learn repeatedly changing learning contingencies.
To measure the rate of serial reversal learning is to measure the
reduction in all possible errors across serial reversals.

We also found that learning the serial reversal in Serial R1 was
not necessarily determined by persistence to the reversal feeder.
Although the number of reversal errors that birds made during the
first 20 trials per day did not change at either elevation across Serial
R1, birds at low elevation still significantly improved performance
in trial 1 throughout the task. This shows that such learning can
occur independently of changes in reversal errors. Considering that
trial 1 was the first trial after the rewarding feeder location
switches, at this point birds did not have experience with the new
day's rewarding feeder. As such, improved performance in trial 1
suggests that birds were learning the reversal rule, not relearning
the associations each day. During Serial R2, overall improvement in
serial reversal performance was associated with both a reduction in
the number of neutral errors during trial 1 and a reduction in the
sum of reversal errors over the first 20 trials, with high-elevation
birds showing worse performance in both compared to low-
elevation birds. It is not clear why we observed such differences
between Serial R1 and Serial R2, but it is likely related to differences
in timing to learn the reversing locations (e.g. 5 days versus 1 day)
before each task.

We found mixed support for chickadees' ability to learn to
predict the next daily food location based on experience during the
serial reversal task by the end of Serial R1 at low elevation (ca. 21%
of birds demonstrated an ability to predict which feeder would
provide food the next day). As Serial R1 progressed, low-elevation
birds overall made fewer location errors in trial 1 and were less
likely to make a reversal error, instead making no or few neutral
errors in trial 1. Together, these results suggest that these birds both
learned the daily feeder switching pattern and were able to predict
which feeder would provide food the next day based on their
memory of the previously rewarded feeders in the serial reversal.
Being able to predict future locations supports the hypothesis that
chickadees learned the reversal rule and then used that rule to
predict the daily pattern of switching. Considering that these birds
were able to learn to predict the reversal pattern in just seven re-
versals, it is likely that given more time, more birds might be ex-
pected to show this behaviour. In contrast, there was no evidence
that high-elevation birds learned to predict the reversal pattern
despite many showing ‘perfect’ performance consistent with
learning the reversal rule and only making a single error during
trial 1 each day. These results suggest that high-elevation chicka-
dees are overall less cognitively flexible than low-elevation birds.

There was also no evidence that birds were able to learn to
predict the correct rewarding feeder at either elevation during

Serial R2, potentially due to the increased difficulty of the task.
Serial R2 used two new rewarding locations, requiring birds that
had already participated in Serial R1 to learn two additional loca-
tions. Additionally, in the first task, birds had 5 days to learn the
association with each feeder location used in Serial R1, whereas in
the second task, birds only had 1 day to learn each location before
starting Serial R2. Considering that proactive interference may be
stronger with more recent memories (Storm & Bjork, 2016), we
think that providing 5 days to learn each association may have
increased the retention interval (i.e. time) between learning the
first feeder location and beginning to reverse. In this case, the 1-day
retention interval in Serial R2 would be shorter than the 5-day
retention interval for Serial R2, potentially leading to stronger
proactive interference when the reversals began and making Serial
R2 more difficult. Accordingly, across days in Serial R2, birds also
improved performance in the last five trials per day and made
fewer reversal errors in the first 20 trials each day. These im-
provements contrast with Serial R1, during which birds at low
elevation showed no improvement in the number of reversal errors
across days while greatly reducing the number of neutral errors.

To our knowledge, this is the first study to explore a multiple
position serial reversal task using spatial reversals associated with
changing days under natural conditions. Birds in this study learned
both serial reversal tasks quickly in just seven and 15 daily reversals
in each task. Birds also reduced location errors dramatically within
each reversal: in just the first two to five trials of the first reversal
(day 1), birds made less than 0.25 mean location errors per trial in
Serial R1 and less than 0.75 mean location errors per trial in Serial
R2. Such performance is in stark contrast to many laboratory-based
studies showing that other species require many more trials to
learn a serial reversal task (Bond et al., 2007; Bublitz et al., 2017;
Cauchoix et al., 2017; Hermer et al., 2018, 2021; Liu et al., 2016;
Mackintosh & Cauty, 1971; Madden et al., 2018; van Horik et al.,
2019) and rarely reach the levels of performance observed in wild
chickadees. However, these differences may be attributed to dif-
ferences in study design: in these previous studies, each reversal
switched after the individual reached a learning criterion and in-
dividuals only had two choices that were closely situated. These
differences in design mean that individuals in these studies
completed fewer trials per reversal compared to our study. Plus, the
costs of sampling all choices would likely be lower in the binary
choice tasks compared to our eight-position task. Serial reversal
performance may also differ in difficulty across spatial and
nonspatial contexts, resulting in further differences between our
results and the literature. However, we find these explanations
unlikely. Completing more trials per reversal, as in our study, could
result in stronger associations and higher levels of proactive
interference, making our task more difficult than those in the
literature. In food-caching chickadees, spatial associations may also
be more difficult to learn than cue-based associations (Pravosudov
& Clayton, 2001, 2002). Yet wild chickadees in their natural envi-
ronment showed faster learning compared to previous laboratory
studies, suggesting the exceptional performance of chickadees in
our study was likely not due to the study design.

