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Much of the evidence for the idea that individuals differ in their propensity to
innovate and solve new problems has come from studies on captive primates.
Increasingly, behavioural ecologists are studying innovativeness in wild
populations, and uncovering links with functional behaviour and fitness-
related traits. The relative importance of genetic and environmental factors
in driving this variation, however, remains unknown. Here, we present the
results of the first large-scale study to examine a range of causal factors under-
lying innovative problem-solving performance (PSP) among 831 great tits
(Parus major) temporarily taken into captivity. Analyses show that PSP in
this population: (i) was linked to a variety of individual factors, including
age, personality and natal origin (immigrant or local-born); (ii) was influenced
by natal environment, because individuals had a lower PSP when born in
poor-quality habitat, or where local population density was high, leading to
cohort effects. Links with many of the individual and environmental factors
were present only in some years. In addition, PSP (iii) had little or no measur-
able heritability, as estimated by a Bayesian animal model; and (iv) was not
influenced by maternal effects. Despite previous reports of links between
PSP and a range of functional traits in this population, the analyses here
suggest that innovativeness had weak if any evolutionary potential. Instead
most individual variation was caused by phenotypic plasticity driven by
links with other behavioural traits and by environmentally mediated develop-
mental stress. Heritability estimates are population, time and context specific,
however, and more studies are needed to determine the generality of these
effects. Our results shed light on the causes of innovativeness within popu-
lations, and add to the debate on the relative importance of genetic and
environmental factors in driving phenotypic variation within populations.

1. Introduction

A central aim in evolutionary ecology is to understand the relative importance of
plasticity and evolutionary processes in driving phenotypic variation within popu-
lations [1,2]. Plasticity and microevolution are not necessarily independent
processes, however, because the extent to which traits change over a gradient
might also be heritable [3,4]. In general, the majority of evolutionary ecology studies
in wild populations have primarily focused on morphological and life-history traits.
In contrast, behavioural traits have been relatively poorly studied [5,6]. Here, we
examine the extent to which innovative problem-solving performance (PSP), a
trait that is thought to be of substantial functional significance [7], is likely to be influ-
enced by environmental and genetic factors in a natural population, shedding light
on the microevolutionary potential of this trait.

Innovation can be defined as solving a novel problem or finding a new sol-
ution to an old problem [8] and reflects behaviour not previously witnessed in
that individual or population [7]. Innovativeness, or more precisely, the propen-
sity to innovate, is viewed by many as an important component of animal
cognition [9-12] as defined in the very broadest sense [13]. While associative
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learning seems to be a likely cognitive process contributing to
individual variation in innovative problem-solving success
[14-18], identifying all of the cognitive components under-
lying innovation and its proxies remains a major challenge
[17,19-21]. At the same time, considerable debate surrounds
whether and how individual differences in various cognitive
abilities might ever be measured in evolutionary ecological
studies, given the enormous difficulty associated with con-
trolling for factors such as motivation, and given that some
genes have pleiotropic effects on cognitive and purportedly
non-cognitive traits [22—25]. A major challenge is to under-
stand the adaptive significance of innovativeness and
indeed of its underlying components [7]. At the individual
level, does innovativeness confer any real benefit for the inno-
vator, and might innovativeness be under selection? Do costs
explain variation among and within species? Comparative
analyses provide compelling evidence for the idea that inno-
vativeness can impact evolutionary processes and delivers
real benefits. Innovative species are more likely to survive,
for example, and successfully colonize new habitats when
introduced outside their ranges [26], while rates of speciation
are higher than expected along lineages containing innova-
tive species [27]. Evolutionary conclusions, however, are
tempered by statistical and practical limitations of the com-
parative approach [28]. Individual-level studies within or
across natural populations coupled with experiments to test
causality are needed to understand better the evolutionary
processes and ecological drivers underlying innovation.
Intuitively the expectation is that innovators should gain a
selective benefit, as innovations can provide access to new
resources [29,30] and potential mates [8,10]. Some studies
suggest that innovations correlate positively to traits closely
aligned with fitness ([18,31,32] but see [33]). Less clear is
whether the benefits accrued in the long term are any better
than strategies adopted by non-innovators, not least because
there is no evidence of direct links with robust measures of fit-
ness, such as survival and the total number of offspring
recruited by an individual into the breeding population over
its lifetime [34]. One study estimated selection on innovative
PSP in an iteroparous bird but found no link with the number
of offspring recruited to the breeding population (so-called
recruitment selection), despite a strong link with fecundity
[18]. An antagonistic association between PSP and sensitivity
to predators during reproduction was the likely explanation.
Specifically in comparison to non-solvers, problem solvers
were more likely to desert their nests in response to being
trapped for identification purposes when chicks were 8 days
old, even though they and their offspring were equally viable.
More generally, engaging in innovative behaviours is likely to
incur a range of costs [7], including reduced vigilance [35],
increased risks of exploitation [36], poisoning [37] and parasit-
ism [38]. It may also trade-off with other behaviours, e.g.
competitive ability [39]. Selection for innovativeness may
therefore occur only under some circumstances [40].
Irrespective of whether costs and benefits of innovation
lead to any effect on fitness, the evolutionary potential of
any trait depends on the relative importance of additive gen-
etic (the heritable component) and other components of
variation, such as environmental or maternal effects [2,41].
That the heritability of innovation as such has never been esti-
mated perhaps is not surprising given that the literature is
strongly biased towards non-behavioural traits [42]. Never-
theless, heritability estimates are available for a range of

traits thought to be strongly linked to innovativeness [20],
including personality traits such as exploration behaviour
(EB) [43—-45], and cognitive traits such as associative learning
(reviewed by Dukas and co-workers [46-48]). Many of these
estimates come from laboratory populations [49]; indeed, her-
itability has never been estimated for any cognitive trait in a
natural animal population [48]. In contrast, there is a rich
body of literature on heritability of various cognitive traits
in humans [50-52].

