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In spatio-temporally variable environments, individuals are known to use information

for making optimal decisions regarding where and when to breed. Optimal decision

making can be complex when relying on multiple information sources with varying

levels of reliability and accessibility. To deal with such complexity, different cognitive

abilities such as learning and memory might enable individuals to optimally process

and use these information sources. Yet, the link between information use and cognitive

ability remains unexplored in natural populations. We investigated whether learning

performance on a problem-solving task was related to the use of an experimentally

manipulated source of social information for nest site selection in wild collared flycatchers

(Ficedula albicollis). Collared flycatchers are known to use heterospecific information from

their main competitors, the great tits (Parus major). Here, we created a local apparent

preference by tits for an artificial nest site feature (a geometric symbol attached to nest

boxes occupied by tits) and recorded whether flycatcher pairs chose to settle in nest

boxes displaying the same feature as tits (i.e., copied tit apparent preference). Using

a problem-solving task requiring opening a door temporarily blocking the nest box

entrance, we then measured flycatchers’ learning performance during nestling rearing

as the number of entrances required to solve the task and enter the nest box twice in a

row below a given efficiency threshold.We found that the probability to copy tit preference

decreased with decreasing learning performance in females, particularly yearling ones:

fast learning females copied tit preference, while slow learning ones rejected it. Male

learning performance did not affect copying behavior. Our results showed that learning

performance might play an important role in the ability to optimally use information for

nest site selection in females: both fast and slow learning females could process this

heterospecific information source but used it differently. This could partly explain the

link between cognitive abilities and reproductive success reported in previous studies.

Whether cognitive abilities may modulate condition-dependent costs of using different

information remains to be explored.

Keywords: breeding site choice, collared flycatcher, Ficedula albicollis, heterospecific social information,

information processing, problem-solving task, trial and error learning
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INTRODUCTION

In most environments, habitat quality varies in time and
space, generating environmental uncertainty for individuals, with
potentially major fitness consequences (e.g., Franklin et al.,
2000; Gunnarsson et al., 2005). Strong selective pressures should
therefore favor strategies allowing individuals to reduce this
uncertainty by obtaining and using reliable information on
habitat quality before making decisions (Danchin et al., 2004;
Dall et al., 2005). Many different information sources can
be available simultaneously to individuals, such as personal

information, acquired from direct observation or sampling of
the environment (trial and error tactics), and social information,

obtained from observing other individuals’ location, behaviors,
and success (Danchin et al., 2004; Schmidt et al., 2010). These
information sources can vary in reliability (i.e., the extent to
which they allow individuals to forecast their own success in
the habitat) and accessibility (i.e., the cost at which they can be

obtained; Doligez and Boulinier, 2008). They may also provide
potentially conflicting information contents (e.g., Grüter et al.,
2011). Furthermore, reliability, accessibility, and information
contents may themselves depend on individual parameters (e.g.,
prior knowledge; Kivelä et al., 2014) and/or on the environment
(e.g., predation risk; Kendal et al., 2004).

Dealing with multiple information sources for decision
making may thus be complex and require different information
processing mechanisms. First, individuals may have to prioritize
information sources depending on their reliability. For example,
individuals may favor the use of personal over social information
when the reliability of personal information increases (e.g.,
when the ecological distance with social information provider
increases; Seppänen et al., 2007); conversely, they may favor
the use of social over personal information when this reliability
decreases (e.g., due to increasing time since information
acquisition; van Bergen et al., 2004). Among social information
sources, information may be more reliable and favored when
provided by conspecifics compared to heterospecifics (Jaakkonen
et al., 2015). Second, the information to be prioritized also
depends on the context-dependent future rewards of the decision
to be made, which implies forecasting the consequences of
decisions depending on the context. For example, the use of
personal vs. social information can depend on the expected risk
of predation: social information may be preferred compared to
more reliable personal information for foraging patch choice only
when using personal information involves loosing visual contact
with conspecifics in a group (Kendal et al., 2004). Adjusting
the information used depending on the context was also well-
demonstrated in cleaner fish Labroides dimidiatus that alter their
cleaning behavior depending on the client fish (Bshary, 2002) or
on the audience, in response to potential future clients (Bshary
and Grutter, 2006). Third, information use may require long-
termmemory when the delay between information gathering and
use is long (Doligez and Boulinier, 2008). Individuals may use
social information cues such as the presence or success of con-
or heterospecifics from the previous year to select a breeding site
(Doligez et al., 2002; Boulinier et al., 2008; Forsman et al., 2014).
In the foraging context, long-term memory has been shown in

food-storing birds that hide food reserves during the summer
for the next winter (Clayton and Krebs, 1994) but also in non-
food-storing birds such as great tits that remembered foraging
strategies learned from conspecifics after more than 9 months
(Aplin et al., 2014).

