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Personality and problem-solving
performance explain competitive ability

in the wild
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Competitive ability is a major determinant of fitness, but why individuals vary so much in their competitive-

ness remains only partially understood. One increasingly prevalent view is that realized competitive ability

varies because it represents alternative strategies that arise because of the costs associated with competitive-

ness. Here we use a population of great tits (Parus major) to explore whether individual differences in

competitive ability when foraging can be explained by two traits that have previously been linked to alterna-

tive behavioural strategies: the personality trait ‘exploration behaviour’ and a simple cognitive trait,

‘innovative problem-solving performance’. We assayed these traits under standardized conditions in captiv-

ity and then measured competitive ability at feeders with restricted access in the wild. Competitive ability

was repeatable within individual males across days and correlated positively with exploration behaviour,

representing the first such demonstration of a link between a personality trait and both competitive ability

and food intake in the wild. Competitive ability was also simultaneously negatively correlated with problem-

solving performance; individuals who were poor competitors were good at problem-solving. Rather than

being the result of variation in ‘individual quality’, our results support the hypothesis that individual

variation in competitive ability can be explained by alternative behavioural strategies.

Keywords: competitive ability; innovative problem-solving; exploration behaviour; personality;

Parus major; alternative strategies
1. INTRODUCTION
Competition for limited resources is a fundamental ecologi-

cal process in most natural systems [1] and competitive

ability can have major consequences for individual fitness

[2–4]. Although empirical studies show that individual

state is an important determinant of competitive ability—

for example, sex, age or body size (reviewed by Piper

[5])—much individual variation over and above these

state-dependent effects has yet to be explained (e.g. [6]).

Traditionally, competitive ability has been assumed to

primarily reflect either ‘individual quality’ or random

error. This contrasts with an increasingly prevalent view

that variation in competitive ability is adaptive and arises

because the benefits of competitiveness can be outweighed

by associated costs [7–12]. Commonly, these costs might

include fighting [13], higher exposure to stress hormones

[14] and elevated metabolic rate leading to increased food

demands [15,16]. Consequently, under some circum-

stances, relatively poor competitors can paradoxically

outperform good competitors [17,18], suggesting that vari-

ation in competitive ability may reflect alternative

behavioural strategies. The extent to which alternative strat-

egies might explain variation in competitive ability in

natural systems, however, remains largely untested.

In this paper, we test whether variation in competitive

ability can be explained simultaneously by links with two
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sources of behavioural variation that reflect alternative

behavioural strategies. The first of these is referred to as

the proactive–reactive axis, and represents perhaps the

best-studied personality axis in non-human animals

[19]. In contrast to individuals at the ‘reactive’ end of

the continuum, ‘proactives’ are bolder, more aggressive

and more risk-prone (reviewed by Sih et al. [7]). Potential

explanations for how behavioural correlations are main-

tained within populations are diverse (reviewed by

Dingemanse & Wolf [20] and Wolf & Weissing [21]).

One theory with increasing empirical evidence links vari-

ation in proactivity to life-history variation, suggesting

that proactives tend to sustain high productivity but at a

potential cost to survival, while reactives do the opposite

[8–10]. Proactives should therefore have higher realized

competitive ability in order to meet the demands of

their faster pace of life [9,10]. Indeed, a positive relation-

ship between the proactive–reactive behavioural axis and

both social dominance and competitive ability has been

demonstrated in rodents [22,23], fish [24,25] and birds

[26–28]. However, several studies have found that proac-

tive individuals take longer to recover from social defeat

than reactive individuals, and under some conditions

are poorer competitors [29,30]. The only study to date

that has examined links between the reactive–proactive

axis and competitive ability in the wild found contrasting

correlations within the same population, suggesting that

this relationship may be dependent on the physical and

social environment [31].

In addition to the reactive–proactive axis, competitive

ability has also been linked to another source of behavioural

variation: the tendency to innovate or problem-solve
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[32–34]. The ‘necessity drives innovation’ hypothesis pre-

dicts that good competitors monopolize access to limiting

resources, forcing poor competitors to innovate

[32,34,35]. Although it is often assumed that the observed

variation in innovativeness is temporary (i.e. not consistent

over time) and arises through phenotypic plasticity, it may

equally represent more permanent, inherent differences

between individuals. Irrespective of whether these differ-

ences are temporary or permanent, innovative foraging

can be viewed as an alternative foraging strategy that

helps some individuals avoid costs associated with intense

competition [34,36], a hypothesis that is largely supported

by empirical evidence from primates, fish and birds

[32–34,37,38]. Individual consistency in innovativeness

has rarely been assessed, however, and the extent to

which inherent, long-term individual differences in innova-

tiveness may contribute to variation in competitive ability

remains unclear.

