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Abstract

1. Advances in biologging technologies have significantly improved our ability to
track individual animals' behaviour in their natural environment. Beyond obser-
vations, automation of data collection has revolutionized cognitive experiments
in the wild. For example, radio-frequency identification (RFID) antennae embed-
ded in ‘puzzle box’ devices have allowed for large-scale cognitive experiments
where individuals tagged with passive integrated transponder (PIT) tags interact
with puzzle boxes to gain a food reward, with devices logging both the identity
and solving action of visitors.

2. Here, we extended the scope of wild cognitive experiments by developing a fully
automated selective two-option foraging device to specifically control which ac-
tions lead to a food reward and which remain unrewarded. Selective devices
were based on a sliding-door foraging puzzle, and built using commercially avail-
able low-cost electronics.

3. We tested it on two free-ranging PIT-tagged subpopulations of great tits Parus
major as a proof of concept. We conducted a diffusion experiment where birds
learned from trained demonstrators to get a food reward by sliding the door
either to the left or right. We then restricted access of knowledgeable birds to
their less preferred side and calculated the latency until birds produced solu-
tions as a measure of behavioural flexibility.

4. A total of 22 of 23 knowledgeable birds produced at least one solution on their
less preferred side after being restricted, with higher-frequency solvers being
faster at doing so. In addition, 18 of the 23 birds reached their solving rate from
prior to the restriction on their less preferred side, with birds with stronger prior
side preference taking longer to do so.

5. We therefore introduce and successfully test a new selective two-option puzzle
box, providing detailed instructions and freely available software that allows
reproducibility. It extends the functionality of existing systems by allowing fine-
scale manipulations of individuals' actions and opens a large range of possibili-

ties to study cognitive processes in wild animal populations.
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1 | INTRODUCTION

Advances in biologging have improved our abilities to remotely track
individual animals' behaviour and physiology as they move through
their natural environment (Evans et al., 2013; Fehlmann & King, 2016;
Rutz & Hays, 2009; Whytock & Christie, 2017). Moreover, the in-
creased availability of low-cost electronic devices (Jolles, 2021;
Youngblood, 2019) has enabled remote data collection in a wide va-
riety of observational and experimental studies. A popular choice
for remote tracking is radio-frequency identification (RFID) technol-
ogy, a low-cost system consisting of an attached or implanted pas-
sive integrated transponder (PIT) tag that transmits a unique code
when activated through proximity to a receiving antenna (e.g. Aguzzi
etal., 2011; Bridge & Bonter, 2011; Youngblood, 2019). For example,
RFID data-loggers at feeders or nest sites have been used exten-
sively to study breeding activity (Bonter & Bridge, 2011; Mariette
et al., 2011), build social networks (Aplin, Firth, et al., 2015; Psorakis
et al.,, 2012), estimate mass and energetics (Hou et al., 2015) and
study habitat use (Cox et al., 2016). Automated puzzle boxes that
incorporate RFID antennae have also been used to extend the scale
and scope of cognitive social learning and decision-making exper-
iments (Aplin, Farine, et al., 2015; Chimento et al., 2021; Morand-
Ferron et al., 2015; Wild et al., 2021).

Low-cost electronic devices have been further developed into
selective systems that allow to control and manipulate experiences
based on individuals' unique electronic tag IDs. The potential of such
selective or ‘smart’ systems has been quickly recognized in animal
husbandry, zoos, as well as the pet industry to optimize diet (Remus
et al., 2020; Vaintrub et al., 2020; Zuidhof et al., 2017), control ac-
cess through automatic doors (Wicaksono et al., 2019) or provide
individually tailored enrichment (Hoy et al., 2010; Kim-McCormack
et al.,, 2016). Selective systems have also been used for cognitive
research on captive animals. For example, in studies on primate cog-
nition, individuals were given access to computerized test systems
that were controlled by automatic identification of subjects via RFID
to provide cognitive puzzles tailored to the specific individual (Fagot
& Bonté, 2010; Fagot & Paleressompoulle, 2009). Similarly, in stud-
ies on decision making in ants, colony members were equipped with
radio tags and their access to food sources controlled through auto-
matic doors (Robinson et al., 2012).