The complex use of multiple information sources in a
condition- and context-dependent way for optimal decision-
making has now been evidenced in various taxa (e.g., in fish,
van Bergen et al., 2004; Bshary and Grutter, 2006; birds, Doligez
et al., 2008; Kivelä et al., 2014; Jaakkonen et al., 2015; insects,
Grüter and Ratnieks, 2011; Grüter et al., 2011; primates, Carter
et al., 2013; Kendal et al., 2015). Yet, the mechanisms underlying
individuals’ ability to cope with such complex information
use are still largely unknown. Cognition, broadly defined as
all the sensory, neurological, memory, and decision processes
used by individuals when interacting with their environment
(Shettleworth, 2010), can be expected to play a major role in
the ability to optimally process and use information. Cognitive
abilities could in particular allow individuals to (i) identify
and select the most reliable and/or less costly information cues
(e.g., Aplin, 2019), (ii) store and relevantly update information
(e.g., Tello-Ramos et al., 2019), (iii) adjust information meaning
depending on external factors and individual phenotype (e.g.,
Kendal et al., 2004), and (iv) use new information by associating
cues to fitness-related environmental features (e.g., Loukola
et al., 2020). Yet, which cognitive processes enable individuals to
optimally use information remains to be investigated in the wild.
Among cognitive abilities, learning, defined as the adjustment
of behavior to local physical and social conditions through
individual experience (Shettleworth, 2010), should in particular
allow individuals to efficiently respond to environmental
variability by rapidly incorporating new relevant information
sources into decision-making processes. Learning can therefore
be expected to take a major part in the ability to cope with
complex and/or multiple information sources.

Here, we experimentally investigated whether the use of a
social information source for nest site selection was related to
learning ability measured during nestling rearing in a natural
population of a migratory hole-nesting passerine bird, the
collared flycatcher. In collared flycatchers and their sister species,
pied flycatchers Ficedula hypoleuca, both pair members jointly
choose the nest site (Alatalo et al., 1986; Pärt and Qvarnström,
1997). They are well-known to use social information from their
main heterospecific resident competitor, the great tit, for making
breeding decisions (Seppänen and Forsman, 2007; Forsman et al.,
2008) and to gain fitness benefits from this information use
(Forsman et al., 2002, 2007). In particular, flycatchers have
been experimentally shown to copy great tits’ preference for an
artificial feature of nesting cavities (e.g., Seppänen and Forsman,
2007; Forsman and Seppänen, 2011; Seppänen et al., 2011).
Using the same experimental design, we created an apparent
local preference of tits for an artificial nest site feature by
attaching geometric symbols on nest boxes occupied by tits.
We then recorded whether flycatchers copied this apparent tit
preference when choosing their own nest site, i.e., chose a nest
box with the same symbol as tits (Seppänen and Forsman, 2007;
Seppänen et al., 2011; Morinay et al., 2018). During nestling
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rearing, we estimated flycatchers’ learning performance on a new
problem-solving task at the nest by assessing the number of
attempts needed to reach a learning threshold when solving the
problem over successive trials. If higher cognitive abilities allow
individuals to better process and use information, we predict fast
learners to be more likely to use social information from tits for
nest site selection (i.e., copy the tit apparent preference) than slow
or non-learners.

MATERIALS AND METHODS

Study Species and Population Monitoring
The study was conducted in a natural population of a small
hole-nesting passerine bird, the collared flycatcher, breeding on
the island of Gotland (Baltic Sea, Sweden, 57◦03′ N, 18◦18′ E),
between April and June from 2012 to 2015. In the study forest
patches, collared flycatchers, and titmice (great tits and blue
tits Cyanistes caeruleus) breed in sympatry and readily settle
in nest boxes provided in excess (Doligez et al., 1999). This
allowed us to monitor flycatcher’s timing and success of breeding
throughout the season, by recording settlement date, laying,
and hatching dates, clutch size and fledgling success. Collared
flycatchers are migratory and have been shown to use resident
titmice as information sources to adjust their own breeding
decisions upon arrival on the breeding grounds (Seppänen and
Forsman, 2007; Forsman et al., 2008). In particular, flycatchers
have been found to use great tits’ presence (Kivelä et al.,
2014), density (Forsman et al., 2008), phenology (Samplonius
and Both, 2017), clutch size (Loukola et al., 2013), and song
features (Morinay et al., 2020a) for breeding site selection (along
with conspecific social information). The reproductive benefits
obtained by using social information from tits may result from
settling in higher quality habitat/site as assessed from tit cues or
from enhanced access to food resources during nestling rearing
and/or social protection from nest predators when settling close
to tits (Forsman et al., 2002, 2007). As part of the long-term
monitoring of the population, flycatchers breeding in nest boxes
were captured (females during incubation and males during
nestling provisioning, since both parents feed young), identified
(ringed with individually numbered rings if previously unringed)
and aged (yearling vs. older based on plumage criteria; Svensson,
1992). Collared flycatchers show plumage sexual dimorphism
(males are black and white while females are brown), allowing
us to easily sex parents from a distance.

Social Information Use Experiment
The experiment was conducted in 12–17 forest patches
(depending on year), containing 29–106 nest boxes each. At the
beginning of the breeding season, when tits started settling in nest
boxes (i.e., from early April onwards), we chose for each forest
patch one (white) geometric symbol between two symbols, either
a triangle or a circle, and we attached this symbol around the nest
box hole of all boxes occupied by tits in this forest patch. This
created a local apparent preference of tits for this artificial nest
box feature in the patch. We then randomly attached either a
triangle or circle on each unoccupied nest box in the experimental

patches so that new-coming birds were provided nest boxes with
each of the two symbols in equal proportion in each patch.