Environmental factors are known to influence cognition
and personality [53]. The ‘developmental stress’” hypothesis
predicts that young songbirds experiencing stressful or
poor-quality rearing environments exhibit impaired develop-
ment of neural structures and song learning performance
[54]. This hypothesis has been extended to other cognitive
traits generally and has received empirical support from
food-deprivation experiments resulting in long-term impair-
ments of learning, memory and spatial cognition, in several
bird and mammal species [55—57]. This hypothesis thus pre-
dicts a positive correlation between rearing environment
quality and cognitive performance later in life, an idea that
has yet to be tested for innovativeness. Alternatively, innova-
tive phenotypes may develop in subordinate, low-quality
individuals that have experienced stressful rearing environ-
ments; indeed, innovation has been described as an
alternative strategy that is expressed when other behavioural
options have failed or are unavailable [7,58]. This ‘necessity
drives innovation” hypothesis has received mixed support
from studies in the wild and in the laboratory (e.g. [39,58—
63]). Many of these studies report differences between
groups that vary in dominance, for example between the
ages and sexes, but some studies have explicitly shown a
negative correlation between innovativeness and competitive
ability over and above these dominance groups [39].
Although these effects tend to be interpreted as environ-
mentally mediated, a gene x environment interaction
cannot be easily ruled out since additive genetic differences
may only be apparent at a specific age or in a specific
environment [64,65]. Clearly, in addition to the possibility
that innovativeness has a heritable component of variation,
a range of environmental factors are also likely to explain
the tendency to innovate but the importance of these in
natural populations has not been tested.

(a) The study system

The great tit (Parus major) is a small iteroparous, socially
monogamous and sexually dimorphic songbird, and for dec-
ades has been an influential model organism in many
different areas of research including life-history variation
[66], optimal foraging [67], phenotypic plasticity [3,68], evol-
utionary dynamics [69] and personality [44,70]. Strong
selection on timing reproduction to coincide with peak cater-
pillar abundance has also made the great tit an important
model species for the study of the phenology of trophic inter-
actions [71]. High breeding density, short dispersal distance
and short generation time all mean that the causes of pheno-
typic variation in the species have been studied intensively
and, for example, heritability has been estimated for more
traits in the great tit than for any other wild animal species
[72]. While traditionally most of these studies have used
parent—offspring regression or brood manipulation to separ-
ate environmental and genetic causes of variation, these
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Table 1. Names, types and characteristics of effects explored in the REML and Bayesian animal model analyses. ‘Imm.’, immigrant; ‘env’, environment.

variable name type
innovative PSP (1/0) response
age (immature/adult) fixed
sex (male/female) fixed
individual identity (ring number) random
EB fixed
natal origin (immigrant/resident) fixed
time of season (days since 1 Sept.) fixed
winter (winter assayed) fixed
natal year (year) fixed
nesting attempt identity (unique) random
individual natal mass (g) fixed
tesselated territory size (ha; local population density) fixed
large oaks (within 50 m of nest) fixed
natal clutch size (integer) fixed
natal brood mass (g) fixed
natal lay date (first egg in the natal nest) fixed

approaches are increasingly being replaced by the animal
model [41], a statistical tool that uses pedigree data to esti-
mate the different components of variation underlying a
given trait in a population more effectively and without inter-
fering with natural processes [72]. In addition to additive
genetic effects, maternal effects, and both natal and breeding
environmental effects (particularly proxies for habitat quality
such as local oak tree density and local population density)
explain substantial variation in many traits [44,73-76]. Simi-
larly whether birds are born locally or have immigrated to the
population can also have an effect on individual variation in
a range of phenotypes [74,77]. In contrast to life-history and
morphological traits, the animal model has rarely been
used to examine components of variation underlying behav-
ioural traits, and in great tits the animal model approach has
been applied only to EB [44], which revealed equally impor-
tant additive genetic and permanent environmental effects.
The paucity of animal models for behavioural traits in natural
populations is surprising given that animal models do not
necessarily need long-term pedigrees to prove effective [74].

The great tit is also becoming an important species in the
study of innovativeness. Not only does it occupy a wide var-
iety of different habitats, a hallmark trait of innovative species
[30], the great tit is also an innovative forager [29,30,78,79],
and innovations can spread through populations via social
networks [80]. In our study population at Wytham Wood,
success in a novel, food-motivated lever-pulling task (i.e.
PSP) is positively correlated with success in another foraging
test, string pulling, and is consistent over time, supporting
the idea that it is a measure of innovativeness [81]. It also cor-
relates positively with associative learning speed [82], despite
this test being conducted in a very different context (labora-
tory versus wild) and calling upon different perceptual and
motor responses. Personality can also influence innovative-
ness [83]; indeed, there is growing interest in the
relationship between personality and cognition [21,84],
which some argue should be studied in combination
[24,40,57]. EB in a novel environment (henceforth EB)

data available for type of effect
Imm. and Wytham-born individual
Imm. and Wytham-born individual
Imm. and Wytham-born individual
Imm. and Wytham-born individual
Imm. and Wytham-born individual