Selective devices are also increasingly used in the field. For ex-
ample, in wildlife conservation, RFID activated doors were used
to provide breeding sites that are protected from predators (Muns
et al., 2018; Watson et al., 2021). Similarly, ‘smart traps’ selectively
target specific individuals for capture to minimize unnecessary
bycatch and recaptures (Meniri et al., 2019). However, the most
frequently used selective system in the wild are selective feed-
ers that can be programmed to grant access to food for particular

individuals. Such selective feeders have, for example, been used to
artificially manipulate food preferences for particular sugar water
concentrations in hummingbirds (Ibarra et al., 2015), to investigate
individual feeding patterns in squirrels (Kenward et al., 2005), to
manipulate the foraging social network in communities of songbirds
by allowing only certain dyads to co-feed (Firth et al., 2016; Firth &
Sheldon, 2015) and for spatial memory tasks in mountain chicka-
dees to compare behavioural flexibility between birds from differ-
ent age and sex classes, and from different environments (Branch
et al., 2020; Croston et al., 2016, 2017; Tello-Ramos et al., 2018). In
these studies, selective feeders have been exclusively used to con-
trol whether or not individuals get access to food. A study on spatial
reversal learning in great tits has taken selective feeding systems a
step further by controlling on an individual level which actionled to a
food reward and which remained unrewarded (Cauchoix et al., 2017).
Using an operant conditioning device with three keys, originally de-
veloped for a colour-associate learning study in tits (Morand-Ferron
et al., 2015), birds were rewarded if they correctly pecked the illumi-
nated key, with illumination governed by internal individualized rules
based on the birds' unique PIT tags (Cauchoix et al., 2017).

Here, we extend the functionality of selective feeding systems
by developing a selective two-option foraging puzzle, which gives
an opportunity to extend the sample size and scope of cognitive ex-
periments. Two-option foraging puzzle boxes (‘artificial fruits’) are
often used in studies on cognition and learning, during which indi-
viduals have to perform one of two alternative actions (turn a dial,
slide a door etc.) to receive a food reward (Aplin, Farine, et al., 2015;
Canteloup et al., 2020; Morand-Ferron et al., 2015). A selective two-
option task allows control over whether or not an individual gets
access to food, and over which of the two actions leads to a food
reward, and which remains unrewarded.

We based our design on a sliding-door foraging puzzle that has
previously been developed for studying social learning processes in
songbirds (Aplin et al., 2017; Aplin, Farine, et al., 2015; Chimento
et al., 2021). The original puzzle box allowed birds to obtain a food
reward by sliding a door either left or right, while an RFID antenna
built into the landing perch registered the birds' unique PIT tags.
Combined with sensors and an internal motor, solving actions were
registered and the door reset after birds departed. Here, we modi-
fied the original design to be able to selectively grant access for each
individual bird to either left, right or both sides based on its unique
tag. We tested the selective design on two wild subpopulations of
great tits Parus major in a reversal learning task. Being able to do the
opposite of a task that was previously learned is often used in cogni-
tive studies as a measure of behavioural flexibility (Chow et al., 2015;
Croston et al.,, 2017; Lea et al., 2020).

We initially introduced several knowledgeable birds, demonstra-
tors hereafter, into the two subpopulations. In the first part of the
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experiment, we let the behaviour diffuse naturally through the pop-
ulation. In order to create local side preferences, the demonstrators
of one subpopulation were restricted to left, and the other to right.
Meanwhile, no restrictions were placed on any of the naive birds. In
the second part of the experiment, after the behaviour had spread,
we determined the preferred solving side for each knowledgeable
bird and restricted them to their less preferred side. As a measure of
behavioural flexibility, we calculated both the latency until the first
solve on their less preferred side as well as the latency until birds
reached their prior baseline solving rate. We tested whether age, the
strength of their prior side preference, whether they were demon-
strators, their connection to other informed individuals, the solving
rate and the number of solves prior predicted those latencies. We
hypothesized that younger, more connected individuals with weaker
prior side preferences and higher solving rates would be faster at
switching (Aplin et al., 2017). We finish by discussing possible appli-
cations and extensions of and limitations to our selective two-option
puzzle box design.