When flycatchers arrived on the breeding grounds, on average
2 weeks after tit settlement (i.e., late-April to mid-May), we
monitored their nest box choice in terms of the symbol present
on the box chosen. We thus recorded whether flycatchers settled
in a box with the same symbol than tits in the patch (i.e.,
they copied local tit apparent preference) or with the other
symbol (i.e., they rejected tit apparent preference). To do so,
we visited all previously unoccupied nest boxes every second
day to detect new settlement of flycatcher or tit pairs (based on
nest material used: dry grass for flycatchers and moss with fur
or feathers for tits). If a new tit pair settled and the symbol on
the box was opposite to the symbol associated with tit nests in
the patch, we changed the symbol to match the local apparent
tit preference. If a new flycatcher pair settled, we recorded the
symbol on the chosen box and removed it to avoid possible
information transfer to conspecifics about the pair’s choice. We
then adjusted the number of each symbol on the remaining
unoccupied boxes to keep providing later arriving flycatchers
available boxes with each of the two symbols in equal proportion.
Keeping an equal proportion was however not always feasible
(e.g., for an odd number of empty nest boxes).We thus controlled
for the possible resulting deviation by including in our models
the ratio of the number of empty boxes with the apparently
preferred symbol over the total number of empty boxes −0.5
(i.e., equal proportion) as a covariate (for more details, see
Morinay et al., 2018). This experimental design allowed us to
disconnect copying behavior (resulting from natural selection for
an advantageous information use strategy) from direct fitness
benefits of information use because symbols were here associated
at random on available nest boxes, i.e., independently from actual
box or territory quality. Thus, we investigated here the mere
ability of individuals to use heterospecific social information
independently from other fitness-related factors.

The symbol associated with tit nests in a given patch was
alternated in space, i.e., between patches, and in time, i.e.,
between years. This allowed us to control for (i) the possible
innate preference of hole-nesting birds for a natural circular
shape and (ii) the local information gathered in the preceding
year by philopatric individuals (i.e., birds that returned to breed
in the same forest patch as the preceding year). Furthermore,
great tit early reproductive investment (as measured by
clutch/brood size on the day of flycatcher settlement) has
previously been shown to affect the probability for flycatchers
to copy tit apparent preference (Forsman and Seppänen, 2011;
Forsman et al., 2012; Morinay et al., 2020b). Flycatchers indeed
gather information on tit reproductive investment by directly
prospecting tit nests upon their arrival from migration (Forsman
and Thomson, 2008; Forsman et al., 2018). This information
supposedly reflects tit quality (early breeders for which clutches
are complete and/or individuals with overall large clutches being
higher quality individuals) and thus the rewards flycatchers may
expect when copying their decisions. Accordingly, flycatchers
were more likely to copy (respectively, reject) tit apparent
preference when local average early reproductive investment of
tits in the patch was high (respectively, low) on the day of choice
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(Forsman and Seppänen, 2011; Seppänen et al., 2011; Loukola
et al., 2013; Morinay et al., 2020b). Therefore, we recorded the
average great tit clutch/brood size in the forest patch on the
settlement day of each flycatcher pair and controlled for this
variable in the models testing for the use of social information
(here symbol choice) by flycatchers.

Problem-Solving Task and Learning
Performance
We measured the individual learning performance of the
flycatchers settled in the experimental patches using a problem-
solving task (Figure 1) presented at the nest for 1 h during the
peak of nestling provisioning, i.e., when nestlings were 6 days
old, between 06:00 AM and 04:00 PM. The task featured a
door blocking the entrance of the nest box. The participation
to the test was therefore motivated here by the access to the
young. To access the nestlings, parents had to open the door
by perching on one of the three levers attached below the door
(Figure 1): only one lever opened the door, either the right or the
left one, and the position of the opening lever was randomized
among pairs to control for a possible innate preference for
one side. Once a parent had entered, the door then closed
automatically behind it, allowing us to measure separately each
parent’s performance in opening the door over successive trials.
The parent could afterwards easily get out by pushing the door
open from the inside. To limit flycatchers’ neophobic response
toward the task, we attached on the nest box a fake task with
no door and unmoving levers on the evening before the day of
the test to let the birds habituate to the device. The 1-h tests
were video recorded using a camouflaged camera placed 6–8m
away from the nest box. They were conducted only if nestlings
were sufficiently satiated, as measured by begging intensity at the
beginning of the test, to avoid starvation if parents were not able
to solve the task. If nestlings were strongly begging, the task was
not set up and the experimenter came back later during the day
or on the next day to check nestling satiation and try again if
conditions were more favorable; if this was not the case, no test
was conducted and the nest was left out of the study.

