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SUMMARY

Culture, defined as socially transmitted information and behaviors that are shared in groups and persist over
time, is increasingly accepted to occur across a wide range of taxa and behavioral domains." While persis-
tent, cultural traits are not necessarily static, and their distribution can change in frequency and type in
response to selective pressures, analogous to that of genetic alleles. This has led to the treatment of culture
as an evolutionary process, with cultural evolutionary theory arguing that culture exhibits the three funda-
mental components of Darwinian evolution: variation, competition, and inheritance.?™® Selection for more
efficient behaviors over alternatives is a crucial component of cumulative cultural evolution,® yet our under-
standing of how and when such cultural selection occurs in non-human animals is limited. We performed a
cultural diffusion experiment using 18 captive populations of wild-caught great tits (Parus major) to ask
whether more efficient foraging traditions are selected for, and whether this process is affected by a
fundamental demographic process—population turnover. Our results showed that gradual replacement of
individuals with naive immigrants greatly increased the probability that a more efficient behavior invaded a
population’s cultural repertoire and outcompeted an established inefficient behavior. Fine-scale, automated
behavioral tracking revealed that turnover did not increase innovation rates, but instead acted on adoption
rates, as immigrants disproportionately sampled novel, efficient behaviors relative to available social infor-
mation. These results provide strong evidence for cultural selection for efficiency in animals, and highlight

the mechanism that links population turnover to this process.

RESULTS AND DISCUSSION

Beyond genes, culture offers a secondary inheritance system
that provides an alternative pathway to adaptive plasticity.”*® Hu-
mans have leveraged this to its fullest extent, accumulating and
recombining cultural behaviors into ever-more efficient com-
plexes in a process termed cumulative cultural evolution
(CCE).? Simpler forms of cultural evolution are also likely to be
widespread in non-human animals,” although this remains
understudied (but see Aplin'® and Whiten'" for recent reviews).
While claims of cumulative culture in non-human animals are
controversial,’”'® increases in cultural efficiency have been
identified in movement behavior of storks, pigeons, and ungu-
lates."'® Recent discussions have proposed that such
repeated instances of cultural selection for efficiency in a singu-
lar cultural trait represent a precursor to the more complex forms
of CCE unique to humans.®' Given its importance for a broader
evolutionary account of culture, it is critical to identify and
describe cultural selection for efficiency and its mechanisms in
non-human species.

Culture exists on the social network,'” and cultural evolution
should be responsive to network properties such as population

4')

size, structure, and dynamic turnover.*'®? |arger population
sizes have been linked to elevated cultural diversity, innovation,
and faithful transmission.'®*>%® Conversely, population decline
and fragmentation can reduce trait diversity and complexity, as
observed in bird song.?’?° Population turnover, caused by
immigration, emigration, births, and deaths, is a universal demo-
graphic process, yet its effect on cultural evolution is poorly un-
derstood.*® It could lead to adaptive cultural outcomes if
incoming individuals introduce new innovations.'® Alternatively,
naive individuals might better re-sample the behavioral space
because they are less behaviorally conservative, or less subject
to factors such as conformity.>’

To study the effect of population turnover on cultural selection
for efficiency, we conducted a cultural evolution experiment in a
common passerine bird, the great tit (Parus major). Inter- and
intra-generational turnover are key features of their social sys-
tem,*?7*° and they are an established study system for innova-
tion and animal culture.®*™*" We created 18 artificial populations
of wild-caught great tits with a membership of 6 birds each, the
average size found in winter foraging flocks of great tits.*® The
study then consisted of two phases: (1) a diffusion period
(12 days), and (2) a subsequent experimental period (28 days)
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Figure 1. Automated foraging puzzle with solutions of differing efficiency
(A) Populations were provided one puzzle box with a 4 cm wide door that gave access to mealworms. The access point was offset from the center by 0.5 cm, such

that pushing from the left (red) side was more efficient.