2 | MATERIALS AND METHODS
2.1 | Puzzle box design

The design of our experimental device was based on a sliding-door
foraging puzzle originally developed for studies on social learning in
tits (Aplin, Farine, et al., 2015; Chimento et al., 2021). It consisted of
a white acrylic box (30.5%20.5x24.5 cm—custom ordered) with a
receiving antenna (9 x7 cm, frq 125kHz, NatureCounters Ltd) built
into the landing perch that was attached to the box front (Figure 1a).
The box contained a Raspberry Pi 4 micro-computer, and an RFID
reader writer module for data logging (Priorityl Design), and was
powered by a 12V 18 mAH battery (Figure 1c, Table S1). A sliding
door of 30mm width concealed a circular opening (10 mm diameter)
into a mealworm tray located inside the box, which the birds could
slide either left or right to get access to this highly preferred food
(Figure 1a,b). All electronic components were commercially sourced,
and STL files for 3D printed parts have been deposited on github
(Table S1). Costs for all components for one puzzle box were ap-
proximately 200 EUR.

The operation of the sliding door mechanism was controlled by
software that governed the transition between five different states
(Figure 2), based on software developed for a previous experiment
(Chimento et al., 2021). In state O, the opening was concealed by
the sliding door with the door held in place by two servo motors on
the inside (Figure 1b). If a tagged bird landed on the perch, it tran-
sitioned into state 1, during which the bird's ID and time of arrival
were recorded and its tag cross-referenced with an internal list that
defined side access as either ‘right’, ‘left’ or ‘both’. Based on the de-
fined restrictions, one or both of the servo motors were operated to
selectively unblock the sliding door to the respective side(s) (state
2) (Figure 1b). If the bird then pushed the door open to reveal the
opening to the mealworm tray, this was registered as either a ‘left’ or

‘right’ solve by triggering infra-red (IR) sensors on the inside of the
box front (state 3) (Figure 1b). Departure time was recorded once the
tag was no longer detected by the antenna. Following state 3, both
servo motors were operated to reset the sliding door (back to state
0). Arrival and departure times of non-solvers were also recorded.
In the rare occurrence that the sliding door became stuck open, this
was registered by continuous triggering of one of the two IR sensors
and both servos were operated at an interval of 10s in an attempt
to close the door (state 4). A ‘sensor error’ was then recorded in the
data. The software code was saved on a USB drive inserted into the
Raspberry Pi and set up to automatically launch when the Raspberry
Pi was powered on (Figure 1b). We used VNC viewer 6.20.113 to
access the pi with a field laptop using an Ethernet cable (Figure 1b).
The puzzle box software is available on github (see Data Availability

Statement).

2.2 | Field methods

The study took place in Radolfzell, Germany, at two separate field
sites consisting of mixed woodland (ME: 47.72866, 8.99727; MC:
47.74961, 8.95335 [WGS84]). Great tits were caught in mist nets
between September 2019 and December 2020, and each equipped
with a uniquely numbered metal leg ring issued by the Radolfzell Bird
Observatory, and a passive integrated transponder (PIT) tag (Eccel
Technology, EM4102). Birds were ringed under ringing licences held
by GAN and SW, granted by the Radolfzell Bird Observatory (55-
8841.03; 8853.17), and ethical approval was granted to LMA by the
Regierungsprasidium Freiburg (35-9185.81/G-19/159). All birds were
sexed and aged (juvenile/adult) based on plumage (Svensson, 1992).