Video recordings were analyzed after the field season, blindly
with respect to the nest site choice of the flycatcher pair (i.e.,
whether it copied or rejected tit apparent preference). For each
parent, we extracted from the video recording (i) time (in s.)
elapsed between the beginning of the test and the first time the
individual contacted the task, to control for possible neophobia
toward the task despite habituation to the fake task. We also
recorded (ii) total time spent on the task (in s.) between the first
contact with the task and the first entrance, or until the end of the
test for those individuals that never succeeded in entering the nest
box during the 1-h test, to control for the level of motivation to
solve the task. Finally, for individuals that succeeded in entering,
we extracted (iii) the number of times the birds perched on each
lever between the first contact with the task and the first entrance,
and between subsequent entrances when applicable. Individuals
that did not participate to the test (i.e., contacted the task <10 s
or <5 times) and those that did not solve the task (i.e., did not
enter) were discarded from the analyses.

FIGURE 1 | Problem-solving task at the nest used to measure flycatchers’

learning ability. (A) The entrance hole is closed by a plastic door but (B) can be

opened by the parent (here a male) to enter and feed the nestlings by perching

on one of the levers, here the left one. The position of the opening lever, either

left or right, was randomized between pairs. See text for the measure of

learning performance extracted from the problem-solving test.

We scored learning performance using the number of
entrances needed to reach a learning threshold. This threshold
was based on the number of times the bird perched on any
of the levers before entering the nest box. The number of
perches used to define the learning threshold was determined
from the learning curve of our sample: the mean number of
perches before entering showed a strong decrease from the
first to the second entrance and then reached a plateau, with
no further main change, from the third entrance (Figure 2,
Supplementary Table 1). This decrease was accompanied by an
increase in the proportion of perches on the opening lever,
i.e., correct choices (results not shown here). We thus based
our learning threshold on 8 perches, that is, the mean number
of perches after which we observed the plateau showing that
individuals had on average learnt how to enter (Figure 2). For
each entrance, we assessed whether the individual perched <8
times before entering (but we also tested the robustness of our
results to this chosen value by repeating all analyses with a
threshold based on 6 or 10 perches instead of 8). Because birds
may from time to time enter after perching <8 times by chance,
we considered that an individual had actually learnt how to
enter only if it entered twice in a row with <8 perches per
entrance, defining our learning threshold. Individual learning
score was then calculated from the number of entrances needed
to reach this learning threshold: individuals that entered with <8
perches per entrance both at their first and second entrances (i.e.,
fastest learning individuals) were assigned a score of 1; those that
entered with<8 perches at their second and third entrances were
assigned a score of 2; those that entered with <8 perches at their
third and fourth entrances were assigned a score of 3; and those
that entered with <8 perches at their fourth and fifth entrances
were assigned a score of 4. A low score thus corresponded to a
low number of entrances needed to reach the learning threshold,
thus to fast learning, i.e., high learning performance. Importantly,
once an individual reached the learning threshold, the number of
perches before subsequent entrances remained low (e.g., 90–95%
of individuals with score 1 perched <8 times before the third
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FIGURE 2 | Learning curve showing the decrease in the mean number of

perches needed to solve the problem-solving task presented at the nest, i.e.,

to enter the nest box, over the first five entrances (data restricted to individuals

that succeeded in entering the nest box at least once, i.e., solvers, and to the

first learning score for individual with repeated scores across years; N = 330

individuals). Predicted means and 95% CI are represented. Bars with different

letters have non-overlapping 95% CI. The red solid line corresponds to the

value used for defining the learning threshold, i.e., 8 perches or less over two

successive entrances (see main text), and the red dashed lines correspond to

the two other values used to test the robustness of the results, i.e., 6 and 10

perches, respectively. Sample sizes (number of individuals) are given for each

entrance number below each bar. See Supplementary Table 1 for statistics.

to fifth entrances), thus validating our choice of two successive
entrances with <8 perches to define the threshold.

To ensure that individuals had the opportunity to learn how to
solve the task, we initially included only individuals that entered
at least three times (because our learning threshold is based on
two entrances in a row). Furthermore, because the total number
of entrances over the duration of the test strongly varied among
individuals (from 0 to 26 entrances), and because the mean
number of perches needed tended to stabilize after the first three
entrances (Figure 2), we considered only the first five entrances
when individuals entered more than five times to standardize our
learning score. Individuals that did not enter with <8 perches
twice in a row over up to five entrances were assigned a score
of 5. Our initial learning score thus ranged from 1 to 5, with
N = 285 individuals scored out of 395 that succeeded to solve
the task: 54 with score 1, 119 with score 2, 39 with score 3, 20
with score 4 and 53 with score 5. We exceptionally attributed a
score of 1 for three individuals that entered only twice during the
test but with <8 perches on both occasions; the results however
did not qualitatively change when these three individuals were
excluded (results not detailed here). In a second step, we assumed
that individuals that entered only once or twice but without
reaching the learning threshold could potentially be very slow
learners that did not have time to learn within the test duration
and we assigned a score of 6 to them (N = 110 individuals).

However, because the variability in learning performance for
these individuals may be higher than for other score values, we
also tested the robustness of our results by repeating all analyses
with and without them.