Considering that by the end of both reversal tasks, almost half
the birds showed ‘one-trial, one-error’ reversal performance, the
performance of chickadees on these serial reversal tasks is consis-
tent with learning the reversal rule (e.g. ‘win-stay, lose-shift’). This
rule is based on flexible memories, as an individual must remember
both locations in order to first visit the most recently rewarding
location and then find the currently rewarding location without
making any other errors. The fact that some low-elevation birds
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learned to predict the future locations also suggests that the pre-
ceding ‘one-trial, one-error’ performance involves learning the
rule. Learning to predict requires birds to first learn to keep mul-
tiple memories of switching locations without inhibiting them after
each reversal and then learn the switching rule that can be used to
make predictions.

Elevational Differences and Proactive Interference

We predicted that birds from a more predictable and milder
winter environment (e.g. low elevation) would be better at learning
the reversal rule and predicting the next reversal feeder than birds
from a less predictable, harsher winter environment (e.g. high
elevation). This prediction was based on previously documented
differences in spatial learning and memory ability, memory
retention (Freas et al., 2012) and memory load associated with
differences in food caching (Freas et al., 2012). We found support
for our prediction: (1) birds at low elevation consistently out-
performed birds at high elevation during trial 1 of both serial
reversal tasks, (2) a greater proportion of birds learned the reversal
task faster at low elevation, (3) only birds at low elevation showed
an ability to learn to predict the next rewarding feeder during Serial
R1 and (4) birds at low elevation made fewer reversal errors during
the first 20 trials during Serial R2. We have previously shown that
birds at low elevation are more cognitively flexible on a single
spatial reversal task compared to birds at high elevation during
some years (Croston et al., 2017; Tello-Ramos et al., 2018). These
data suggest that cognitive flexibility is associated with learning to
predict changing locations across days. However, we did not detect
differences between elevations in single reversal ability or learning
and memory ability during this study. This may suggest that the
differences in learning to reverse and predict between elevations
could be due to other memory related-cognitive differences. This
explanation is supported by previous work showing that birds at
high elevation in our system are under strong natural selection for
spatial learning and memory ability but not for spatial reversal
learning ability and typically show better learning and memory
performance than birds at low elevation (Croston et al., 2016, 2017;
Freas et al., 2012; Sonnenberg et al, 2019). Alternatively, these
elevational differences could be driven by differences in caching
and the associated memory load (Tello-Ramos et al., 2019). Birds at
high elevation typically cache more than birds at low elevation
(Freas et al., 2012); therefore, these birds may have had higher
memory load and longer memory retention (Freas et al., 2012),
which could interfere more with learning a serial reversal task
(Tello-Ramos et al., 2019). In addition, Tello-Ramos et al. (2019)
suggested that food-caching species do not need to retain mem-
ories associated with retrieved caches; instead, they likely simply
forget these locations, eliminating the need to keep updating their
memory of retrieved caches. Such forgetting seems to be associated
with hippocampal neurogenesis rates, which are higher in birds at
high elevation (Freas et al., 2012; Tello-Ramos et al., 2019). Overall,
elevational differences in performance appear to be consistent with
differences in proactive interference associated with previous
memories negatively affecting repeatedly learning and recalling
new information.

Assessing Support for Proactive Interference
We think several key results suggest that proactive interference

may affect performance and explain differences in performance
between serial reversal tasks and elevations. First, birds that

completed more trials in the previous reversal during Serial R2 (1)
made more location errors, (2) were more likely to make a reversal
error in trial 1 each day and (3) made more reversal errors in the
first 20 trials per day. This suggests that more experience learning
the reversal association was correlated with both worse perfor-
mance while learning the new association in the subsequent
reversal and more persistence in visiting the reversal feeder. This is
exactly in line with predictions of proactive interference (Tello-
Ramos et al,, 2019). Furthermore, our results are consistent with
higher levels of proactive interference at high elevation than at low
elevation: in Serial R1 we only see the association between the
number of previous reversal trials and making a reversal error in
trial 1 at high elevation. In contrast, some birds at low elevation, but
none at high elevation, were also able to predict the next reversal
location and may have demonstrated higher cognitive flexibility.