Two puzzle boxes were deployed at each site between 10
December 2020 and 3 March 2021 at a distance of 200-250m apart
on wooden platforms (66 x60cm) at approximately 1-1.3 m height
above-ground. Platforms were covered with a cage with 35mm hex-
agonal mesh (dimensions 66x60x40cm) to selectively allow small
birds to access the experimental device while preventing damage
from larger birds and rodents. Puzzle boxes were deployed 5days
per week, followed by 2days of network data collection to infer
social associations (see below; Psorakis et al., 2012; Aplin, Firth,
et al., 2015). We additionally added small openly accessible feeder
columns (35cm) with a mix of sunflower seed and kibbled peanuts
next to the wooden platforms to attract birds to the vicinity of our
experimental devices.

At both sites, we then released six knowledgeable demonstrator
birds that had previously been sourced from these two subpopula-
tions and had learned to solve the sliding-door puzzle in an indepen-
dent captive experiment. The permit for the captive experiment was
obtained from the Regierungsprasidium Freiburg, granted to LMA
(35-9185.81/G-20/100). We restricted these demonstrators to one
of the two sides (‘right’ at ME, ‘left’ at MC), to create artificial local
side preferences. All other birds remained unrestricted.

Over the course of 10weeks, we let the behaviour diffuse
through the populations. To adjust difficulty of the task, we
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FIGURE 1 Schematic drawing of the selective puzzle box. (a) Front view: Birds' unique alphanumeric PIT tags were recorded with the RFID
antenna built into the landing perch. By pushing the sliding door either to the left or the right, birds could uncover a hole leading to a concealed
mealworm tray. (b) Inside view: The rotating arms of two servo motors selectively allowed access for individual birds as defined on an internal access
list. Following a solve—registered by IR sensors on each side—the servo motors moved the sliding door back to the original position to conceal the
opening. (c) Internal set-up: A Raspberry Pi 4 computer was connected to an RFID reader writer module (Priority1 Design), which connected to an
RFID receiving antenna (125 kHz—NatureCounters Ltd) built into the landing perch to register visiting birds' PIT tags. The Raspberry Pi was equipped
with a clock module and connected to the servo motors and IR sensors via GPIO pins. All electronics were powered through a 12V 18 mAH battery.

tested several modifications to the box design, including chang- for all knowledgeable birds with at least 10 solves to their less
ing the door width and colour (Sl). After the diffusion, we then preferred side, including the initial demonstrators, who had been
modified the access lists on all puzzle boxes to restrict access restricted throughout the experiment. We continued to record
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FIGURE 2 Flowchart of the software controlling puzzle box operations. As birds landed on the receiving RFID antenna (stage O — stage
1), their PIT code was cross-referenced with an internal access list, triggering operation of the servo motors to selectively allow access to
one or both sides (stagel — stage?2). Following a successful solve (registered through activation of IR sensors), doors were subsequently
closed by operating the servo motors (stage 3 — stage 0). Bird ID, arrival and departure time, as well as solving side were recorded. In the
case of departure of the bird or displacement by another bird at any stage, the software was set up to transition back to stage 0. In the rare
event of the sliding door getting stuck—indicated by continuous triggering of the IR sensor—servo motors were operated at a 10-s interval in

an attempt to close the door (stage 4 — stage 0).

birds' visits and solving behaviour during 10 experimental days
until 3 March 2021.

2.3 | Social associations

Throughout the experiment, puzzle boxes were removed for 2days
each week for data download, cleaning and repairs. During these
2days, we installed three openly accessible feeder columns spaced
around each of the two sites at approximately 125m distance, giv-
ing a total of 20days of data. All feeders had two feeding holes,
both equipped with RFID antennas to record visits. We then used
Gaussian mixture models to locate spatio-temporal clusters in the
data-stream and identify visiting groups (Psorakis et al., 2012).
Following previous work on this species, we created social networks
using a gambit of the group approach and the simple ratio index (SRI:
Cairns & Schwager, 1987), where social associations between any
two birds varied between O (never observed in the same group) and
1 (always observed in the same group) (Aplin, Farine, et al., 2015;
Aplin, Firth, et al., 2015; Farine, 2013).