We observed no brood desertion following our learning
tests; fledging success (i.e., whether pairs succeeded to fledge
at least one young or not), as well as fledgling number and
condition (measured as the ratio of body mass over tarsus
length) for successful pairs did not differ between pairs that
were subjected to our learning test and pairs that were not
(Supplementary Material). Thus, our learning tests led to no
short- or middle-term adverse effects.

Statistical Analyses
Wefirst explored whether learning performance could be affected
by variables often found to influence cognitive performance in
previous studies (Griffin and Guez, 2014). Using a Generalized
Linear Mixed effects Model (GLMM), we tested whether learning
score (i.e., ordinal variable, ranging from 1 [fast] to 5 [slow]
or 6 [very slow]—see above) depended on individual sex (male
vs. female), age (yearling vs. older individuals, a dichotomy
capturing most of the relevant variation in experience in this
short-lived species) and their interaction, as well as the latency
to return to the box and contact the task for the first time and
the total time spent on the task before the first entrance, both
mean-centered and scaled (fixed effects). We included the pair as
a random effect to account for the potential non-independence
of the learning scores of both parents within a pair. Very few
individuals were scored for learning performance over several
years (31 over 330 ringed individuals in total), and it was not
possible to include an individual random effect (quantifying
repeatability of learning score) in the model due to convergence
issues. Therefore, we retained only the first learning score for
each individual with repeated scores.

We then tested whether the probability to copy or reject
the apparent tit preference (binary variable: choice of the same
vs. opposite symbol than present on boxes occupied by tits in
the patch) was related to learning score (considered here as
a continuous variable, from 1 to 5 or from 1 to 6) using a
GLM. Besides individual’s learning score, we included in the
model (i) individual’s age, to control for possible age-related
differences in the probability to copy tit preference as found in
previous studies (see also Seppänen and Forsman, 2007 for pied
flycatchers; Morinay et al., 2018), (ii) average tit clutch/brood size
in the forest patch on the day of flycatcher’s nest box choice,
and (iii) the deviance to the equal proportion of triangles and
circles in the patch (see above). We also included the two-
way interaction between individual’s learning score and age,
to control for possible age-specific relation between learning
performance and information use, and the two-way interaction
between learning score and tit clutch/brood size, to test whether
individuals with higher learning ability may be more prone to use
several sources of information simultaneously (here, apparent
tit preference and tit early reproductive investment). Because
individuals may have been tested several years in the symbol
choice experiment, we retained only individuals that were naïve
to the symbol experiment, i.e., the first nest box choice with
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respect to symbols. Finally, the copying behavior being a joint
decision by both the male and the female within a pair, we
initially intended to include male and female learning scores
simultaneously in the model. However, there were only a limited
number of pairs for which both partners were naïve to the symbol
experiment, scored with the learning test for the first time and
were aged (N = 36 pairs). Therefore, we decided to fit sex-
specific models including either male or female age and learning
score. Yet, we also explored a model with both sexes together on
the restricted subset of pairs, and we observed the same trend
as for sex-specific models (Supplementary Material). In total,
we obtained 232 individuals of known age with both a nest
site choice with respect to symbols and a measure of learning
performance (130 females and 102 males).

All statistical analyses were performed in R (version 4.0.0, R
Core Team, 2020) and we show here posterior means and 95%
CI for all estimates. In all models, we initially included year and
forest patch as random factors to control for potential spatio-
temporal variation in learning performance or copying behavior,
but we removed them because (i) the variance associated with
year and patch did not differ from zero (lower bound of 95% CI
<10−6) or (ii) including these random effects led to convergence
issues (both year and forest patch passed stationary tests, but year
failed to pass half-width tests despite increased iteration number;
heidel.diag diagnosis function, CODA R package; Plummer et al.,
2006). Interactions for which 95% CI overlapped zero were
also removed (Engqvist, 2005). All models were fitted with the
functionMCMCglmm (R packageMCMCglmm; Hadfield, 2010).
Learning score, considered as an ordered factor, and copying
probability were fitted with “threshold” families. We used the
default wide Normally distributed priors for fixed terms (µ = 0,
V = 1010), and expanded priors (V = 1, υ = 1, α.µ = 0, α.V
= 1,000) for random terms. We fixed the residual variance to
1 in all models (Hadfield, 2010). We parameterized all models
to obtain an effective sample size >2,000 and autocorrelation
levels <0.1. We used 3 × 106 iterations, a burn-in of 3 × 105

and a thinning interval of 800 for models fitting learning score,
and 105 iterations, a burn-in of 104 and a thinning-interval of 20
for models fitting copying probability. Convergence was assessed
visually and by running Gelman and Rubin’s convergence
diagnosis tests on three MCMC chains with different starting
points (gelman.diag function, package CODA, Plummer et al.,
2006).

RESULTS

Factors Affecting Learning Performance
Learning score depended neither on individual’s sex or age, nor
on the latency to contact the task (Table 1). Learning score, i.e.,
the number of entrances needed to reach down the learning
threshold, however increased (and thus learning performance
decreased) with increasing time spent on the task before the first
entrance: slow learners (with higher score) took more time to
enter for the first time than fast learners (estimate [95% CI]:
0.82 [0.46; 1.20] for individuals with learning scores from 1 to
5, and 0.39 [0.21; 0.58] when also including individuals with a

TABLE 1 | Influence of age, sex, latency to perch on the task and time spent

perching on the task before the first entrance on the learning score [from 1 (fast

learners) to 5 (slow or non-learners)].