Furthermore, performance in Serial R2 was overall worse than
in Serial R1. One explanation for this may be the difference in time
to learn the first reversal: 1 day in Serial R2 compared to 5 days in
Serial R1. More time to learn the single reversal may have allowed
individuals in Serial R1 to make an association with each rewarding
location but also have more time to unlearn or inhibit the recall of
the reversal feeder location. Both stronger memories and more
time to overcome the initial interference may have helped birds
reform the associations between cues and memories in order to
learn the reversal rule.

Another alternative explanation for these differences between
reversal tasks could be that birds responded to the snowstorm that
interrupted Serial R1 and R2. If this storm increased birds'
perception of environmental harshness or unpredictability, birds
may have relied more on previous memories to find the rewarding
feeder. Or, under this paradigm, it may be more adaptive under
harsh or changing conditions to sample previously rewarding
feeders, leading to worse performance during Serial R2. However,
our previous work shows that chickadees will reduce, rather than
increase, sampling of food sources that have stopped rewarding
(Benedict et al., 2021). Furthermore, we find the snowstorm
explanation less likely because we would not expect cognitive traits
to vary widely with immediate environmental conditions. We also
would have then expected to see a more dramatic decrease in
performance at high elevation, where conditions were more
affected by the snowstorm.

Birds without any Serial R1 experience performed better in trial
1 per day of Serial R2 compared to birds that participated in both
serial reversal tasks, which is also consistent with a detrimental
effect of proactive interference on learning the second serial
reversal task. These differences also appear in line with proactive
interference and memory load limitations (Hermer et al., 2021;
Tello-Ramos et al., 2019), as birds that learned both tasks needed to
learn more feeder locations than birds that only learned one task.
We have previously shown evidence of proactive interference in
chickadees at the population level using a single reversal task
(Croston et al., 2017; Tello-Ramos et al., 2018), and a similar effect of
proactive interference on reversal performance was shown in
captive great tits, Parus major, on an individual level (Hermer et al.,
2021).

In further support of the proactive interference hypothesis, our
data on the sum of reversal errors in the first 20 trials per day
provides an estimate of how birds persisted in visiting the reversal
feeder when learning each reversal. For birds that participated in
both serial reversal tasks, we measured Serial R2 reversal errors
during the first 20 trials to both the reversal location in Serial R2
and to the two rewarding locations used in Serial R1. We found that
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low-elevation birds in Serial R2 made fewer reversal errors of both
types across days, but high-elevation birds only reduced the
number of reversal errors associated with Serial R1 and continued
to make reversal errors to the reversal feeder in Serial R2. Overall,
birds at high elevation made significantly more reversal errors of
both types compared to birds at low elevation, which again is
consistent with our hypothesis of elevation-related differences in
proactive interference (Croston et al., 2017; Tello-Ramos et al., 2018,
2019).

A possible alternative to the proactive interference hypothesis is
that birds made more reversal errors because persistence to visit
previously rewarding feeders could be advantageous. Such persis-
tence could be beneficial in environments with frequently or un-
predictably replenishing resources, leading individuals to forage
from familiar locations instead of using energy to explore new re-
sources. A key aspect of this ‘adaptive persistence’ hypothesis is the
idea that making reversal errors reflects an adaptive behaviour
rather than a by-product of proactive interference. However, within
this framework, we would expect chickadees to persist at unre-
warding feeders even after those feeders stop providing food,
particularly at high elevation where conditions are harsher. Yet, a
previous study found the opposite: chickadees at both elevations
significantly reduced visits to the previously rewarding feeders
after the feeders stopped providing food, with no differences be-
tween elevations (Benedict et al., 2021). As such, further evidence is
necessary to explore persistence in other contexts and study
systems.

Overall, our results show that low-elevation birds are more
cognitively flexible, as they were faster and better at learning the
serial reversal task and at learning to predict the switching location
based on a daily changing pattern, regardless of potential differ-
ences in proactive interference levels between elevations. We also
show that at least some differences in serial reversal performance
between elevations are consistent with differences in proactive
interference levels. The only unexplained and contradictory result
was that high-elevation birds were less likely to make a reversal
error during trial 1 of the Serial R2 compared to birds from low
elevation. But this difference was reversed in trials 2—5, which,
combined with all other evidence presented above, strongly sug-
gests that the overall levels of proactive interference were higher at
high elevation.