Imm. and Wytham-born large-scale env

Imm. and Wytham-born temporal

Imm. and Wytham-born temporal env

Imm. and Wytham-born temporal env

Wytham-born local natal env

Wytham-born individual natal

Wytham-born local natal env

Wytham-born local natal env

Wytham-born natal nest

Wytham-born natal nest

Wytham-born temporal natal environment

captures variation in what is emerging as an important per-
sonality axis: the reactive—proactive axis [85]. Previously we
found no link between EB and PSP in our population,
albeit with a smaller sample size [81], though EB has been
linked to cognitive traits in some tit populations [86,87].
Whatever the underlying causal mechanisms, PSP has
also been linked to functional behaviour and life-history vari-
ation in our study population, including clutch size,
sensitivity to disturbance leading to nest desertion, competi-
tive ability during winter and foraging behaviour during
provisioning [18,39,88]. Despite these links, there is no net
effect on fitness and thus the evolutionary potential of inno-
vativeness remains unclear. Our aim here was to explore the
environmental and genetic determinants of variation in our
population, controlling for a range of fixed effects, some of
which themselves were likely to have un-quantified quanti-
tative genetic components of variation. Specifically, we
conducted an animal model to estimate the heritability of
innovativeness, and in separate general linear models
(GLM) and restricted maximum-likelihood (REML) analyses
with a larger dataset, we explored links between innovative-
ness and a range of individual factors (age, sex and
personality), and natal environment (nest, local habitat and
population density) in driving variation in the population
(see table 1 for a full list of variables used in the analyses).

2. Material and methods

(a) Assaying innovative problem-solving performance

Great tits in Wytham Woods (51°46' N, 1°20" W), Oxfordshire,
UK, are easily trapped and ringed, at the nest as adults or as nest-
lings, and during the winter using mist-nets around feeders.
Standardized assays of innovative PSP were conducted on indi-
vidually marked birds temporarily taken into captivity during
the winter (November to March) between 2007 and 2010. As
spontaneous innovations are rare, by definition, a commonly
employed method to study innovativeness is to subject

¥8LOSLOT :LLE g 205 Y "suvil fiyd  Bio'butysijgndiraposiedor gisi H



individuals to a novel problem that they have never encountered
before ([19], reviewed in [20]). A total of 831 individuals under-
went 942 PSP assays during the winters of 2007-2010, though
only the first assays (when first solutions took place) were used
throughout this paper, and in some analyses only the first sibling
within a brood was included (see below) when multiple siblings
were assayed in winter. Birds were housed singly in wire cages
and presented with a problem-solving task never encountered
previously, consisting of a vertical transparent Perspex tube con-
taining a platform baited with four waxworms (Galleria
mellonella) that were supported by a horizontal lever. To obtain
the reward, birds had to remove the lever. To encourage birds
to approach the task, one waxworm was freely available in a
feeding dish just below the device, which was eaten by 99% of
birds. Individuals were given 3 h to solve this task and were
classified as ‘solvers” or ‘non-solvers’ based on their perform-
ance. After being assayed, all individuals were released back
into the wild at the site of capture.

(b) Demographic data, personality and natal conditions
In Wytham Wood, great tits breed almost exclusively in nest-
boxes. Some fledglings leave the wood, while others, and birds
that have bred in Wytham, tend to stay in Wytham during the
winter. All nest-box nestlings are ringed and thus non-ringed
juveniles caught in the non-breeding season are assumed to be
immigrants. This is considered a reasonable assumption, given
that the proportion of nestlings born in natural cavities in
Wytham is estimated to be very low [89,90]. Age, sex [91] and
natal origin (immigrant or Wytham-born) can thus be easily
determined whenever individuals are trapped. Reproductive
life-history traits and success data are collected every year for
the entire population during weekly visits to nest-boxes in
spring (April to June). The date the first egg was laid (days
since 31 March), clutch size, fledged brood size (not all eggs
hatch and some chicks die) and fledging mass (at 14 days old
just before fledging) were recorded for all nesting attempts.
Parents were trapped and identified, or ringed, when nestlings
were approximately 7-12 days old. Thus routine monitoring of
breeding success and trapping of adults generates information
on natal conditions and pedigree of birds subsequently assayed
for innovativeness in the winter.

EB assays were conducted during the non-breeding season
(winter, November to March), the morning after being captured
in the wild and the problem-solving assay completed, and were
initiated by opening the trapdoor connecting the individual cage
with the novel environment room. The novel environment assay
room was based on the design used in other studies [92]: the
room was split into five equally sized three-dimensional zones,
each of which contained an artificial ‘tree” (1.5 m high) with four
artificial branches. Principal components analysis was used to
reduce 12 different behavioural variables to a single component
and was used as the combined measure of activity, novel object
and area exploration, which we refer to as EB [44].

Nest-boxes varied greatly in terms of their local density and
the quality of surrounding habitat. In the winter of 2011-2012,
the locations of every nest-box at Wytham (N = 1020) were digi-
tally mapped to +3 m. An index of local population density at
the individual level was estimated using a Dirichlet tessellation
technique, which formed Thiessen polygons around occupied
great tit nest-boxes in each year [73,74], which we refer to as tes-
sellated territory size (territory size). In Wytham, territory size is
significantly related to individual variation in several life-history
traits including clutch size, fledgling mass and recruitment rate
[73]. Newly emerged oak tree Quercus spp. leaves support the
highest densities of the winter moth Operophtera brumata caterpil-
lars, the main food of the great tit, and in general oak trees
support more insect species than any other tree [93]. Broods

near oak trees receive a higher proportion of caterpillars than n

broods far from oak trees [75] and birds breeding in areas of
high oak tree density lay earlier, lay larger clutches and produce
heavier fledglings [74,94]. Thus we used the number of large oak
trees (with breast height diameter more than or equal to 50 cm)
within a 75 m radius of each nest-box as a component of natal
habitat quality [74]. The number of oaks within 75m of the
nest was used rather than the number of oaks within a Thiessen
polygon, as this is the scale at which oak tree abundance has
been shown to best predict reproductive performance in the
Wytham tits [74,94]. Oak tree abundance and local population
density estimates were generated at each nest for each individual
nesting attempt.