Posterior mean [95% CI]

Intercept 1.60 [1.07; 2.16]

Fixed effects

Sex 0.06 [−0.33; 0.47]

Age 0.27 [−0.23; 0.80]

Latency to perch on the task 0.03 [−0.29; 0.32]

Time spent perching on the task 0.82 [0.46; 1.20]

Random effect

Pair identity variance 2.67 [0.81; 4.79]

Estimates for sex and age are given for males and yearlings, respectively (with older

females as the reference). The interaction between sex and age did not differ from zero

(mean [95% CI] = 0.29 [−0.25; 0.94]) and was thus removed. N = 319 individuals with

information on sex, age, and learning score. Effects for which the 95% CI does not overlap

zero are shown in bold.
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FIGURE 3 | Relation between the total time spent perching on the task before

the first entrance and learning score. Low score values indicate fast learning

individuals, and high score values slow or non-learning individuals (i.e.,

learning score increases with decreasing learning performance). Predicted

distributions (means and 95% CI) are estimated for the sake of illustration from

a model including only time spent perching on the task as a fixed effect. Data

points are shown in gray.

learning score of 6; Figure 3, Supplementary Figure 1, Table 1,
Supplementary Table 2).

Learning Performance and Social
Information Use
Among females, learning score affected the probability to copy
apparent tit preference.Whenwe considered a learning threshold
based on <8 perches per entrance and included females with
score from 1 to 5, the effect of learning score was found to
differ between yearling and older females (interaction learning
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TABLE 2 | Influence of individual’s age and learning score on the probability to copy tit preference.

Model with female traits Model with male traits

N = 84 N = 71

Posterior mean [95 % CI] Posterior mean [95 % CI]

Intercept 2.32 [−1.35; 6.10] −0.63 [−3.61; 2.30]

Learning score −0.19 [−0.42; 0.04] −0.04 [−0.28; 0.20]

Age 1.03 [−0.54; 2.71] 0.19 [−0.51; 0.92]

Tit clutch/brood size 0.13 [0.03; 0.25] 0.04 [−0.08; 0.15]

Deviance from symbol equal proportion −5.13 [−12.52; 2.60] 0.78 [−4.55; 7.23]

Learning score × age −0.66 [−1.41; −0.01]

The age estimate corresponds to yearling individuals, with older ones as the reference. Fast-learning individuals need lower number of entrances to reach the learning threshold, i.e.,

they have low scores, while slow-learning individuals have high scores (see text). N are sample sizes. Effects for which the 95% CI does not overlap zero are shown in bold.

score × age; Table 2). Yearling females with lower score, i.e.,
higher learning performance, were more likely to copy tit
apparent preference, while yearling females with higher score,
i.e., lower learning performance, were more likely to reject
it (Figure 4). This relation between learning performance and
probability to copy was however not detected in older females
alone, despite a similar decreasing trend (mean [95% CI] =

−0.19 [−0.42; 0.04]; Figure 4). Importantly, when considering
a learning threshold based on either 6 or 10 perches, or when
including females with a score from 1 to 6 (even for the threshold
based on 8 perches), the probability to copy tit preference
decreased with increasing learning score, i.e., with decreasing
learning performance, with no difference between the two age
categories (no interaction between learning score and female
age; Table 3, Supplementary Table 3, Supplementary Figure 2,
3). The decrease with learning score alone was also retained
in the model for the learning threshold based on <8 perches
per entrance and females with score from 1 to 5 when the
interaction with age was removed (Table 3). Females with lower
score were more likely to copy tit apparent preference (mean
[95% CI] copying probability for females with score 1 = 0.65
[0.51; 0.79], i.e., >0.5 = random choice), while females with
higher score were more likely to reject it (mean [95% CI] copying
probability for females with score 6= 0.34 [0.22; 0.46], i.e., <0.5;
Supplementary Figure 3). In addition, for all female models,
the probability to copy tit preference also increased with tit
clutch/brood size within the patch on the day of female choice
(Table 2, Supplementary Table 3; no interaction with age).

Among males, the probability to copy tit preference did not
depend on learning score, alone or in interaction with age,
whatever the model considered, i.e., for a learning threshold
based on either 6, 8, or 10 perches, and when including or not
males with a score of 6 (Tables 2, 3, Supplementary Table 4).