Age Not Correlated with Serial Reversal Performance

We did not find support for our prediction that adults would be
more cognitively flexible compared to juveniles and would
perform better on the serial reversal task. There were no signifi-
cant associations between age and serial reversal performance or
learning to predict. We also did not find a difference between age
groups in single reversal ability (assessed before Serial R1);
however, adults performed significantly better than juveniles
while learning the locations for Serial R2. While this latter result is
consistent with our previous results, suggesting that juveniles
were slower to learn a single reversal than adults (Tello-Ramos
et al., 2018), we are unsure why we did not see this effect on the
single reversal task before Serial R1. On the other hand, chickadees
of all ages (up to 8 years old) showed similar performance on the
serial reversal, which is consistent with our previous work indi-
cating that chickadees do not show age-related cognitive senes-
cence up to 8 years of age (Heinen, Pitera, Sonnenberg, Benedict,
Branch et al., 2021).

No Evidence of Anticipatory Errors

We found that birds made significantly fewer location errors
than expected by chance during the last five trials per day of both
Serial R1 and R2, suggesting that birds learned the feeder location
by the end of their participation each day. This was important to
confirm because we did not use a learning criterion to cue each
reversal. But regardless, chickadees made, on average, less than 0.5
errors in the last five trials, which is consistent with better than 90%
success. We also found that the number of location errors either did
not change (Serial R1) or decreased (Serial R2) across days,
providing evidence against anticipatory errors. As such, we do not
believe birds associated the reversal switch with counting or timed
intervals.

Learning to Predict and Implications for Mental Time Travel

The ‘stuck-in-time’ hypothesis argues that nonhuman animals
cannot remember events associated with a specific point in time
(i.e. episodic memory) or anticipate events far out in the future
(Roberts, 2002; Roberts & Feeney, 2009). Yet, in our study, some
birds at low elevation demonstrated an ability to predict a spatial
location based on their previous experience within just seven re-
versals in 7 days. Although many birds continued to visit the pre-
vious feeder first in trial 1, apparently relying on memory instead of
learning to predict, approximately 21% of birds at low elevation in
Serial R1 went directly to the correct feeder during their first trial
without making a reversal error. While these birds first learned the
reversal rule to switch feeders, our results suggest they may have
also associated this rule with time across days in order to predict
the next feeder location. Such an abstract association may involve a
higher-level cognitive process to integrate memories of where they
found food the previous day, where they found food 2 days prior
and that the food location alternated between these two locations
each day. Each day, a bird should remember which feeder was
rewarded the previous day to make a correct prediction about the
location of the currently rewarding feeder. Although our study
design did not provide evidence for a specific mechanism, our data
show that these birds had to associate previous experiences with
several points in time to correctly predict where the feeder would
be and decide which feeder to visit first the next day. Even though
our study was conducted with wild birds in their natural envi-
ronment without strict control groups, it suggests that chickadees
may not be ‘stuck in time’.

We think our results suggest that a food-caching bird may have
used mental time travel (MTT) to associate the reversal rule with
days. MTT is a cognitive process in which individuals use semantic
memory (knowledge of facts) and episodic memory (remembering
past experiences) to reconstruct memories of past events that
occurred at a particular point in time (Roberts, 2002). MTT can be
used to represent future events that have not occurred yet, allowing
individuals to flexibly project their past experiences to simulate
potential outcomes of future events (Suddendorf & Corbalis, 2007).
While it is extremely difficult to study MTT in nonhuman animals,
especially in the field, we think our study design allowed us to
investigate several abilities that would be required for chickadees
to be able to use MTT. Previous work has shown that black-capped
chickadees, Poecile atricapillus, are capable of the episodic-like
memory and can use semantic knowledge from previous experi-
ence to predict future needs and plan accordingly (Feeney et al.,
2011). Our study builds on this work, suggesting that mountain
chickadees can (1) associate two feeder locations with two different
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points in time and (2) can use that information to decide their
future action outside of a 24 h period. Both these behaviours have
been associated with mental time travel (Cheke & Clayton, 2010;
Roberts & Feeney, 2009; Suddendorf & Corbalis, 2007).