In this paper, we explore whether individual variation

in competitive ability when foraging is linked simul-

taneously to the reactive–proactive behavioural axis, as

assayed by ‘exploration behaviour in a novel environ-

ment’, and innovative problem-solving performance

using a wild population of great tits (Parus major).

Exploration behaviour is heritable, and correlated with a

range of ecologically significant behaviours in several

different populations, including ours [39–44]. Great tits

are a generalist species [45], and anecdotal evidence

suggests that they frequently investigate novel objects in

the wild [46] and are capable of considerable innovative

foraging behaviour [47–49]. Food-related problem-

solving is therefore thought to be an ecologically relevant

trait for this species, which we hypothesized would influ-

ence competition between individuals. Problem-solving

performance is also repeatable and independent of

exploration behaviour in our population [50].

To date, most studies that have tested for links between

competitive ability and other behavioural traits in the

same individuals simultaneously did so under laboratory

conditions (but see [31,51]). Furthermore, few studies

measure competitive ability directly (i.e. through food

intake), which is important because subdominant individ-

uals could potentially compensate by increasing foraging

efficiency [52]. Great tits live in flocks during the winter,

and competition for clumped, but limited food resources

is intense [45]. Using observations of competitive inter-

actions and food intake in the wild, we measured both

social dominance and competitive ability for birds that

had undergone behavioural assays in captivity. We then

tested whether competitive ability could simultaneously be

predicted by proactivity and problem-solving performance.
2. METHODS
(a) Study site, catching procedure and housing

All behavioural assays were carried out on great tits in the

context of a long-term study population at Wytham Woods,

Oxfordshire, UK (518460 N, 18200 W). All birds were

caught between September and March, from 2005 to 2009

(see the electronic supplementary material for details of trap-

ping procedure). Unringed individuals were fitted with a

unique BTO (British Trust for Ornithology) metal leg-ring,

and were aged (adult or juvenile if less than 1 year old) and

sexed based on plumage [53]. Biometrics were also taken
Proc. R. Soc. B (2012)
(wing length, millimetres, and body mass, grams). Birds

caught in the 2007–2008 and 2008–2009 winters, and in

the 2007 and 2008 breeding seasons, were also fitted with

a unique passive integrated transponder (PIT), attached to

plastic leg ring, which was automatically detectable at feeders

using antennae (see below). Birds were then taken into

captivity (under a Natural England licence), where

exploration behaviour and problem-solving performance

were assayed under standardized conditions. All individuals

were subsequently released back into the wild, where

dominance and competitive ability were measured at eight

experimental sites.

(b) Captive behavioural assays

(i) Exploration behaviour

Here, we use an assay of ‘exploration behaviour in a novel

environment’ (hereafter exploration behaviour) as our

measure of proactivity. In great tits, exploration behaviour

is thought to reflect general activity levels, and has been

shown to correlate with boldness, aggressiveness and risk-

taking under captive conditions [26,54,55]. On the morning

after capture, all birds underwent exploration behaviour

assays. The assay room was based on the design used by

Verbeek et al. [54], and consisted of a rectangular room

containing five artificial trees. An event recorder was used

to record the number of hops, the number and duration of

flights, and the areas of the room used, for 8 min. These

data were then entered into a principal component analysis,

and the square-root of the first component (all major load-

ings referred to increased activity) used in a general linear

model (GLM) to produce an exploration behaviour score

for each bird from the parameter estimates derived from

using individual as a fixed effect, controlling for time of

year (see [41] for further details).

(ii) Problem-solving performance

Birds caught between November 2007 and March 2009 were

presented with a problem task on the afternoon they were

housed. The device used consisted of a vertical transparent

Perspex tube containing a platform, which was supported by

a horizontal lever. Four waxworms (Galleria mellonella) were

placed on the platform to bait the device. To solve the task,

birds had to remove the lever, causing the platform to drop

and the waxworms to fall into a feeding dish (full methods

in [50]). Forty-four per cent of birds solved the task. In con-

trast to other studies (e.g. [56]), solving performance was

unrelated to exploration behaviour, neophobia towards the

problem-solving device, motivation to feed from freely avail-

able food and residual body mass as a measure of body

condition [50]. Solving propensity was repeatable over periods

of up to a year and across different types of foraging-related

tasks, suggesting our assay measures a biologically significant

trait that we assume reflects a tendency to innovate, specifi-

cally to solve food-related problems [50].