2.4 | Statistical analyses
In our analysis of behavioural flexibility, we only included birds that

were both present in the 10days before and after the restriction
date and that had solved at least five times in the 10 days prior to the

restriction. For each bird, we extracted several characteristics on its
visiting and solving behaviour and network position from before the
restriction. From the 10days prior, we extracted: (a) each bird's total
number of solves, (b) the solving rate as the number of solves divided
by the number of visits, (c) the strength of the side preference before
the restriction as the proportion of solves on their preferred side
across all solves and (d) each bird's summed association strength to
other knowledgeable birds. The solving rate was used as a baseline
to investigate whether birds managed to reach the same solving rate
on their less preferred side (see next paragraph). Social measures
were calculated using social association data from four 2-day periods
before the restriction was put in place.

Next, we calculated two different latencies based on solving be-
haviour after the restriction as measures of behavioural flexibility.
(a) The latency until birds produced the first solution on their less
preferred side; and (b) the latency until birds reached their solving
rate from prior to the restriction. For both latencies, we used the
number of visits that were not followed by solve as a proxy for un-
successful solving attempts. To determine the visit on which birds
reached their prior solving rate (second latency), we calculated birds'
solving rate after the restriction over blocks of 40 visits (Sl) using a
sliding window, and compared the resulting rates to the prior solv-
ing rate. We considered a bird to have reached its prior solving rate,
if the calculated solving rate within the block of visits was at least
90% of the one prior to the restriction. We allowed for this 10% de-
crease in solving rate to account for noise in the data. To exemplify,
let us assume a hypothetical bird with a solving rate of 0.5 prior to
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the restriction. According to our defined criterion, it would need to
reach a solving rate of 0.45 (90% of 0.5) after the restriction. Starting
with its first solve after the restriction, we would calculate the bird's
solving rate over the next 40 visits. Assuming it solved 10 of 40 times
during that first block (solve rate of 0.25), we would conclude that it
had not reached 90% of its prior solving rate. We would then recal-
culate the solving rate from the second solve over the next block of
40 visits—then the third, fourth, etc—until a solving rate of at least
0.45 had been reached. The first solve of the block within which the
solving rate had been reached was then taken as the latency.

We investigated which factors predicted both latencies (until the
first solve and until the prior solving rate was reached) in two separate
cox proportional hazard models, including all knowledgeable individu-
als regardless of whether they managed to produce a solution on their
less preferred side and/or reached their solving rate from prior. Cox
proportional hazard models are used to model time-to-event (survival)
data by estimating the hazard rate for each covariate as a ratio relative
to areference level (Moore, 2016). A hazard rate (HR) > 1 indicates a de-
crease in ‘survival'—here decreased latency—and a HR< 1 an increased
survival—here increased latency. Cox models explicitly consider events
that never occur as censored data, in this particular case if no solves
were produced on the less preferred side or the solving rate from prior
was not reached until the end of the experiment respectively.

We included several predictors in the models: (a) age of the in-
dividual (adult/juvenile); (b) whether it was a demonstrator (yes/
no); (c) the summed association strength with informed individuals
(based on SRI, see above); (d) the prior solving rate and (e) the num-

ber of solves in the 10days before the restriction. As sex could not

(a) Latency until first solve

Age (adults - reference)-

Age (first year)-

be assigned with certainty for all individuals, we did not include it
as a predictor variable. We first tested for multi-collinearity among
these predictor variables by calculating variance inflation factors
(VIFs) (Fox & Weisberg, 2018) and for the proportional hazards as-
sumption (Therneau & Lumley, 2014) (Sl). We then built the two cox
proportional hazard models (one for each latency) controlling for
site as a random effect and compared all possible models contain-
ing subsets of variables in all possible combinations using the Akaike
information criterion corrected for sample size (AlCc) (Anderson &
Burnham, 2004; Barton, 2014). We obtained relative support for
each predictor (as summed AlCc weights across all models), and ef-
fect sizes (as model averaged estimates), and 95% confidence inter-
vals were estimated across models within delta AICc>4 from the
best performing model (Anderson & Burnham, 2004).