There are potential alternative explanations for our results, such
as using simple rules to track time. For example, birds may choose
to visit the feeder that is least recent in their memory (e.g. Roberts
et al., 2008), even though it is unclear what cue they might use to
switch locations each day. Or birds may learn that the feeder
location switches after roughly a day, but without associating this
change with their specific past experience of foraging at the feeder
(Cheke & Clayton, 2010). Another possibility is that the birds may
be using a simpler rule to predict the next location each day (e.g.
counting time between their last visit per day and their first visit
the next day), but we find this unlikely because there was variation
in how frequently birds visited the feeders each day. Specifically,
time intervals between trials ranged from seconds to hours and
different birds visited the feeders at different times of day, so it is
unlikely that all birds were associating the switching food reward
with the same time cue (i.e. dawn). We also did not observe any
anticipatory errors to the next rewarding feeder in the last five
trials of each day, which would be likely if birds had associated the
switching feeder with counting or an imprecise circadian rhythm
(e.g. Rayburn-Reeves et al., 2011).

Conclusions

Overall, our data generally supported our main predictions that
(1) chickadees are highly cognitively flexible and can learn a serial
reversal task across days under natural conditions, reaching perfect
‘one-trial, one-error’ performance consistent with learning the
reversal rule; (2) chickadees from low elevation with a milder and
more predictable environment would learn the reversal task and
reach the perfect ‘one-trial, one-error’ performance significantly
faster compared to birds from a harsher and more unpredictable
high elevation and (3) chickadees are capable of learning to predict
a rewarding feeder after learning the reversal rule across multiple
days, albeit only at low elevation. Our data are largely consistent
with the effects of proactive interference on serial reversal learning,
in which strong spatial memories and the strength of learned as-
sociations may negatively affect cognitive flexibility. Furthermore,
the ability to learn to predict a spatial location based on previous
experience may involve cognitive flexibility and may suggest that
these birds are able to associate a rule with more abstract concepts,
such as time.
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Appendix
Singular Fit Justification and Discussion

In this study, we present a generalized linear mixed-effects
model (GLMM) with a singular fit and use the results for inter-
pretation. The singular fit warning from the R package ‘lme4’ in-
dicates that ‘some “dimensions” of the variance—covariance matrix
have been estimated as exactly zero’ (Bates et al., 2015). Here, we
include a brief discussion of why we used this model despite the
warning and some potential pitfalls.

The singular fit model (Table 4) and two associated post hoc
GLMM models were used as part of a confirmatory hypothesis
testing approach. We expected the probability that a chickadee
made a reversal error during the first trial of each day to vary with
reversal learning ability across days in the first serial reversal
experiment (Serial R1). Thus, we fitted a GLMM (binomial distri-
bution, logit link, bobyqa optimizer) with the following focal fixed
effects: day, single reversal learning ability (determined from per-
formance on a previous cognitive task) and an interaction of day
with single reversal learning ability. We added the following fixed
effects to control for other variation in the data: the number of trials
completed the previous day and an interaction between day and
elevation. Most importantly for this discussion, we fitted a random
intercept of individual bird to control for pseudoreplication, as the
data set comprised 97 birds observed six times (once per day).

There are several potential causes of a singular fit warning from
‘Ime4’. The model may be overfitted from including too many
variables, or the random effects may be improperly specified.
Importantly, the authors of ‘lme4’ specifically allowed the software
to report singular fit models because these models can still provide
insight into the trends of the data (Bates et al., 2015). To explore
this, we used a stepwise approach to remove variables from the
model and evaluate the variance of the random effects.

We determined that the model was not overfit because of too
many parameters (i.e. including interaction effects of day=

elevation and the fixed effect of the total trials completed the
previous day). Instead, the warning appeared to be the result of
covariance between the random intercept (individual bird) and the
cognitive variable we included (single reversal learning ability). In
other words, the variation in the response variable (whether or not
the bird made a reversal error in the first trial of each day) that was
explained by the random intercept (individual bird) was almost
entirely explained by the fixed effect of single reversal learning
ability, resulting in a zero variance estimate for the random effect.
However, we could not remove the random effect, due to pseu-
doreplication issues, and we could not remove the focal fixed effect
of single reversal learning ability. Furthermore, this singular fit is
harmonious with our overall hypotheses: we expected that better
performance on a single reversal learning task would correlate with
lower odds of visiting the previous day's rewarding feeder on a
serial reversal learning task, suggesting that birds were better able
to switch to the new feeder without relying on memories of the
previous feeder location.

Finally, there are several studies that suggest linear mixed-
effects models are highly robust and that many issues with as-
sumptions and fitting can be resolved through analysing the results
within an ecological context (Schielzeth et al., 2020). Thus, we have
chosen to include this singular fit model and additionally include
the variance of the random intercepts in the main text so the reader
can assess the data and see the trends, in addition to the short-
comings of the model. As the purpose of this study was to explore
specific hypotheses and compare fixed effects, we chose to fit linear
models to approximate differences in learning between individuals,
rather than fit nonlinear learning curves to best describe learning
on the serial reversal tasks. Thus, we feel confident reporting this
singular fit model and the two singular fit post hoc models asso-
ciated with it.