(B) A microcomputer recorded identity and solution type using an RFID antenna in the perch to record identities from unique transponder tags on birds, and a
camera above recorded identity from barcodes placed on the backs of birds. Both systems allowed calculation of “time-to-solve” (TTS).
(C) Birds improved with experience, but the efficient solution was significantly faster to solve (mean + 95% SE, tutors excluded; efficient, n = 44 birds, 34,444

solutions; inefficient, n = 50 birds, 78,616 solutions).
See also Table S1.

in which population turnover was manipulated. During the diffu-
sion period, a foraging tradition to access food by pushing on a
bidirectional door of an automated puzzle box was established in
each population using a tutor bird trained on the inefficient solu-
tion (Figure 1). This set all populations to the same initial, ineffi-
cient cultural state prior to the experimental manipulation. In
the experimental period, turnover was simulated in 9 populations
by replacing 2 randomly selected birds with new, wild-caught
birds in the first turnover event (T1). Turnover events then
occurred every subsequent week (T2-T4) for the remainder of
the experimental period. Another 9 populations maintained sta-
ble membership for the duration of the experiment (static popu-
lations). Birds could improve their speed at the established
foraging tradition, or potentially innovate an alternative, more
efficient solution. We predicted that turnover populations would
be more likely to innovate and adopt the alternative solution,
because incoming naive birds might be more likely to either (1)
innovate the efficient solution or (2) adopt the efficient solution
once innovated.

Social learning leads to established traditions

During the diffusion period, the solving behavior spread in 17 of
18 populations, with 46 of 90 naive residents learning to solve.
During the experimental period, 37 of 73 immigrants also learned
to solve. There were no significant differences between age or
sex classes in latency to learn (Figure S1). Evidence that solving
was socially learned is as follows: (1) outside of the diffusion
period, 87 % of birds first solved using the most predominant so-
lution in their population; (2) the puzzle was difficult to individually
learn (tutors took anywhere from 1 to 2 weeks of incremental
training to learn); and (3) the behavior failed to be re-innovated
in a population where the behavior went extinct. Over the course
of the entire experiment, birds that learned to solve the puzzle
(solvers) produced a total of 174,393 recorded solutions
(average 9,719 per population, range: 1,494-17,208), with 89%
of those with measurable time-to-solve (TTS). Tutors accounted
for 47,000 of all solutions, with a daily average of 100 solutions.
New learners accounted for 127,939 solutions, with a daily
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average of 86. Altogether, solvers produced an average of
1,803 solutions (range: 20-6,612) and a daily average of 89
solutions.

Solvers became significantly faster with experience,
reducing their TTS by about 3% with every standard deviation
of solutions produced, suggesting that reinforcement learning
was leading to improvements in efficiency (linear mixed model
[LMM], solution index [scaled]: B = —0.027 + 0.002, t = —11.975,
p < 0.001; Table S1A). The efficient solution was significantly
faster than the inefficient solution when controlling for experi-
ence, between populations and individual solvers (LMM,
solution type [efficient]: B = —0.395 + 0.051, t = —7.787, p <
0.001; LMM, intercept [inefficient]: p = 0.925 =+ 0.215,
t=4.299, p < 0.001; Table S1A; Figure 1C). The same amount
of solving experience with the efficient solution obtained a
lower average TTS compared to the inefficient solution (LMM,
solution type [efficient]: solution index [scaled]: B = —0.117 =
0.006, t = —18.102, p < 0.001). The efficient solution therefore
offered a greater payoff as solvers tended to receive the
same reward in less time.

Turnover facilitated cultural selection for efficiency
Following the diffusion period, populations were either left as
static or underwent gradual turnover throughout the experi-
mental period. Initially, birds in either condition were unlikely to
produce the efficient solution (GLMM, intercept: o = —10.853,
Z = —9.974, p < 0.001; turnover condition: B = —2.169 + 1.700,
Z=-1.276, p = 0.203; Table S1C). With each passing day, there
was an increasing probability of producing efficient solutions in
both conditions (GLMM, exp. day: B = 0.291 + 0.010, Z =
28.986, p < 0.001). However, birds from the turnover condition
became significantly more likely to produce efficient solutions
compared to the static condition over time (GLMM, exp. day:
condition [turnover]: B = 0.603 + 0.016, Z = 38.713, p < 0.001)
(Figures 2A, 2B, and 3A). Overall, turnover populations produced
44,703 inefficient and 39,815 efficient solutions, while static pop-
ulations produced 88,829 inefficient and only 1,592 efficient
solutions.