(<) Mixed model and quantitative genetic analysis
Generalized linear (GLM) and generalized linear mixed models
(GLMM) were used to explore links between a range of environ-
mental factors and PSP. We ran one set of GLMs with all
individuals; in this case, for Wytham-born birds we selected
only one individual from each natal nest (N = 734 individuals)
in order to avoid adding a random term that would otherwise
have been needed to account for the nest, as this led to an
unstable model owing to aliasing with winter season; all immi-
grants were included because natal nest was unknown. Natal
data were unavailable for immigrants and thus we ran another
set of models including only the Wytham-born birds (GLMM
with nest attempt as the random effect to account for multiple
individuals from the same nest). In the dataset including all indi-
viduals, two different analyses were conducted. First, we
examined the link between PSP and the main fixed factors
across all winters, including temporal effects (winter assayed,
time of season), EB, age, sex and natal origin (immigrant/local
born), but not information on the natal environment, which
was unavailable for immigrants. Second, we tested whether
main effects were dependent on annual environmental con-
ditions by testing for all two-way interactions with winter; the
expectation that effects may only be visible in some winters
was justified on the basis that the expression of genotypes and
phenotypes commonly varies annually.

For the analysis of natal environment effects using the dataset
restricted to Wytham-born birds, to simplify the model and to
avoid having to use both natal year and winter assayed in the
same model, we included only juveniles who formed the vast
majority of Wytham-born birds (total N = 311). Thus, for juveniles,
winter assayed is the same as natal year. First, we tested for main
effects of natal environmental conditions, including natal year,
natal reproductive conditions (clutch size, laying date, individual
fledging mass) and local environmental conditions (local population
density and oak tree abundance). In all of these models, we retained
individual factors used in the full dataset analysis. Second, we tested
whether effects of different environmental conditions were depen-
dent on the natal year; as in the case for the analysis on the full
dataset, the expectation that effects may only be visible in some
natal years was justified on the basis that the expression of genotypes
and phenotypes commonly varies annually.

The quantitative genetic analysis was conducted using an
animal model approach in a Bayesian framework. Bayesian
animal models are computationally demanding and thus in the
first instance we explored the phenotypic data using a series of fre-
quentist linear models with GenstaT v. 17, with the binary trait PSP
(1/0) and a probit link function, as described above. The R package
MCMCglmm [95] was used to fit animal models in order to estimate
additive genetic and environmental components underpinning
individual variation in PSP. The animal model is a particular form
of linear mixed-effects model where phenotypic data are paired
with a pedigree to obtain an estimate of the additive genetic Vo
and other variance components [96,97]. The pedigree gives an
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expectation for how the additive genetic ‘merit’ of each individual
(or ‘breeding value’, treated as a random effect) should covary
among related individuals (e.g. full siblings, half-siblings, cousins,
etc.). The full pedigree for the Wytham Woods study area contains
records from over 93 000 ringed individuals going back to 1959. Not
all of these individuals were informative in the current context,
however, in that most were unrelated to the individuals scored for
problem solving. The full pedigree was therefore pruned using
the function prunePed in the pedantics package in R [98]. The result-
ing pruned pedigree consisted of a list of 3404 individuals and their
parents. The phenotypic data used in the animal model analysis
consisted of measures of PSP for 820 individuals across four differ-
ent breeding seasons (2006-2009); 744 of these had a known
position in the pedigree but the other birds were included to
improve the overall estimate of total phenotypic variation. For 102
out of 420 of these that were born in Wytham, the mother was
also scored for PSP (either in the same winter or in a previous
winter), and five of these also had PSP scores for their grandmother.
Ninety-seven of the 420 Wytham-born birds also had PSP scores for
their fathers, with none of them having PSP scores for their grand-
father. Mothers recorded breeding more than once typically, but not
always, bred with the same male. There were 294 unique mothers
associated with the 820 individuals scored for PSP. Of these, 87%
were recorded as a mother in only a single breeding season, 11%
in two seasons and 2% in three seasons. Thus the power was low
to distinguish true maternal effects from common/early environ-
mental effects. Further details are given in electronic
supplementary material, table S1.

PSP was scored as a binary trait (1 = problem solved; 0 =
problem not solved) and modelled as a threshold character
[99]. The assumption here is that phenotypic variation measured
on the binary scale is caused by underlying variation in an unob-
servable, normally distributed character called the ‘liability’
relative to a threshold: individuals with liability scores above
the threshold solve the problem and those below do not. As
for any quantitative trait, continuous variation on the liability
scale is assumed to result from genetic and environmental differ-
ences between individuals. Accurately separating additive
genetic from non-additive genetic effects (e.g. dominance or epis-
tasis variance) was not possible in this case given the data and
pedigree structure, so we focused only on additive genetic
effects. The only fixed effect in the model was EB, identified in
the initial exploratory mixed models as being important (see
§3a).