There are several possible pitfalls to using this model for
interpretation. First, models with random intercepts (such as
the singular fit model we report) have been shown to increase
type I error in comparison to models fitted with random slopes
(e.g. Schielzeth & Forstmeier, 2009). But we did not reformat
our random effects structure because the random intercept
more appropriately fit our a priori hypotheses, and because one
approach to reduce singular fit is to simplify the random effects.
This usually involves removing random slope effects first, which
we had already done in our models. Second, another approach is
to ‘keep it maximal’, or keep as many effects as possible without
leading to a singular fit (Barr et al., 2013). One advantage of this
approach is maximally fit models often perform strongly and
have strong power. Thus, although we could not remove the
variable that produced the singular fit, we kept as many vari-
ables as we felt appropriate to support the hypothesis in
question. Finally, in general, the key issue with singular fit
models (also called overfitting) is that while they tightly
describe the sample of data, they generally do not predict future
data and trends as well. This suggests that interpretations of
this model might not apply to the overall population, only to our
sample. In our case, the model suggests that birds with worse
single reversal learning ability were more likely to visit the
previous feeder in the first trial each day of Serial R1, and that
this effect varied between elevations. We also present a similar
model with a different cognitive ability, and so we report that
the noncognitive fixed effects in both models are highly
consistent. This gives us additional confidence that the singular
fit model likely also appropriately estimates the effect of
reversal learning ability. We feel that this approach balances the
risk of a singular fit model appropriately and thus we include it
in the main manuscript.
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Table A1
Excluded birds by elevation and serial reversal task
Data set Serial R1 Serial R2 Combined Serial R1 + Serial R2
High Low Total High Low Total High Low Total
Before exclusions 168 104 272 194 125 319 196 125 321
After exclusions 51 47 98 149 86 235 154 92 246
Number excluded 117 57 174 45 39 84 42 33 75
Table A2
Models using trial 1 performance from all 7 days of Serial R1
Focal variable Effect Location errors Log-odds visiting previous feeder
Estimate X% P Estimate X% P
Spatial learning Day -0.26 42.30 <0.001 -0.59 10.16 0.001
and memory
Elevation — 12.92 <0.001 — 0.001 0.98
Spatial learning and memory 0.07 3.30 0.07 0.11 0.68 0.41
Day *elevation 0.19 14.04 <0.001 0.70 7.88 0.005
R*c = 028, R®’m = 0.11 R*c = 0.09, R*’m = 0.05
Single reversal Day -0.26 42.14 <0.001 —-0.62 10.64 0.001
ability
Elevation — 15.97 <0.001 — 1.04 0.31
Single reversal 0.23 31.00 <0.001 0.84 15.93 <0.001
Day *elevation 0.19 13.99 <0.001 0.73 8.33 0.004
Single reversal x elevation -0.18 6.06 0.01 -1.27 18.57 <0.001
R?c = 0.29, R?m = 0.18 Singular fit

Models do not control for the number of trials completed the previous day (one model for each cognitive task). Conditional and marginal R? (R*c and R?’m) were calculated
according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Bold text indicates P values less than the significance level (o = 0.05).

Table A3

Models for Serial R1 with age as a predictor, included as categorical age (juvenile versus adult) or numeric age (years)

Focal variable Effect Location errors in trial 1 Location errors in trials Log-odds of visiting the Number of errors before
2-5 previous feeder in trial 1 visiting previous trial 1
Estimate X% P Estimate 2 P Estimate X% P Estimate X% P
Age Day -0.18 16.30 0.001 -0.01 0.03 0.87 -0.50 7.04 0.008 -0.21 0.32 0.57
(as categorical)
Elevation — 12.49 0.001 — 0.07 0.79 — 0.11 0.74 — 0.60 0.44
Age (juvenile or adult) — 0.05 0.82 — 0.56 0.45 — 1.01 0.31 — 0.74 039
Trials completed 0.01 0.03 0.87 -0.23 5.01 0.03 0.74 8.19 0.004 -1.31 6.64 0.01
previous day
Trial — — — — 725  0.007 — — — — — —
Day elevation 0.16 7.58 0.006 —0.05 0.33 0.56 0.70 6.86 0.009 0.42 0.78 0.38
R?c = 0.25, R’m = 0.07 R?c = 0.13, R’m = 0.02 Singular fit R?*c = 041, R’m = 0.11
Age (in years) Day —0.18 16.36 0.001 —0.01 0.03 0.85 —0.51 7.09 0.008 -0.20 0.33 0.57
Elevation — 1334  0.001 — 0.29 0.59 — 0.002 0.97 — 0.74 039
Age (in years) —0.03 0.36 0.55 —0.01 0.03 0.85 —0.01 0.01 0.93 0.19 034 0.56
Trials completed 0.01 0.01 0.94 —0.25 5.87 0.02 0.66 6.55 0.01 -1.36 717 0.007
previous day
Trial — — — — 725 0.007 — — — — — —
Day =elevation 0.16 7.71 0.005 —0.05 0.28 0.60 0.72 713 0.008 0.44 0.83 0.36