Current Biology

¢? CellPress

OPEN ACCESS

A Daily solution frequency © 100 ® 200 @ 300
1 1 1
9 o ""o 8 90Bee©®00096808890.6809g98 18 E.::‘" |S.gg°oo:omoeeo®: :
® ° ° o 28 .
8 % .QO.OOO g0 me 8% 8 17 L '?O"O : = '!D: : ¢
D7 ....o.oeoomeeO‘@Oooomoeoomoeoomoooe ot o.'...;' 8@0.00 |8a; .822: 000005:0000000
= @ 3 @ °o@°® ° S Io
FRR < W LR R R O U ST R TSR TR
© >
= ° ®o ® 0@ (- ® @ ~
R AR TR R B U R
o L) 098e° ] ® 0 o o I_oa w,| ®
S+ Iegagailicesiate®Re ti % ssite duste | £ '!-:.3.3-9@%80938o-00q BTt lhnd
@ og 22° E; *g00 o e
31 488, 5050g00gn53003030%0000 0007 20g 0000080 | © o 000032 --eosgx%-gw st
O @ o,
o) | Botlesgailedgeeetisesotiengeifresiog | . oo ..“ ‘”‘m@%gga J
® e o 0:.00 g0 0o 909g® 308000020029 . a0
b ou':c'o'.s..Oogi@@é.OS09308@%8@@%&%80 10 °s 00..“ 45 : : ¥ : ¢
0 10 20 30 40 0 10 20 30 40
C D
° ° o € M b | 1 1
5 il Lol " —sTeseEeTETTESSUSTITSY :
I I ® [ I. 0000 .l
Qb == ;... ah . ococ: .:: : I
E =X '_I+"|Mq
D O a— sessosesedenes = : : T T y
|_a_:!.l,mm
o ° o o oo ! ) L—cccckaccacn
d mﬂm I 1 1 1 |
m \ i I—O-QOQQI“Q“Q.
0 10 20 30 40 0 10 20 30 40

Experimental day

Experimental day

Figure 2. Overview of behavioral frequency data between conditions and within exemplar populations

(A) Each point represents the daily solutions of a unique bird in that population. Type (color), frequency (size), innovation events (triangle shape; see STAR
Methods for definition), tutors (gold text), diffusion period (gray background), and duration of individuals (black lines) are marked. Despite nearly all static
populations innovating the efficient solution, only one population selected for it (n = 29 birds, 90,421 solutions).

(B) Aimost all turnover populations innovated and selected for the efficient solution, and adopters were primarily naive individuals (n = 70 birds, 84,518 solutions).
(C) A static population in which two birds independently innovated the efficient solution, produced it with low frequency, yet failed to select for it (n = 4 birds,

14,483 solutions).

(D) A turnover population that selected for the efficient solution. An experienced bird innovated on day 11, and the efficient solution was produced at low
frequency until it was widely adopted by immigrants after the third turnover (n = 9 birds, 16,616 solutions).

See Figure S2 for all populations.

Social information available about the efficient solution pre-
dicted the extent to which individuals sampled the solution
(LMM, efficient social information, B = 0.285 + 0.023, t =
12.417, p < 0.001). Importantly, immigrants were more likely
than residents to sample the efficient solution, even given rela-
tively little available social information. They continued to sample
the efficient solution more frequently than residents as social in-
formation increased (LMM, intercept [immigrant]: B = 0.578 =
0.071, t = 8.110, p < 0.001; resident: B = —0.401 + 0.063, t =
—6.393, p < 0.001; efficient social information: resident: B =
—0.153 £ 0.043, t = —3.586, p < 0.001; Table S2). This suggests
that, unlike residents, immigrants were amplifying social
information about the efficient solution through their own pro-
ductions, and that the evolution of solution frequencies at the
population level was caused by selection, rather than drift.