(c) Field observations: competitive ability and

dominance

Competitive ability and related traits were measured at eight

feeders distributed throughout the woods during January to

March 2009. On the morning of observation, the multiple-

access-point peanut feeder used to attract birds to the catch-

ing site was replaced with a single-access-point feeder

containing peanut granules (approx. 2 mm3; Jacobi Jayne

Ltd, Herne Bay, UK). Tits generally prefer to take food

away from feeders to protective cover before handling [57].
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We assumed that by using smaller food items, we forced birds

to either stay on the feeder for prolonged periods or visit

more often in order to feed effectively, thus increasing the

competition over access to the food. The feeder was also

fitted with a PIT tag reader (Francis Scientific Instruments,

Cambridge, UK) at the feeding hole, which logged the

time and ID of visits by tagged birds. The tag reader has pre-

viously been demonstrated to detect the vast majority of visits

by tagged individuals [58]. Birds were given 30 min to

acclimatize to this change, and then their behaviour at the

feeder was monitored for approximately 150 min using a

Handycam DCR-SR33E camcorder (Sony Corporation,

Tokyo, Japan). Monitoring was always carried out at the

same time of day, beginning at approximately 9.00 h and

ending by 12.00 h. The following day the procedure was

repeated at the same site, allowing us to measure the repeat-

ability of competitiveness in our sample. We note that this

only allowed us to assess the repeatability of behaviour of

birds that visited the feeder on both days, which we assume

did not lead to bias. For an unrelated experiment, the

feeder was positioned either near protective cover (a thicket

or bushy area) or in the open on the first day, and in the

opposite position on the second day. This was randomized

across days and controlled for in all models.

The video footage and the PIT tag data were then ana-

lysed to establish the number and duration of all visits, as

well as all competitive interactions (displacements and chal-

lenges) involving focal individuals (see the electronic

supplementary material for details). Competitive ability was

estimated as the amount of time that each individual had

sole access to the food resource. To test whether this was a

good predictor of the amount of food consumed, we also

recorded the number of food items consumed on 100

randomly selected visits.

We used information on competitive interactions to estab-

lish whether our measure of competitive ability correlated

with dominance status. Male great tits are invariably domi-

nant over females [59], which was confirmed by our data:

only 2 per cent of all displacement events involved a female

displacing a male (n ¼ 301), even though 42 per cent of all

individuals visiting the feeders were female. We initially

intended to construct sex-specific dominance hierarchies

for all individuals, but only detected sufficient interactions

between known birds to produce a male hierarchy for one

of the eight sites (containing nine individuals, based on 41

aggressive interactions, for six of which we also collected

data on visit duration). We were therefore unable to test the

link between the total amount of time spent feeding and

dominance for females, and consequently restricted our ana-

lyses to males (although inclusion of data, where available,

for both sexes did not significantly change the results).

Note also that the general lack of aggressive interactions is

expected since physical fights are rare in great tits, and

instead the outcome of contests is generally determined by

physical assessment and posturing [45]; moreover, the dom-

inance hierarchies of the flocks had probably already been

established before we began our observations, reducing the

probability of contests [45].

Dominance ranks were derived for the nine individuals for

whom we had sufficient interaction data using David’s scores

[60,61] (see the electronic supplementary material). Scores

were calculated using methodology from Gammell et al.

[62]: the proportion of wins (Pij) by individual i in his inter-

actions with another individual j is the number of times (aij)
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that i defeats j divided by the total number of interactions

(nij) between i and j; thus Pij ¼ aij/nij. The proportion of

losses by i in interactions with j is Pji ¼ 1 2 Pij. The David’s

score for each member i of a group is calculated with the

formula

DS ¼ wþ w2 � l � l2;

where w ¼
P

Pij, w2 ¼
P

w (weighted by the appropriate Pij

values of those individuals with which i interacted), l ¼
P

Pji and l2 ¼
P

l (weighted by the appropriate Pji values of

those individuals with which i interacted).
(d) Statistical analysis

We initially tested whether the total time spent on the feeder

(TTF) was an appropriate proxy for competitive ability in a

feeding context by testing whether TTF predicted (i) the

amount of food an individual consumed using a linear

regression, and (ii) dominance measures using two-tailed

Pearson’s correlations and linear mixed models (LMMs).