All analyses were performed in R v4.0.5 (R Core Team, 2021),
and the code is available on github (see Data Availability Statement).

3 | RESULTS

At ME, 87 tagged great tits visited the puzzle box, of which 36 birds
with at least 10 solves produced a total of 11,649 solutions. Of the
36 birds, three were demonstrators and 33 birds learned to solve the
puzzle box during the diffusion period. At MC, 74 tagged birds visited
the puzzle box, of which 33 produced at least 10 solutions, result-
ing in a total of 13,431 solves. Of the 33 birds, six were previously
knowledgeable demonstrators and 27 were birds that learned dur-

ing the diffusion period. Similar to a prior study using a sliding-door

(b) Latency until prior rate reached

t

1 1

1 1
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1 1
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FIGURE 3 Hazard ratios of covariates including 95% confidence intervals. (a) For predicting the latency until the first solve on the
less preferred side. (b) For predicting the latency until birds reached the solving rate from prior to the restriction. Hazard ratios and
corresponding 95% confidence intervals were averaged across models within deltaAlCc <4 of the best performing model. Hazard ratios <1

indicate reduced latency while those >1 indicate increased latency.
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TABLE 1 Supportand model averaged estimates including 95% confidence intervals for covariates predicting latency with supported

variables (summed Akaike weights >0.5) in bold

Num. solves Strength
10days prior preference
Latency until first solve
Summed Akaike weights? 0.91 0.42
Hazard ratio with 95% CI° 1.003 0.057
[1.001-1.005] [0.001-2.298]
Latency until rate from prior reached
Summed Akaike weights? 0.24 0.67
Hazard ratio with 95% CI° 1.001 0.010
[0.999-1.003] [0.0001-0.666]
Num. models 16 16

aAcross all models.
bAveraged across models with deltaAlCc<4.

puzzle box (Aplin, Farine, et al., 2015), the majority of solutions pro-
duced during the diffusion occurred on the side demonstrators had
been restricted to (MC: 93.7%; ME: 82.1%).

Across both sites, a total of 23 birds were present both before
and after the restriction and had produced a least five solves in the
10days prior to the restriction. Of those, 22 produced at least one
solution on their less preferred side after the restriction. On aver-
age, they produced their first solve after 12 unsuccessful solving at-
tempts [range 1st-43rd] after the restriction was put in place. Birds
with more solves prior to the restriction were marginally faster at
switching sides (summed Akaike weight > w; =0.91; HR = 1.003
[95% Cl 1.001-1.005] per solve; Figure 3; Table 1). This corre-
sponds to a decrease in latency of 1.7 [0.5-2.5] visits per increase
of 500 solves prior to the restriction. Age, demonstrator status, the
strength of the prior side preference or a bird's association strength
with other informed individuals did not influence the latency until
the first solve (all Y w; < 0.5; Table 1; Figure 3).

Eighteen of the 23 birds reached their previous solving rate after
the restriction, on average after 60 unsuccessful solving attempts
(range: 1st-223rd). Across those 18 birds, there was no significant
difference in solving rate from before and after they switched (within
10%) (Wilcoxon signed rank test: V = 66.5; N = 18; p = 0.420), indi-
cating that overall, they retained solving rates even when forced to
switch sides. Birds with stronger prior side preference were signifi-
cantly slower to reach their solving rate from prior to the restriction
(3> w; =0.67; HR = 0.011 [95% Cl 0.0002-0.670]), while none of the
other predictors (number of solves, demonstrator status, summed
association strength, age) were correlated with the latency to reach

the prior solving rate (all 3, w; < 0.5; Table 1; Figure 3).