DISCUSSION

To make optimal decisions, individuals often have to process
multiple, complex, and potentially conflicting information from
the environment. Cognitive abilities can therefore be expected to
play a crucial role in such information processing. In this study,
we used an experimental approach on wild collared flycatchers to
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FIGURE 4 | Relation between learning score (from 1 to 5) and the probability

to copy apparent tit preference for nest site choice in flycatcher females,

depending on female age (light gray: yearlings: N = 25, dark gray: older

females: N = 59). Predicted distributions (mean and 95% CI) are estimated

from the model including the interaction between learning score and age, with

a mean value set for other continuous predictors (see

Supplementary Table 2). Data points show actual choices.

test whether variation in learning ability was linked to variation
in the use of a source of heterospecific social information (here,
apparent tit preference for a nest site feature) for nest site
selection. Overall, our results show that females that were faster to
learn how to solve a new task at the nest were more likely to copy
tit apparent preference while females that were slower to learn
were more likely to reject it. This effect seemedmore pronounced
in yearling females, but because the interaction between learning
score and female age was found only when the learning threshold
was based on 8 perches before entrance and when females with
score 6 were excluded, and in no other case, it did not seem
to reflect a strong biological difference. Despite between-pair
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TABLE 3 | Summary of the estimates for the learning score effect on the probability to copy tit preference, when alone (i.e., no interaction with age included in the model)

depending on the value considered for defining the learning threshold (<6, 8, or 10 perches per entrance, for two successive entrances) and the individuals considered

(individuals with scores 1–5 only or individuals with scores 1–6), for (a) females and (b) males.

Scores 1–5 Scores 1–6

N Posterior mean [95 % CI] N Posterior mean [95 % CI]

(a) Model with female traits

<6 perches 83 −0.18 [−0.38; 0.00] 130 −0.12 [−0.24; 0.00]

<8 perches 84 −0.28 [−0.50; −0.09] 130 −0.17 [−0.29; −0.05]

<10 perches 85 −0.35 [−0.58; −0.11] 130 −0.15 [−0.26; −0.04]

(b) Model with male traits

<6 perches 71 0.01 [−0.21; 0.23] 102 −0.04 [−0.18; 0.10]

<8 perches 71 −0.04 [−0.28; 0.20] 102 −0.06 [−0.20; 0.07]

<10 perches 71 −0.07 [−0.33; 0.19] 102 −0.07 [−0.19; 0.07]

N are sample sizes. Cases in which the 95% CI does not overlap zero are shown in bold. For the threshold based on <6 perches per entrance, the upper limit of the 95% CI just reached

0 for females (in italics). Note that for the female model for the learning threshold based on <8 perches per entrance and individuals with scores 1–5, the interaction learning score ×

age is positive (see Table 2) and has here been removed from the final model to document the effect of learning score alone.

variance in learning performance, we found no relation between
learning score and the probability to copy tit preference in males,
whether yearling or older. These results suggest that cognitive
abilities (in this study learning ability) can at least partly shape
information use for decision-making, here in females, providing
a new mechanistic explanation for the positive link between
cognitive abilities and fitness components (Cauchard et al., 2017;
see also Ducatez et al., 2020) that was previously observed in the
wild (e.g., Keagy et al., 2011; Cauchard et al., 2013; Smith et al.,
2015).

Linking Cognition and Fitness: The Role of
Information Processing
To explain the links between cognitive abilities and fitness
traits recently reported in wild populations (e.g., reproductive
success: Cauchard et al., 2013; Smith et al., 2015; Ashton
et al., 2018; survival: Sonnenberg et al., 2019; Wild et al.,
2019), it has been hypothesized that individuals with higher
cognitive abilities may achieve higher fitness because of a higher
ability to optimally exploit their habitat (Cole et al., 2012;
Cauchard et al., 2017). This may rely on a better processing
and use of information sources about the environment (e.g.,
prioritize and memorize information but also learn from either
personal or social experience), allowing individuals to optimally
choose between alternatives (Mery, 2013). This is in line with
previous results showing that higher problem-solving ability was
associated with increased nestling provisioning rate (Cauchard
et al., 2017), which could involve different habitat use strategies
(e.g., range of territory use: Cole et al., 2012). Yet, empirical
evidence that cognitive abilities influence the use of complex
information for decision making in the wild is still extremely
scarce. Our results experimentally show that, in the collared
flycatcher, learning performance is related to the use of a
manipulated source of information for nest site selection, a
crucial decision with major impact on reproductive success.
The complex use of social information of heterospecific origin

(i.e., from potential competitors) for nest site selection has
been demonstrated in previous studies on flycatchers based on
the same experimental set up: individuals modulate the use of
apparent tit preference for nest site choice depending on tit
early reproductive investment (Forsman and Seppänen, 2011;
Seppänen et al., 2011; Loukola et al., 2013; Morinay et al., 2020b),
but also their own previous experience (Morinay et al., 2018,
2020b) and behavioral traits (Morinay et al., 2020b). In our
study, we make one step forward by showing that between-
individual variation in the context- and condition-dependent use
of this social information source may also depend on variation in
learning ability.