Cultural selection generated population-level
differences in performance

While individual populations displayed a variety of dynamics
(Figures 2 and S2 for all populations) and both conditions
innovated the efficient solution, turnover populations were

much more likely to adopt the efficient behavior. In total, 7/9
turnover populations selected for and adopted the efficient
solution as the majority solution. By contrast, only one static
population selected for the efficient solution. This population
accounted for most of the efficient solutions in the static
condition (1,466), while all other static populations only
produced the efficient solution a handful of times, if at all
(range: 0-28).

Both conditions exhibited a decreasing trend in TTS (LMM,
exp. day [scaled]: B = —0.048 + 0.005, t = —9.885, p < 0.001;
Table S1B). Yet on average, turnover populations had a signifi-
cantly steeper reduction in their TTS than static populations
(LMM, exp. day [scaled]: condition [turnover]: B = —0.077 +
0.010, t = —7.832, p < 0.001; Figure 3B). Turnover populations
were slower than static populations through the first two turnover
events, suggesting that the loss of knowledgeable birds may
have initially hindered the accumulation of expertise in the ineffi-
cient solution. However, by the final week after T4, birds in turn-
over populations were solving faster than static populations (M; =
1.66's, Ms=1.96 s). The increasing dominance of the efficient so-
lution therefore allowed turnover populations to achieve a lower

Current Biology 317, 2477-2483, June 7, 2021 2479
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Figure 3. The link between cultural evolution and efficiency

(A) The daily proportion of solutions by type from all populations (static, n = 28 birds, total solutions = 88,224; turnover, n = 70 birds, total solutions = 84,518). Static
populations produced inefficient solutions for the majority of the experiment. In contrast, efficient solutions fully invaded the cultural repertoire of nearly all

turnover populations by the end of the experiment.

(B) Daily TTS for non-tutors in static and turnover conditions (thin lines, mean + 95% SE), along with a right-aligned 7 day moving average (thicker lines). y axis log2
coordinates transformed for visualization, and vertical dashed lines show turnover events (T1-T4). In the last 2 weeks of the experiment, turnover populations
were solving faster than static populations on average. This increase in efficiency was driven by widespread cultural selection for the efficient solution (static,

n = 21 birds, 52,458 solutions; turnover, n = 61 birds, 60,735 solutions).
See also Table S1.

TTS despite having less experience solving than individuals in
the static condition.

Innovation rates were not the mechanism behind
differences in cultural outcomes
Innovators were classified as birds that produced the first effi-
cient solution in a population, or produced the efficient solution
without having seen it demonstrated given the amount of time
elapsed since a prior innovation (STAR Methods). In total, 21
birds innovated (static, 13; turnover, 8). Innovators were almost
equally split between age (10 juveniles, 11 adults) and sex
(10 female, 11 male), and were generally experienced solvers.
To test whether turnover increased the probability of innova-
tion, we compared (1) days solving before innovation, (2) expo-
sure time to the puzzle before innovation, and (3) experimental
day of innovation between both conditions (Figure 4). Exposure
time before innovation (M; = 14.1, Ms = 15.5) and experimental
day of innovation (M; = 14.5, Ms = 16.3) were not significantly

2480 Current Biology 317, 2477-2483, June 7, 2021

different between conditions (Table S3). Innovators in the turn-
over condition had a significantly shorter period of days solving
before innovation (M; = 8.88, Ms = 13.8; GLM condition [static]:
B=5.772 + 1.918, t = 3.009, p = 0.008), but this difference was
driven by only 2 data points. These results, along with the fact
that static populations innovated more often, suggest that
innovation probabilities were comparable between conditions.
Surprisingly, only 5 of 21 innovators permanently adopted the
efficient solution after innovation, hinting at some level of behav-
ioral conservatism.