The simplest animal model followed the following equation:
li= u+ EB+a;+e, (2.1)

where I; is a normally distributed liability, u is the population
mean, EB refers to the fixed effect, a4; is an additive genetic
effect (breeding value), ¢; is a residual ‘environmental’ effect
and the 7 subscript refers to individuals. Binary data do not pro-
vide enough information to simultaneously estimate V, (the
variance in 4;) and the residual ‘environmental’ variance (the var-
iance in ¢;); the latter was therefore fixed at 1 and the probability
of problem-solving was linked to the liability through a probit
link function, which renders V and other variance components
estimable [100]:

Py = 1) = probit ! (L). (2.2)

We also tested for a maternal effect by fitting maternal
identity as an additional random effect:

li= w+ EB+a;+m;+e, (2.3)

where m; represents the maternal effect.
The heritability i’ of innovative PSP was then calculated on
the liability scale [101] as:

Va

W= —— A
Va+Vum+1+17

(2.4)

Table 2. GLM of innovative PSP from the 2006—2007 to the 2009-2010 “

winters, including immigrant and Wytham-born great tits. (a) Model 1
shows the significance of main effects when each term is removed
individually from the full model. (b) Model 2 shows the effects from a
model including all main effects and their interactions with winter; each
interaction was tested by removal from the full model.

fixed term Wald statistic df. p

(a) model 1
winter 2.70 3 0.440
time of season 9.35 1 0.002
age 0.17 1 0.681
sex 0.03 1 0.875
EB 5.66 1 0.017
natal origin 1.38 1 0.241

(b) model 2
winter x time of 9.70 3 0.021
season
winter < age 18.23 3 <<0.001
winter X sex 1.04 3 0.792
winter x EB 10.71 3 0.013
winter x natal 7.25 3 0.064
origin

where V) was the maternal effect variance (included only if sup-
ported by the data, see below), the first 1 in the denominator
represented the residual variance and the second 1 represented
the “probit link” variance [100,101].

Following Villemereuil et al. [100], we used parameter-
expanded priors for the variance components based on y* distri-
butions with 1d.f. (in MCMCglmm: V=1, v=1000, a.p. =0,
a.V=1). The MCMC chain was run for 1 million iterations
with a thinning interval of 1000 after a burn-in of 10000 in
order to obtain effective sample sizes of approximately 1000.
The absolute autocorrelations between subsequent MCMC
samples was always less than 0.10. Model selection was based
on deviance information criterion (DIC), which accounts for
both model fit, based on an expected deviance parameter, and
model complexity based on the effective number of parameters
estimated in the model [102]. The simplest models contained
only Vg (fixed at 1) plus either Vo or V. These models were
then compared against one where Vg, V5 and Vy; were included
(i.e. the model described in equation (2.3)). The model with the
lowest DIC estimate was considered the best. If models were
within two DIC values of each other, the simpler one was
chosen as the model of best fit [102]. Parameter estimates were
calculated as the means of the posterior distributions estimated
from the model of best fit. The 95% highest posterior density
was also estimated for each parameter.

3. Results

(a) Natal origin, individual and temporal variation

Forty-two per cent of birds solved the task when first pre-
sented with the device (total N =734). The entire dataset
model suggested no variation in PSP among winters, but
PSP did increase over time within a winter (table 2a; B +
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Figure 1. Innovative PSP was positively associated with EB (an assay of the reactive —proactive personality axis) in one out of the four winters that assays were
conducted. Sample sizes shown in bars. Dark bars, number of birds that solved the foraging task; white, numbers that did not solve.

s.e. = 0.006 + 0.002). There was also a weak positive relation-
ship between PSP and EB (table 2a; B + s.e.=0.26 + 0.11;
figure 1) but no other individual factor was significant.

Model 2 suggested there were differences among winters
for three of the five main effects (table 2b). First, the age inter-
action repeats a result published previously [81]; in 2006,
adults had a higher performance but in 2007, juvenile birds
had a higher PSP (figure 2). Second, the interaction between
winter and EB was driven by a significant relationship between
PSP and EB in the last season alone, explaining why no similar
effect was reported in an earlier analysis [81]. Third, post hoc
exploratory analyses (not shown) suggested that the apparent
winter time of season X interaction (table 2) was an artefact
caused primarily by low success among a limited sample
size early in two winters (2006—2007 and 2007-2008). There
was also a tendency for natal origin to influence PSP, but
only in 2008-2009 when Wytham-born birds were more
likely to solve than immigrants (49% versus 35%, see electronic
supplementary material, figure S1)

(b) Natal environment effects
The first model tested for average effects across all natal years
(table 3, model 1). PSP among juveniles varied depending on

natal year (mean PSP for 2006—2009 were 0.37, 0.51, 0.54 and
0.36, respectively). None of the natal local environment vari-
ables, nor the natal nest variables appeared to influence PSP
across all years combined. However, in some years, local popu-
lation density and habitat quality did influence PSP (table 3,
model 2; figure 3). Specifically, in three of the four years, birds
born in oak-rich territories had higher PSP success, though sig-
nificantly so only in 2009. Similarly, PSP was especially low
where local population density was highest in 2006. None of
the natal nest variables had an interacting effect with year.