One important but still open question is the nature of
the cognitive processes underlying our measure of learning
ability and how these processes relate to those underlying
social information use for decision-making. Identifying these
cognitive processes would allow us to better understand on
which cognitive trait(s) selective pressures are acting. Although
we did not explore here the detailed cognitive processes
involved in learning how to solve our task, the test was based
on operant conditioning, i.e., a type of associative learning
process in which the strength of a behavioral response is
modified by reinforcement (leading to response increase) or
punishment (leading to response decrease; Skinner, 1938). Here,
reinforcement corresponded to door opening, granting access
to nestlings, and the rewarded behavior was perching on the
opening lever. Such associative learning process is widespread
in the animal kingdom (Dickinson, 2012; Morand-Ferron et al.,
2015) and should underlie many behavioral decisions during the
breeding season, especially those involving repeated individual
actions, such as here the visit of many nest boxes needed to
associate the symbol to box occupancy by tits and tit early
reproductive investment. Much remains to be done to unravel
the key underlying cognitive processes (e.g., associative learning,
memory, spatial cognition) that are driving between-individual
variation in information use processes in the wild and their
fitness consequences.
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Influence of Individual Factors on the Link
Between Learning and Information Use
The relation observed here between learning performance and
the use of heterospecific social cues for nest site choice depended
on sex: the probability to copy tit apparent preference decreased
with decreasing learning performance (i.e., with increasing
number of entrances to reach down the learning threshold) only
in females. Male learning performance had no effect on copying
behavior here, even though nest site choice is a joint behavior
by both pair members (Pärt, 1994; Pärt and Qvarnström, 1997).
Previous studies in collared and pied flycatchers suggest that
females often use social information collected at large spatial
scales for breeding site selection (e.g., local tit phenology at the
forest patch scale: Samplonius and Both, 2017; tit song quality
at the scale of a group of nest sites: Morinay et al., 2020a).
In contrast, males are more prone to use social information
obtained at small scales (e.g., nest reproductive success at
the territory scale: Pärt and Doligez, 2003). The link between
learning performance and probability to copy tit preference
in females is in line with this difference, because the social
information provided here relies on associating tit occupancy
to the symbol attached to the box at a large (patch) spatial
scale. Conversely, males secure a territory encompassing several
adjacent nest boxes that most often display both symbols, because
our experimental protocol avoided large spatial aggregations of
same-symbol boxes. Therefore, the strong male philopatry to
breeding patches (e.g., Pärt, 1994, 1995; Germain et al., 2017)
and the previously observed effects of male age, experience,
and aggressiveness on the probability to copy tit preference
for nest-site choice (Morinay et al., 2018, 2020b) may be a
response to strong male-male competition. Males familiar with
their environment may have an easy access to local heterospecific
social information, thus requiring no strong learning ability to
process this information for choosing a site. Conversely, females
are expected to gain advantage in choosing a nest site over larger
scales (Greenwood, 1980), possibly favoring the use of more
complex quality-related social cues, requiring higher cognitive
abilities for processing these cues. Hence, the sex-specific relation
observed in the present study between learning performance
and use of social information may result from the different
selective pressures acting on both sexes for settlement decisions.
Alternatively, females with higher learning performance may be
more efficient in assessing, and mating with, more competitive
(aggressive) males (Qvarnström et al., 2000), which themselves
choose nest boxes with the symbol matching tit preference
(Morinay et al., 2020b); in this case, the relation between learning
performance and use of social information in females would be
indirect. Further work is needed to explore the consequences of
learning performances of paired individuals on complex social
information use for joint nest site selection.

Even though age-dependent use of social information has
been repeatedly reported in previous studies on this population
(e.g., Doligez et al., 2004; Kivelä et al., 2014; Morinay et al.,
2020a), including studies using the same experimental symbol
design (Morinay et al., 2018, 2020b), the age difference in the
effect of female learning score on the probability to copy tit

preference was not strongly supported. Thus, here, differences
between yearling and older females in either past experience,
current competitive level, or time constraints linked to the timing
of arrival from migration did not seem to strongly affect the link
between learning performance and information use.

Only fast-learning females could have been expected to
succeed in optimally and/or quickly processing available social
information, and thus be more prone to copy tit preference.
Yet, slow-learning females were not simply choosing a nest
site at random with respect to tit apparent preference: they
were actually more likely to reject it compared to a random
choice. This suggests that, although all females could access this
source of information, they may have processed and/or used it
differently for subsequent choices depending on their learning
ability. One hypothesis is that slow-learning females may be less
competitive than fast-learning ones because of a lower ability to
exploit the habitat, e.g., because of a lower ability to use other
information sources. By rejecting tit preference, slow-learning
females would then avoid expected increased competition with
dominant great tits. In this case, the decision-making process
of both fast and slow learners may lead to an optimal nest
site choice with respect to competitive ability (see e.g., Doligez
et al., 1999 for another example of age-related opposite use
of social information with respect to competitive ability). Tit
apparent preference as a source of social information may be
accessible to all individuals regardless of their learning ability;
but the relation observed between the probability to copy tit
preference and learning performance could indirectly result from
the impairment of acquiring other information sources in slow-
learning individuals.

This study evidences a link between learning performance
and the use of (here heterospecific) social information for nest
site choice in the wild. Yet, this relationship appears more
complex than initially thought, with sex- (and possibly age-)
dependent effects potentially reflecting different consequences
for subsequent choices. By reporting a clear relationship between
learning performance and social information use, our study
moves one step forward toward understanding the mechanisms
linking cognition and fitness in the wild. This provides
support for the role of cognitive abilities in using complex
information for decision-making, with major ecological and
evolutionary implications.
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