Turnover allowed populations to overcome individual-
level behavioral conservatism

Relatively few birds were observed producing large amounts of
both solution types—most learners strongly preferred one solu-
tion. Out of 53 birds that sampled both solutions, 36 failed to
adopt the efficient solution. The effect of experience (habit
formation) or conformity could contribute to this behavioral
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conservatism. We found that birds were very likely to adopt the
efficient solution if they experienced an efficient solution on the
first day of solving (GLMM, intercept: oo = —3.421 + 1.977, Z =
—1.730, p = 0.084; Table S4). However, each day of experience
with the inefficient solution significantly increased the probability
an individual would not adopt the efficient solution (GLMM, days
experience: p=0.364 + 0.132, Z=2.761, p = 0.006). Conformity,
as well as age and sex, were not significant predictors. This sug-
gests that increasing experience reinforced behavioral conser-
vatism, and that the introduction of naive individuals via turnover
allowed populations to overcome this inertia.

The positive relationship between turnover and the
cultural evolution of efficiency

Turnover allowed populations to shift from an established
foraging tradition toward a more efficient alternative. This was
not a result of innovation or noise introduced by immigrants;
rather, knowledgeable residents more often innovated efficient
behaviors, which were then more often adopted by immigrants.
The widespread adoption of the efficient solution mitigated the
effect of reduced opportunity for development of expertise,
leading to a faster overall TTS. This pattern of cultural outcomes
contrasted with the absence of selection for the efficient
behavior by birds in static populations, despite its regular inno-
vation. We conclude that turnover can be a mechanism that fa-
cilitates cultural selection for efficiency by providing a pathway
to adaptive plasticity that navigates individual-level behavioral
conservatism.

The only other direct experimental test of cultural evolution
of efficiency in birds was in homing pigeons,'® where pairs
of birds developed more direct, efficient homing routes over
time when one of the pair was repeatedly replaced in a chain
design. An alternative mechanism was proposed—that naive
individuals might produce behavioral variation on which cul-
tural selection could act. However, flight behavior was a
continuously measured variable (straightness), and the au-
thors could not directly quantify innovation events. Our study
extends this work in several important ways. First, we conduct
turnover in groups, mimicking realistic fission-fusion dynamics
and natural flock sizes. Second, we test this process in a
foraging context; most work related to this topic in non-human
primates has focused on foraging,*™** and our work gives
new insights into this key behavioral domain. Finally, our

primarily responsible for the strong selection for
efficiency in the turnover condition.
See also Table S3.

turnover static

experimental design allowed for a discrete step change in ef-
ficiency (alternative solution variants), as well as continuous
(TTS). We could identify discrete innovation events and their
effect on continuous population-level behavior, revealing the
mechanism mediating the relationship between turnover and
efficiency.

Our results suggest a near inversion of the aforementioned hy-
pothesis'®—experienced residents innovated, while naive immi-
grants adopted. This contrast may result from the differences
between the continuous spectrum of efficiency in the context
of movement'“~'® and the discrete differences in efficiency often
associated with foraging behavior. In a continuous, dynamic
behavior such as flight, noise might be more easily generated
by naive individuals and then edited by experienced individuals.
In the current study, by contrast, experience aided innovation. In
natural populations, both cultural evolutionary mechanisms may
be active. Immigrants may either innovate themselves, or suc-
cessfully resample the behavioral space and adopt more bene-
ficial, but less frequently produced alternatives. The dominant
mechanism through which turnover acts on culture might likely
be determined by the ease of producing innovations. Future
research should seek to identify both processes when investi-
gating cultural evolutionary dynamics.