() Quantitative genetic analysis

The quantitative genetic model with the lowest DIC was the
one in which V, and V), were estimated simultaneously
(table 4, model 3). However, the model with the next
lowest DIC included only V, (table 4, model 1), with a DIC
within 2 of that of model 3. The model that included Vy
but not V4 (table 4, model 2) had the highest DIC but was
within 2 DIC units from the model that included V, but
not V. Collectively, these model comparisons indicate that
statistical support for additive genetic and maternal variance
components was weak. In line with this, the means of the
posterior distributions for Vs and V), were small (relative
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Figure 2. Variation in innovative PSP with respect to age (whether birds were in their first winter or were adults), and the winter assays were conducted. p-values
were taken from post hoc tests on data for individual winters, with all main effects in the model (time of season, age, sex, EB and natal origin). Numbers in bars
refer to sample sizes. Dark bars, number of birds that solved the foraging task; white, numbers that did not solve.

to VR, which was fixed at 1) and the lower credible intervals
for both parameters were effectively 0 (and the posterior
modes were also close to zero). The mean of the posterior dis-
tribution of K2, calculated according to equation (2.5), was
0.04 (lower credible interval < 0.01, upper credible interval =
0.15). The estimated h* was very similar when Vy was
excluded from the denominator (table 4) or when no fixed
effects were included in the model (results not shown)

4, Discussion

Our results found little if any support for the idea that inno-
vativeness was influenced by additive genetic effects, by
maternal effects, or by conditions in the natal nest. Instead
innovativeness varied temporally, with local environment
conditions, and with a range of individual factors including
age, whether birds were immigrants, personality, and
where and when birds were born, though most of these
effects were present only in some seasons. The necessity
drives innovation and developmental stress hypotheses
provide the most likely explanation for these effects.

(a) Quantitative genetics
Despite previously demonstrated links with several func-
tional traits in our population [18,39,88], our measure of

innovativeness appears to have little or no additive genetic
variation. The posterior distributions of 1> generated by the
Bayesian animal models peaked close to zero and were
narrow, suggesting that h? was likely closer to zero than to
the upper 95% confidence interval at 0.16. These findings
contrast with a range of quantitative genetic studies on
traits closely allied to innovativeness—personality and cogni-
tive—that have sometimes found substantial additive genetic
variation and heritability. Many of these studies are on cap-
tive populations, however, and do not necessarily reflect
patterns found in the wild ([43], reviewed by Croston et al.
[48] and Drent et al. [103]). Others involve relatively small
sample sizes and are unlikely to be able to separate additive
genetic from confounding environmental components of
variation effectively (e.g. [104,105]), and thus likely over-esti-
mated heritabilities [96]. Much larger sample sizes than were
available in our study would be necessary to demonstrate
conclusively whether our estimate of h* differed from zero
[42], especially because for a binary trait the error variance
is difficult to separate from other components. The fact that
the upper credible interval for #? was relatively low (0.16)
gives some confidence that the true h* was indeed very low
and that we did not suffer unduly from a lack of statistical
power (if power were an issue, then the posterior distribution
for h? would have been much wider, given that low sample
size increases the uncertainty around parameter estimates).
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Table 3. GLMM of innovative PSP (assayed during winter) in relation to
individual factors, natal breeding parameters and local environmental effects
during the natal (breeding) season. Only Wytham-born great tit juveniles are
induded since breeding parameters were unavailable for immigrants. (a) Model
1 shows the significance of main effects when each term is removed individually
from the full model. (b) Model 2 shows the effects from a model including all
main effects and their interactions with natal year; each interaction was tested
by removal from the full model. Nest attempt was the random effect in both
models to control for multiple individuals originating from the same nest. TTS is
tesselated territory size, a measure of local population density.

fixed terms w df. p

(a) model 1
EB 0.21 1 0.648
sex 0.84 1 0.361
days 1.09 1 0.298
natal year 8.64 3 0.036
local population density (TTS) 0.14 1 0.709
oak abundance 0.42 1 0.517
lay date 1.15 1 0.284
clutch size 0.63 1 0.427
natal mass 1.21 1 0.272

(b) model 2
EB 0.17 1 0.679
sex 0.72 1 0.397
days 0.80 1 0.372
natal year x TTS 9.92 3 0.021
natal year x oak abundance 8.00 3 0.048
natal year x lay date 5.91 3 0.119
natal year x clutch size 5.04 3 0.172
natal year x natal mass 427 3 0.236

Given the influence of a range of ‘environmental” factors on
PSP in our population, for example age and local ecological
conditions, it is feasible that G x E effects are important but
remain unaccounted for in the residual variance component
and that additive genetic variation is likely to be stronger in
some subsets of data (e.g. [106]), but we did not have the
power to test this.

Even if h? for innovativeness in our population was mar-
ginally different from zero, clearly the trait has very little
microevolutionary potential. This is generally thought to be
true for certain kinds of traits, including physiological and fit-
[107-109]
variation tends to be swamped by high environmental vari-

ness-related traits because additive genetic
ation. Even so, despite their h? being lower, such polygenic
traits can actually harbour more additive genetic variation
than traits less closely related to fitness, perhaps because
they have a higher mutational target [110]. In our case,
though, it seems that 1* was low because V5 was low. Despite
the emphasis that is often put on the evolutionary potential of
behavioural traits, studies show that the heritability of behav-
ioural traits is not significantly different from life-history
traits and their potential to respond to selection may be no
stronger than that for life-history or physiological traits
[111-115]. Dochtermann et al. [116] make the point that

although mean h? across studies was 0.17, V4 tended to be
half of the repeatability or ‘personality’ component of vari-
ation, and interpreted this as meaning that the evolutionary
potential of the repeatable differences between individuals
is generally high. This may be technically true but the rel-
evance from a functional and population processes
perspective seems limited because selection acts on phenoty-
pic variation generally, not phenotypic variation corrected for
temporary environmental effects.