R?c = 0.25, R’m = 0.08

R?c = 0.13, R’m = 0.02

R%c = 0.09, R?m = 0.09

R%c = 0.41, R’>’m = 0.10

Conditional and marginal R? (R%c and R?m) were calculated according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. All %2
statistics use 1 degree of freedom, unless otherwise indicated. Bold text indicates P values less than the significance level (o = 0.05).
3 The y? statistic reports 3 degrees of freedom.

Table A4
Neutral errors before making a reversal error in trial 1 each day of Serial R1 and Serial R2
Focal variable Effect Serial R1 Serial R2
Estimate X% P Estimate X% P
Spatial learning and memory Day -0.22 0.41 0.52 -0.97 19.73 <0.001
Elevation — 0.83 0.36 — 7.01 0.008
Spatial learning and memory 0.13 0.29 0.59 0.21 6.00 0.01
Day *elevation 0.16 0.14 0.71 0.29 1.40 0.24
R%*c =031, R?’m = 0.02 R*c=0.27,R*m = 0.21
Single reversal performance Day -0.23 0.44 0.51 -1.13 18.94 <0.001
Elevation — 1.12 0.29 — 7.18 0.007
Single reversal performance 0.39 2.69 0.10 0.03 0.12 0.72
Day *elevation 0.17 0.16 0.69 0.45 247 0.11

R%c = 031, R’m = 0.04

R?c =030, R’m = 0.23

Separate models were fitted for spatial learning and memory and single reversal performance, due to covariance. Conditional and marginal R? (R*c and R?m) were calculated
according to Nakagawa and Schielzeth (2013). Unstandardized regression coefficients used as estimates. Bold text indicates P values less than the significance level (o = 0.05).
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Table A5
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Models results for Serial R2 age regressions

Focal variable Effect Location errors in trial 1 Location errors in trials 2—5 Log-odds of visiting the Number of errors when
previous feeder in trial 1 visiting previous trial 1
Estimate X% P Estimate %2 P Estimate X% P Estimate X% P
Age Day -0.24 131.24 <0.001 -0.59 292,63 <0.001 -0.06 0.37 0.54 -0.97 2156 <0.001
(as categorical)
Elevation — 1.05 0.31 — 15.12 <0.001 — 5.22 0.02 — 5.86 0.02
Age (juvenile — 0.61 0.43 — 0.77 0.38 — 0.20 0.65 — 1.04 0.31
or adult)
Trials completed  0.08 9.53 0.002 0.17 16.49 <0.001 0.51 2353 <0.001 -0.12 0.57 0.45
previous day
Trial — — — — 55.52° <0.001 — — — — — —
Day +elevation 0.08 8.66 0.003 0.36 73.89 <0.001 0.18 2.76 0.10 0.19 0.66 0.42
R%c = 0.16, R*m = 0.09 R%* =0.21,R?’m = 0.10 R%*c = 0.06, R*m = 0.03 R%c = 0.30, R?m = 0.20
Age (in years) Day -0.24 131.52  <0.001 —0.60 292.04 <0.001 -0.05 0.36 0.55 -0.97 2155 <0.001
Elevation — 1.06 0.30 — 15.41 <0.001 — 5.36 0.02 — 5.28 0.02
Age (in years) —0.02 1.26 0.26 —0.05 1.72 0.19 0.04 0.51 0.47 —0.01 0.02 0.87
Trials completed  0.08 9.27 0.002 0.17 16.19 <0.001 0.51 2420 <0.001 -0.10 0.35 0.55
previous day
Trial — — — — 55.51% <0.001 — — — — — —
Day =elevation 0.08 8.75 0.003 0.36 74.10 <0.001 0.18 2.71 0.10 0.20 0.68 0.41

R%c = 0.16, Rm = 0.09

R%c =021, R?’m = 0.10

R%c = 0.06, R®m = 0.03

R?c = 0.30, R>’m = 0.20

Models use either categorical age (juvenile versus adult) or numeric age (in years). Conditional and marginal R? (R’c and R?m) were calculated according to Nakagawa and
Schielzeth (2013). Top models include age (categorical) and bottom models include age (numeric). Unstandardized regression coefficients used as estimates. All 2 statistics
use 1 degree of freedom, unless otherwise indicated. Bold text indicates P values less than the significance level (o = 0.05).