4 | DISCUSSION

While in the past, selective systems have usually been based on dif-
ferences in physical features between target and non-target animals,
such as body size, physical strength or weight (Massei et al., 2010;

Demonstrator ~ Summed association

(yes/no) strength w. informed inds. Age (juveniles/adults)
0.34 0.34 0.21

0.514 0.426 0.961

[0.173-1.532] [0.105-1.722] [0.359-2.572]

0.28 0.30 0.27
0.537 0.339 0.603
[0.149-1.935] 0.052-2.214] [0.209-1.741]

16 16 16

Zielinski et al., 2020), the use of biologging technologies has revo-
lutionized selective systems by allowing for a much more refined
selection of target animals, based on individuals' unique electronic
tag IDs (e.g. Meniri et al., 2019; Remus et al., 2020). Here, we have
developed a selective two-option foraging device that extends the
functionality of available selective feeding systems (e.g. Croston
et al,, 2017; Firth et al., 2016; Ibarra et al., 2015). It not only allows
controlling whether or not specific individuals get access to food,
but also to manipulate on an individual level which specific action(s)
are rewarded.

We have successfully tested our new design on wild great tits
that had previously socially learned to prefer one of two possible
actions (e.g. Lea et al., 2020). After the restriction, 22 of 23 knowl-
edgeable birds managed to produce at least one solution of their
less preferred action and 18 of 23 birds even reached their pre-
vious solving rate within a 10-day period. This not only demon-
strates the extent of behavioural flexibility in this species (Cauchoix
et al., 2017), but also demonstrates the utility of a selective two-
option device to manipulate and change behaviour. We show that,
even in the case of demonstrator birds who had been restricted
to one side for several weeks, prior learned preferences could be
updated within only a few days.

This behavioural change was not significantly affected by most
individual characteristics, with no effect of age, demonstrator sta-
tus or connection to knowledgeable individuals on either latency
to try the alternative side or reach prior solving rates. The lack of
an effect of social associations indicates that, perhaps surprisingly,
there was no or little social influence on birds' latency to switch
to their less preferred side. However, we found that birds that
solved at high frequencies prior to the restriction were faster at
producing the first solution on their less preferred side, which po-
tentially reflects both higher motivation to find a solution to the
new challenge as well as increased levels of solving experience in
those birds. By contrast, birds with a stronger prior side preference
were slower to regain their solving rate after restriction. These re-
sults are in contrast to a previous study on wild great tits in which
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the locally established solution was subjected to a reduced payoff.
There, younger individuals were faster to switch, and neither the
number of solves nor the strength of the prior preference had an
effect on whether birds would switch from the lower-payoff to the
higher-payoff solution (Aplin et al., 2017). Unlike in our experiment,
however, birds in this study were still rewarded for producing the
previously preferred solution. In fact, our results are in line with a
study on reversal learning of a spatial task in great tits, during which
the incorrect behaviour was also no longer rewarded (Cauchoix
etal., 2017). They found that 59% of birds successfully completed a
first reversal task, and performance improved over successive trials
as they gained more experience (Cauchoix et al., 2017). Together,
these might suggest that variation in behavioural flexibility in this
species, for example related to age, might be more related to cogni-
tive biases than learning abilities (Aplin et al., 2017; Morand-Ferron
etal., 2015).

The use of selective two-option devices opens up new avenues
for studying a range of socio-cognitive processes in wild animal pop-
ulations, as they allow for fine-scale manipulation of what each indi-
vidual experiences. The nature of questions that can be addressed
is manifold. By restricting access for some individuals, for example,
one can introduce local artificial side preferences to manipulate
the social information that is available to others. This can be used
to study social learning biases or decision-making processes, such
as whether naive individuals preferentially copy the side choice of
particular demonstrators based on their phenotypes (e.g. rank, age
or sex-biased transmission: Laland, 2004; Kendal et al., 2018) or
whether individuals update their preference as a response to artifi-
cially introduced side preferences of close associates (e.g. stability of
conformist traditions within a population: Aplin, Farine, et al., 2015).
In combination with statistical methods like experience-weighted at-
traction models (Barrett et al., 2017; McElreath et al., 2005, 2008),
selective two-option tasks provide a powerful tool to understand the
mechanisms underlying behavioural decisions on an individual level,
and how these translate to emergent population-level outcomes.