One explanation suggested for traits with low /7 is that in
contrast to relatively simple traits controlled by few genes,
complex traits are linked to numerous other traits, all of
which themselves are influenced by environmental variation,
swamping the additive genetic variation [117,118], although
Vs may still be high in absolute terms given that many
loci affect such complex traits [119]. This may be especially
true for innovativeness, which is likely driven by a range of
cognitive and non-cognitive traits. Alternatively, additive
genetic variation in traits closely linked to fitness may be
lost through consistent selection [118,120]. Notwithstand-
ing the possibility that we could conceivably have missed
important G x E effects, our estimate of V4 specifically was
also close to zero, suggesting that past selection may have
eroded any genetic variation and that innovativeness
has reached evolutionary equilibrium in the population.
Although it remains possible that in our population the
trait has never had an additive genetic basis, and therefore
never underwent microevolution, comparative analyses
suggest that this is unlikely to be true generally since innova-
tiveness has a strong phylogenetic signal [26,27]. Finally,
it is worth remembering that interpreting heritability is
non-trivial and depends on a range of statistical issues, for
example the method used [115], the nature of the trait, and
whether the measured trait captures variation in the intended
phenotypes effectively.

(b) Environmental and other effects

(i) Temporal variation

Supporting the results of the animal model, the mixed model
analyses at the phenotypic level suggest that innovativeness
in Wytham was influenced largely by environmental effects,
in the broadest sense (i.e. non-genetic effects). lllustrating the
limitations of drawing conclusions from short-term studies,
the season individuals were born had a substantial influence
on individual innovativeness, and annual PSP varied from
0.36 to 0.54, pointing to large-scale environmental factors.
Post hoc inspection of variation across the four years
(table 5) shows that PSP among juveniles was highest in the
two winters after parents had synchronized their breeding
poorly with food availability (correlation coefficient
r= —0.93). Foraging conditions post-fledging are likely to
be poor when adults synchronize breeding with food avail-
ability poorly [121], leading to higher innovation among
juveniles, thus supporting the necessity drives innovation
hypothesis. Similarly PSP was higher among juvenile birds
in the two winters when over-winter fledgling-survival was
low (r= —0.981), which were also the two coldest winters
(table 5), again pointing to necessity. Whether competition
during winter or summer drove the annual patterns of inno-
vation is unclear, not just because N =4 years, but also
because synchronicity with food during breeding, over-
winter survival, and winter temperature patterns were all
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Figure 3. Innovative PSP during winter in relation to two environmental factors in the preceding natal year, and how these varied with respect to natal year:
(a) tesselated territory size, inversely related to local population density, and (b) the number of large oak trees within 50 m of each nest. In some winters, innova-
tiveness was lower among juveniles who had been born in high local density areas, or where there were fewer oak trees. Graph based on raw data. Sample sizes
shown in bars. Dark bars, number of task-solvers; white, numbers of non-solvers.

Table 4. Results of the animal models. Ij, = additive genetic variance. Vy = matemal effect variance. Vy = residual variance (always fixed at 1). h* =
heritability. DIC = deviance information criterion. Values for variance components are posterior means, with lower and upper 95% credible intervals in
parentheses.

model variance components DIC A M "

1 Vo + W 1061.53 0.09 (0.00, 0.38) 0.04 (0.00, 0.16)
2 otV w3 008 (000,03) o
3 R+ W+ Wy 1059.62 0.09 (0.00, 0.36) 0.08 (0.00, 0.32) 0.04 (0.00, 0.15)

Table 5. Annual summary data for proportion of juveniles solving the task. The timing of breeding is the number of days between the mean lay date and the
‘half fall” winter moth larvae date for those years; higher values are better timed [121]. Over-winter survival of fledglings is the average number of nestlings
per nest that recruited back into the breeding population the following breeding season. Daily mean temperature data were downloaded from the Met Office
(www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/, 50 km grid square: 400 000 E, 200 000 N).

following winter temperature

timing of breeding relative to food (mean daily temperature following over-winter survival

season (high values = better timed) Sept—Nov, °() of fledglings (recruitment)

2006 — 2007 0.37 32.8 129 0.66

2007 —2008 0.51 26.5 10.7 0.29

2008 —2009 0.54 283 10.0 0.22

2009-2010 0.36 32.7 1.7 0.58
inter-correlated across years (table 5). In addition to these birds were assayed (table 2), or natal year (table 3). Temporal
cohort effects, the influence of other factors on innovativeness environmental variation was therefore probably the most

(see below) invariably depended on the winter when the important factor driving variation in innovativeness.
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(i) Individual factors

In contrast with these results on cohort effects, the analysis on
differences in solving rates among different individual classes
did not provide support for the necessity drives innovation
hypothesis. First, although juveniles were more likely to inno-
vate than adults in one winter, the opposite was the case in at
least one other, suggesting that experience was just as signifi-
cant, or that cohorts may differ consistently over their
lifetime. Similarly, we expected immigrants to be at a disad-
vantage in our population [74,77], and to be more likely to
innovate, but their PSP did not differ from local-born birds.
And because slow explorers tend to be poor competitors
during winter [39], we expected also a negative correlation
with EB but in fact found a positive correlation (see below).
Finally, there was no influence of sex on PSP even though
females tend to be subordinate. Although this limited
evidence at the individual level for necessity driving inno-
vation is not surprising given conflicting evidence from the
literature, it contrasts with another study from our popu-
lation [62], which found that juveniles were more likely to
solve an innovative task than adults. However, the tasks
used by Morand-Ferron et al. [62] were presented in the
wild where juveniles were more willing than adults to partici-
pate in the trials, but not more efficient when doing so. And
while it was based on a single year’s data, the study also
showed that those individuals who solved in captivity were
no more likely to solve in the wild, which points to consider-
able plasticity in our measure of innovativeness. Although
the temporal effects we discuss in the preceding section
suggest that necessity may be important acting through
annual variation in environmental conditions, and possibly
competition, in contrast these data provide little evidence
for necessity owing to individual differences in competitive
ability.