Behavioral conservatism is identified as a primary reason for
the lack of observed CCE in animal species,* yet may be a key
reason why population turnover is vital to the evolution of effi-
ciency. Memory loss through the replacement of individuals
creates opportunities for unbiased re-sampling of behavioral
payoffs. A suggestion of this effect of turnover on cultural inertia
comes from translocation studies of blue-headed wrasse, a fish
that culturally inherits spawning sites. When all members of a
wrasse population were replaced, naive fish resampled the
set of potential spawning sites and selected different mating
sites from the original population.®’ A second replacement pop-
ulation selected the same sites, suggesting that turnover re-
sulted in more optimal sampling.*® The successful resampling
by naive fish appears analogous to that observed in immigrant
tits. Population turnover might therefore provide a broad mech-
anism for resampling socially transmitted information and
potentially moving populations toward more adaptive local
optima.

The cultural evolution of refined, efficient behaviors has been
considered a precursor to more complex, human-like forms of
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cumulative culture.® While we do not argue that our results
demonstrate CCE, they add to the growing evidence that cultural
evolution of efficiency is possible in animals and extend this to
foraging behavior. This small passerine species is capable of
moving the cultural ratchet one tick forward, fulfilling a key
description of CCE: a behavior innovated by an individual
spreads within a group and persists until future individuals
make efficient modifications, which then spread and supplant
the previous behavior.’ Yet it remains an open question as to
why repeated instances of selection for efficiency are so rarely
observed in the field. Our results suggest this is not due to an
inability to select for more efficient variants; rather, population
turnover can mitigate behavioral conservatism. The conserva-
tism identified in our study may be surprising given a prior finding
that 49% of great tits could switch solutions when the payoff
structure of a puzzle box was altered.*® However, those were
free-mixing, wild flocks, further supporting a facilitating role of
demographic churn on behavioral flexibility. However, the bene-
fits of turnover carry a risk: the potential loss of knowledgeable
individuals and extinction of cultural traits. One turnover popula-
tion exhibited a complete extinction of the solving behavior.
Future work should further explore how varying turnover rate
and scale influence cultural dynamics.

This study illustrates how dynamic populations are more likely
to select for efficient cultural behaviors and details an overlooked
mechanism: naive immigrants are more successful at adopting
more optimal cultural behaviors that were originally innovated
by more experienced residents. This provides a pathway toward
the evolution of efficient, locally adaptive cultural behaviors in
populations of behaviorally conservative individuals. If a partic-
ular population of animals is capable of maintaining cultural tra-
ditions, we might well expect to find an effect of turnover on their
cultural state.
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Experimental Models: Organisms/Strains
Great tit, Parus major Wild N/A

Software and Algorithms

R a7 https://cran.r-project.org/

Python 3.6 a4 https://www.python.org/

Pinpoint 45 https://github.com/jgraving/pinpoint

Custom puzzle box code This paper https://github.com/michaelchimento/raspi_tit_scripts
Other

Raspberry Pi 4 micro-computer Raspberry Pi Foundation N/A

RFID reader writer module Priority1 N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests should be directed to and will be fulfilled by the Lead Contact, Michael Chimento (mchimento@ab.
mpg.de).

Materials Availability
This study did not generate new unique materials.

Data and Code Availability
Original data and code have been deposited to Github: https://doi.org/10.5281/zenodo.4644347.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study used 18 captive populations of wild-caught great tits—a small passerine bird that is widely distributed across Europe.
Artificial populations consisted of 6 individuals, each housed in aviaries with dimensions of 4 m x 4 m x 3 m. This group size falls
within the range of natural foraging flocks, and meets ethical criteria for the confinement of passerines within aviaries of this size.
Sex was balanced (94 female, 87 male) but age was not (118 juveniles, 63 adults). This imbalance may have been due to unpredict-
able variation in capture rates but may have also represented the structure of the local population. A total of 181 tits were used in the
experiment, with 54 participating in the static condition, and 127 in the turnover condition. The extra bird in the turnover condition was
a replacement for a bird which had died during the diffusion period. Tits were caught using mist nets at 7 different sites, all within a
range of 10 km from The Max Planck Institute of Animal Behavior. When caught, birds were fitted with a metal identification ring, as
well a passive integrated transponder (PIT) tag, and aged and sexed by plumage. Birds were released back into the wild at the loca-
tion where they were captured. All work was conducted by under a nature conservation permit and animal ethics permit from the
Regierungsprasidium Freiburg, no.35-9185.81/G-17/168.