3 The y? statistic reports 3 degrees of freedom.

Table A6

Models results for Serial R1 and Serial R2 models with total neutral errors for trial 1 and trials 2—5

Response variable Effect Spatial serial reversal 1 (N = 97) Spatial serial reversal 2 (N = 180)
Estimate SE %2 P Estimate SE %2 P
Neutral Day —-0.24 0.06 16.54 <0.001 —-0.34 0.03 133.20 <0.001
errors in trial 1 Elevation 0.48 0.12 0.83 <0.001 0.08 0.05 2.03 0.008
Spatial learning and 0.08 0.06 0.29 0.17 0.00 0.03 0.01 0.94
memory
Previous reversal trials -0.07 0.09 0.66 0.42 0.11 0.04 8.00 0.01
Day =elevation 0.21 0.08 0.14 0.006 0.10 0.04 7.34 0.007
Bird ID (random intercept) — — — Var. = 0.22 — — — Var. = 0.06
R%*c = 0.34, R?’m = 0.10 R%*c = 0.24,R?’m = 0.13
AIC = 1790.08 AIC = 7694.76
Neutral Day 0.00 0.08 0.002 0.97 -0.72 0.05 22415 <0.001
errors in trials 2—5 Elevation 0.26 0.17 2.56 0.11 0.32 0.10 11.17 <0.001
Spatial learning 0.03 0.08 0.16 0.69 0.07 0.04 2.88 0.09
and memory
Previous reversal trials -0.35 0.12 7.75 0.005 0.21 0.06 13.60 <0.001
Trial — 0.62% 0.09 — — 18.38* <0.001
Day =elevation -0.03 0.11 0.09 0.77 0.42 0.06 54.10 <0.001
Bird ID (random intercept) — — — Var. = 0.33 — — — Var. = 0.22

R%c = 0.15, R’?m = 0.03
AIC = 2094.53

R?c =022, R’m = 0.12
AIC = 10412.60

Conditional and marginal R* (R?c and R’m) were calculated according to Nakagawa and Schielzeth (2013). Elevation estimates relative to high elevation. Unstandardized
regression coefficients used as estimates. All 2 statistics use 1 degree of freedom, unless otherwise indicated. Bold text indicates P values less than the significance level (0. =

0.05).

3 The y? statistic reports 3 degrees of freedom.
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Figure A1. Number of birds by elevation and age in (a) Serial R1 (N = 97) and (b) Serial R2 (N = 235). Age 0 years indicates juveniles; age 1-8 years indicates adults.
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Figure A2. Performance in trial 1 of Serial R1 versus single reversal performance (i.e. cognitive flexibility): (a) location errors; (b) predicted probability of visiting the previous

feeder. Heavy dashed line indicates expected random value.
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Figure A3. Mean last five errors per trial per day for Serial R1. For box plots, lower and upper box boundaries represent 25th and 75th percentiles, lines inside boxes represent the

median, lower and upper error lines indicate 1.5x greater and lesser than the 25th and 75th percentiles, respectively. Outliers not shown. Transparent points (jittered for clearer
viewing) and density plots represent raw data.
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Figure A4. Number of neutral errors before visiting the previous feeder in the first trial per day for (a) Serial R1 (N = 97 birds for each day) and (b) Serial R2 (N = 235 birds for days
3-10 and 83 birds on day 17). The number of errors before visiting the previous feeder is a subset of the total number of errors a bird made. For example, if a bird made three total
errors and two of those errors were before visiting the previous feeder, then this bird visited the previous feeder on its third visit before finding the correct feeder on its fourth visit
during the trial. ‘NA’ indicates that the bird did not visit the previous feeder during the trial, but this does not indicate that these birds made zero errors overall. Dashed lines
indicate expected random value (4.5 errors).
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Figure A5. Mean last five errors per trial per day for Serial R2. For box plots, lower and upper box boundaries represent 25th and 75th percentiles, lines inside boxes represent the
median, lower and upper error lines indicate 1.5x greater and lesser than the 25th and 75th percentiles, respectively. Outliers not shown. Transparent points (jittered for clearer
viewing) and density plots represent raw data.
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Figure A6. The predicted probability of visiting the previous feeder by spatial learning and memory ability by elevation for Serial R2.
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