Previously we reported no link between the reactive—
proactive personality axis, assayed by EB, and PSP with 3
years of data [81]. Here, we show an overall weak positive
correlation. This contradicts the ‘necessity drives innovation’
hypothesis, which predicts a negative correlation, since EB
tends to correlate positively with competitive ability as
discussed above. It does support an alternative hypothesis
that bolder “proactive’ individuals are more likely to exhibit
feeding innovations because they rapidly explore new
environments and approach novel objects, as reported else-
where [19,59,83,122]. However, the effect was present
primarily in the last year and was relatively weak. Given
the pervasive environmental effects throughout the analyses,
it is possible that both traits are linked to a third, probably
environmental factor, rather than PSP and EB being intrinsi-
cally linked. Such context specificity is widely, if not
typically, reported in the personality literature, pointing to
considerable plasticity. The weak effects here do not necess-
arily preclude personality from being an important

contributing factor to innovativeness in great tits
because correlations between traits are likely population-
and time-specific ([123], but see [124]), and because other
personality traits such as persistence may also be involved

[125-127].

(iii) Nestling environment
Although none of the natal local environment variables, or
the natal nest variables appeared to influence PSP across all

years, in some years PSP was lower among individuals
born where local population density was high and where
habitat quality was lower, as indicated by the availability of
the great tit’s preferred habitat, oak trees. These effects sup-
port the developmental stress hypothesis. Developmental
stress is known to influence some forms of cognition
[55—-57] but to our knowledge this is the first evidence for
developmental stress influencing innovativeness. It is surpris-
ing that lay date did not influence PSP because it is generally
considered to be one of the most important predictors of food
availability. Furthermore, if anything the post hoc analyses on
mean effects across years suggested the opposite effect, i.e.
years in which birds timed their breeding well led to lower
PSP, suggesting that necessity may have driven greater inno-
vation post-fledging when parents timed their breeding
poorly. Fledging mass was also not linked to PSP, suggesting
that food availability during the nestling stage as such
was not the driving factor. Arnold et al. [128] reported a
link between the availability of an important amino acid
found in spiders and cognitive development in the blue tit
(Cyanistes caeruleus). Given that invertebrate density in gen-
eral is higher in oak-rich habitats and is also likely to be
higher where competition is less pronounced in low popu-
lation density, our results on individual differences in PSP
could instead be best explained by dietary composition
during early nestling development. Thus while the post hoc
analysis above suggests that relatively high PSP may have
been caused out of necessity arising from limited food avail-
ability in two of the years, developmental effects linked to
better habitat quality at a smaller spatial scale may have led
to increased PSP during the nestling stage.

5. Conclusion

Although it is possible that significant additive genetic vari-
ation could remain undetected, owing to G x E effects for
example, our analysis suggests that environmental factors
played the major role in generating individual differences
in the propensity to innovate in Wytham great tits. Cohorts
facing conditions thought to be associated with overall
reduced food availability, higher competition levels and/or
harsher metabolic demands, included more problem solvers
(post hoc analyses), as did first winter birds in one of the
four years (figure 2), suggesting that necessity can indeed
trigger innovation. At the same time, in some years individ-
uals born in good quality territories were more, not less
likely to innovate than those born in lower quality territories
(figure 3), again leading to cohort effects, and in this case pro-
viding support for the developmental stress hypothesis. Thus
the developmental stress and necessity hypotheses found
support in these results. Together with links we found pre-
viously with a range of functional behaviours and fitness-
related traits in the same population, these analyses suggest
that individual differences in innovativeness reflect non-gen-
etic variation driven by stochastic temporal and spatial
environmental variation. This agrees with the idea that inno-
vation is an emergent property of a combination of traits (e.g.
personality, motor abilities, learning ability) with no under-
lying additive genetic variation of its own [129], while
reflecting individual differences caused by behavioural
plasticity [130].
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Undoubtedly the generality of our findings are limited for
many reasons, two of which we mention here. First, all of the
effects reported are correlative and have yet to be tested
experimentally. Second, our measure was based on one
food-motivated, novel problem-solving task which, although
correlated to success on a different problem-solving task and
to associative learning speed [81,82], is limiting given the
large number and kinds of innovations recorded previously
for this species [30]. Together with the binary nature of our
measure, this means that we could not easily explore inno-
vation plasticity within individuals using a reaction norm
approach [124,131-134]. Such an approach might allow for
G x E and non-constant additive genetic variation to be
detected and characterized [3].

Our results add to our understanding of individual inno-
vativeness and behavioural variation and to the ongoing
debate as to the relative importance of plasticity and genetic
variation within populations generally [135]. We hope our
paper stimulates other researchers to take a similar approach
in their study systems, perhaps incorporating a range of
different innovation tasks. Finally, it is worth noting
that detailed study of the different mechanisms underlying
innovativeness—personality and cognitive, for example—
may ultimately be needed to determine the causes and

population-level consequences of variation in the tendency [ 11 |

to innovate among individuals [22,40].

The experimental protocols were all subject to ethical review by
the Department of Zoology (Oxford) ethical committee and were con-
ducted with full approval from the UK’s Home Office. Birds were
caught under ringing licences from the British Trust for Ornithology
and were taken into captivity under Natural England licence. All
individual researchers had the required licences.

The data are part of a larger study but is freely avail-
able upon request from the author or by contacting the Edward Grey
Institute.
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