METHOD DETAILS

Experimental apparatus

The foraging puzzle box consisted of an acrylic box with a bidirectional sliding door. The door (4cm X 6cm x 0.3cm) could be slid to
the left or right to reveal a 1-cm hole through which the bird could access a reservoir of meal worms. The hole was off-center by
0.5-cm, such that pushing the red side of the door would be more efficient (1-cm from door-edge to hole) than pushing the blue
side (2-cm to hole). This difference provided a significant challenge, given the tit's size. Average time-to-solve (TTS) confirmed
that it was faster to use the red side of the door.
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The puzzle-boxes were fully automated to minimize disturbance to the birds during the experiment. Puzzle boxes included a Rasp-
berry Pi micro-computer, infrared sensors, a stepper motor to automate the door return mechanism, and an external printed circuit
board for RFID data logging (Priority1). They operated using custom software written in Python.*” An RFID antenna mounted under
the perch recorded identities of birds from their PIT tag, as well as their arrival and departure times. Movement of the door was
measured using infrared sensors, which were triggered once the door moved past a position that would allow the bird to access
the hole. Once an sensor was triggered and the solving bird left, the door would automatically close either after 3 scrounge attempits,
or after 3 s, whichever came first. In the second field season (accounting for 12 of 18 total populations), the puzzle also recorded video
of the visiting birds, from which identities could be resolved using a bar-code attached to the bird using leg loops and a customized
implementation of Pinpoint software.’® Bar-code data was used 1) to resolve identities of solves without a positive identity from RFID
data, 2) to measure TTS. Solvers were defined as birds who had >20 recorded solutions in all of the following analyses. Since data
was collected using an automated system, this minimum was a conservative way to ensure that the birds were indeed solvers, and
also allowed for mixed effects models to converge with ID as a random effect.

Experimental design
One experimental population was considered a replicate, with 9 replicates for each condition. Each population was supplied with 1
tutor that had been trained to produce the inefficient solution. During training, tutors interacted with the puzzle with door open, and
then we progressively closed the door in subsequent trials until they had learned the full solving behavior. Populations were given a
diffusion period of 12 days before the first turnover event to allow the inefficient tradition to become established (by the end of
12 days, the behavior had diffused to 1 or more birds in all populations, excluding one static population). In their initial state, popu-
lations were intended to represent a wild foraging flock that exclusively used an established foraging tradition before another variant
became available. To ensure this state prior to the experimental manipulation of population turnover began, during the diffusion
period, the efficient solution was blocked to promote uptake of only the inefficient solution into the population. There was no evidence
that this treatment decreased the probability that birds who learned to solve during this period would sample the alternative solution
once unblocked (Table S5). In fact, almost all of the innovators of the efficient solution were birds which had experienced this treat-
ment. Tutors from two turnover populations were re-used as tutors in 2 static populations, as tutors in those populations failed to
produce the solving behavior within the diffusion period.

For the 28 days following the diffusion period, populations were either static, where the population consisted of the same set of
6 birds, or turnover, where 2 birds within a generation were randomly replaced with new, naive birds every 7 days. The initial
6 members of a population were considered Generation 1, with incoming birds considered as Generation 2. This stochastic, within
generation turnover was meant to replicate conditions similar to turnover of foraging flock composition, rather than generational turn-
over. 28 days allowed for a total of 4 turnover events (T1-T4). The experiment was concluded after 28 days because of the ethical
consideration that the tits be released by the beginning of the breeding season beginning in early March. Data collection took place
over two field seasons (Jan-March 2019, Jan-March 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Individual-level learning and improvement in performance

To compare differences in learning rates between age and sex classes, we used a non-parametric Kaplan-Meier survival analysis*°
(Figure S1), in which an individual’s latency to produce their first solution of either type was predicted by an interaction between age
(juvenile, adult) and sex. Survival analysis is appropriate for time-to-event data, usually death. In this case, the event was learning to
solve the puzzle box.