In our current system, restrictions are controlled through an in-
ternal list defining side access for each individual bird based on its
PIT tag. In theory, restrictions could also be based on updating inter-
nal models—for example, that consecutive solves need to occur on
opposite sides—which then takes individuals' previous actions into
account and updates access lists in real-time. Such updating rules
have been implemented at the individual level in operant chambers
('Skinner boxes') used for cognitive tasks in captivity (Devarakonda
et al., 2016; Pinefio, 2014). In the wild, to our knowledge, individual-
ized programmes have only been implemented in a spatial reversal-
learning study in great tits, using an operant conditioning device
(Cauchoix et al., 2017). Extending this approach to a two-option
foraging puzzle would provide a multitude of ways to control and
manipulate individuals' experiences or, on a population level, mimic
environmental changes.

While our design was tested on great tits, it could likely be used
for birds of similar size. Indeed, nuthatches Sitta europaea, blue tits
Cyanistes caeruleus, coal tits Periparus ater and marsh tits Poecile

palustris have all participated in previous experiments using sim-
ilar sliding-door puzzles (Aplin, Farine, et al., 2015). Alternatively,
the hardware could be scaled up or down to accommodate body
size, strength and cognitive abilities of different target species. In
fact, various studies have used a very similar sliding-door paradigm
in socio-cognitive studies in other species, such as chimpanzees
(Sanchez-Amaro et al., 2018), parrots (Picard et al., 2017) or vervet
monkeys (van de Waal et al., 2013).

One of the limitations to our current device is its inability to reg-
ister unsuccessful solving attempts, for which in our study we have
used the number of visits registered by the antenna that were not
followed by a solve as a proxy. However, this could easily be solved
by adding a motion triggered Raspberry Pi camera to the system,
which allows more fine-scale tracking of individual birds' behaviour
as they interact with the puzzle box (e.g. Chimento et al., 2021).
Furthermore, unlike the original sliding-door puzzle (Aplin, Farine,
et al., 2015), our selective device does not allow for untagged birds
to solve the puzzle box as they are not recognized by the RFID an-
tenna and the sliding-door mechanisms will therefore remain closed.
Experiments could of course be restricted to tagged birds only, or
the landing perch could additionally be fitted with a scale or sensor
that registers the presence of untagged individuals, with a software
modification specifying side access for these untagged individuals.

Safe methods for PIT tagging for a wide range of species are
well-established, and participation in such experiment occurs on
an entirely voluntary basis. For capturing and tagging birds for
this study, we followed well-established protocols that minimize
negative impacts on individuals: Mist netting for capturing birds
is a widely used technique for monitoring avian populations, with
injury and mortality rates below 1% (Spotswood et al., 2012)—in
our study population below 0.05%. Potential negative long-term
effects of attaching metal rings or PIT tags are considered mild.
Incident rate of leg injuries that were potentially related to tagging
in our study population were below 0.005%. Furthermore, a study
on small passerine birds found no differences in survival or body
condition of tagged versus untagged individuals (Farr et al., 2021),
indicative of no negative long-term effects of tagging. The use of
puzzle boxes in combination with RFID technology therefore not
only provides a low-cost method for conducting socio-cognitive
experiments on wild animals in their natural environment, but is
also of low ethical concern.

In conclusion, our puzzle box design extends the functionality of
currently available selective feeding systems by adding selectivity to
a two-option puzzle box often used in studies on animal cognition and
learning. It allows to systematically control which individual-level ac-
tions lead to a food reward. This can potentially be used not only to
change the personal information that individuals receive, but also the
social information available to others. Our device is fully reproducible:
we provide comprehensive instructions on both the hardware and
software associated with this task in the supplementary materials and
associated data. All components are commercially available, providing
a low-cost, fully automated device for studying a broad range of social
learning and decision-making processes in wild animals.
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