TTS for solutions were calculated as the time difference between a bird’s arrival and the time when the door is detected as open.
Both RFID and QR reads of birds were noisy and subject to error, so TTS was the average of both measurements for cases when both
RFID and QR data were available for a particular solution.

To assess differences in solving performance over time within individuals, data was subset to solvers, non-tutors and TTS < 60 s.
59 solutions longer than 60 s were excluded, and 18,534 were excluded due to unrecorded solve speeds. We then used a Linear
Mixed Effects model in which log(TTS +1) was predicted by age, sex and a full interaction between Z-scaled solution index and
solution type, and population, ID and year controlled for as nested random effects (Table S1). TTS was logged to account for
non-normality of residuals, with 1 added since the shortest TTS value was 0. Experimental day was not included, as it was collinear
with solution index.

Condition-level differences in solving
To analyze how much each condition had improved over the course of the experiment, data was subset to solutions produced by
solvers with TTS < 60 s, tutors excluded. We ran a LMM>%°" in which log(TTS + 1) was predicted by age, sex, and experimental day-
+ condition interaction (Table S1). ID, population and year were included as nested random effects, and solution type was included as
another random effect. Solution index was not included, as it was collinear with experimental day.

To quantify the difference in selection for efficiency between conditions, we first subset the data to solvers during the experimental
period only. We then used a logistic GLMM with the probability of producing an efficient solve regressed on age, sex, and an inter-
action between experimental day and condition (Table S1). Population and year were included as nested random intercepts.
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Individual birds were not included as random intercepts, since the intercept value represented the first experimental day. Since many
of the birds in the turnover condition were not present on this day, a random intercept would be creating estimates for large propor-
tions of data which didn’t exist.

To answer whether the immigrant birds were disproportionately sampling the efficient solution relative to social information, we
performed a LMM in which the daily proportion of efficient solutions produced by a given solver was predicted by an interaction be-
tween whether they were an original resident (presence on experimental day 0) and the proportion of social information they could
potentially observe about the efficient solution on that given day (Table S2). Data was subset to non-tutor solvers during the exper-
imental period only. ID nested in population were included as random effects.

Innovation

Measuring true innovation rates is difficult, as once an innovation is adopted by a population and produced with any frequency, sub-
sequent innovation events might be masked due to the assumption of social information use. Innovators were therefore defined in
two possible ways. 1) Innovators were birds that were the first to produce the efficient solution within a population. 2) Innovators were
also defined as birds who produced their first efficient solution as an outlier in time At (>63 h). This time period was chosen we
deemed it unlikely that the innovator had socially learned the efficient solution if they had not observed or exhibited the behavior
in this time. We analyzed differences in innovation timing between conditions using three GLMS in which sex, age and condition pre-
dicted 1) days solving before innovation, 2) days of exposure to puzzle before innovation, 3) total elapsed experimental days before
innovation (Table S3; Figure S2).

Behavioral conservatism

To test whether experience or conformity played a more relevant role in the failure of birds to switch from inefficient to efficient, we
first subset data to solvers that had produced both solutions. If inefficient solutions outnumbered efficient solutions in the last 10% of
their solves, then that bird was marked as failed to switch. Given the average of 1,795 solutions per solver, this 10% conservatively
covered the last hundred or so behavioral productions of a solver before they were removed from the experiment. Experience was
calculated as days solving before experiencing the efficient solution. To measure conformity, we measured the proportion of socially
observed inefficient solutions out of all solutions produced on the day that bird first produced the efficient solve. We used a GLMM to
control for population and year level differences, in which failure to switch was predicted by experience with the inefficient solution
prior to sampling the efficient, and the proportion of socially observed inefficient solutions (Table S4).
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