An LMM was also used to rule out the possibility that

TTF merely reflected the order in which birds arrived

at the feeder. TTF repeatability was estimated using

Pearson’s correlations. We tested whether TTF was influ-

enced by both exploration behaviour and problem-

solving performance using an LMM, with the following

fixed effects: ‘age’ (juvenile/adult), ‘natal origin’ (Wytham-

born/immigrant), ‘treatment’, ‘wing length’, ‘exploration

behaviour’ and ‘problem-solving performance’ (solve/not

solve). Effect significance was tested by dropping terms

individually from the full model, and non-significant terms

were removed via backwards elimination.

A previous study on great tits found that the dominance–

exploration behaviour relationship was context-dependent

[31]: fast-exploring territorial males had relatively high

dominance ranks, but the relationship was reversed in non-

territorial males. We tested this by assuming a bird was

‘territorial’ if it bred in Wytham, either in 2008 or 2009

(LMM, controlling for ‘age’ and ‘treatment’). The same

study also found that the distance between a territorial

male’s nest-box and the feeder predicted social dominance;

we tested this using straight-line distance from the breeding

nest-box. The random terms ‘bird ID’ and ‘location’ were

included in all mixed models, and all tests were two-tailed.
3. RESULTS
(a) Competitive ability

TTF predicted the number of food items consumed by

individuals (Linear regression: F1,98 ¼ 101.5, p , 0.001;

figure 1) and was significantly repeatable across days

(Pearson’s correlation: r ¼ 0.455, p ¼ 0.014, n ¼ 27).

Dominance score was positively correlated with both

TTF (Pearson’s correlation: r ¼ 0.892, p ¼ 0.017, n ¼ 6)

and the total number of times an individual displaced

another male from the feeder (Pearson’s correlation: r ¼

0.930, p ¼ 0.007, n ¼ 6). TTF was also correlated

with the total number of same-sex displacements caused

by males (considering all birds; LMM: F1,84 ¼ 15.35,

p , 0.001; figure 2). TTF was unrelated to the order in

which birds first visited the feeder during trials (LMM:

F1,82¼ 0.51, p ¼ 0.476). Together, these results suggest

that the total amount of time spent at the feeder is an

appropriate proxy for competitive ability.
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(b) Competitive ability, exploration behaviour and

problem-solving

Fifty-three males of known exploration behaviour and pro-

blem-solving performance visited the feeders during our

trial (exploration behaviour, mean+ s.e. ¼ 0.829+
0.062; solving rate, 25 solvers and 28 non-solvers). TTF

was higher in juveniles than in adults (LMM: F1,41 ¼

7.65, p ¼ 0.008; table 1), but there was no difference

between Wytham-born and immigrant birds, nor did

body size (as estimated by wing length) predict TTF

(table 1). TTF correlated positively with exploration

behaviour (LMM: F1,39 ¼ 6.45, p ¼ 0.015; figure 3 and

table 1), but correlated negatively with problem-solving

performance (LMM: F1,43¼ 4.53, p ¼ 0.039; figure 3

and table 1); that is, fast explorers and non-solvers had sig-

nificantly more access to the feeder than slow explorers and

solvers. Finally, the relationship between exploration

behaviour and TTF was independent of territoriality

(LMM: interaction term: F1,40¼ 1.34, p ¼ 0.254) and

distance from the breeding territory (LMM: F1,38 ¼ 0.89,

p ¼ 0.352).
4. DISCUSSION
Our results suggest that individual differences in competitive

ability may be explained by two sources of behavioural vari-

ation: a heritable personality trait (exploration behaviour)

and a repeatable cognitive trait (innovative problem-solving).

In males, competitive ability was itself repeatable and corre-

lated positively with both dominance rank and exploration

behaviour, but negatively with problem-solving perform-

ance. The repeatability of competitive ability was assessed

over a short time period, and only among those individuals

that visited the feeder on consecutive days. The stability of

competitive ability over longer time periods and in different

social or physical conditions is unknown, though we note

that exploration behaviour and problem-solving perform-

ance are repeatable in our population over years [41,50],

suggesting that competitive ability may also be stable over

longer time periods. To our knowledge, this is the first dem-

onstration that a repeatable measure of competitive ability
Proc. R. Soc. B (2012)
correlates in a contrasting manner with multiple

behavioural traits that are often believed to represent inde-

pendent, alternative behavioural strategies. It is also one of

only a small number of studies to examine correlations

between multiple behavioural traits of any kind in the same

individuals simultaneously in the wild (but see [51,63]).

During winter, great tits compete for clumped but lim-

ited food resources, and suffer significant mortality from

starvation, which is especially pronounced among subor-

dinate individuals [64]. The amount of time an individual

has access to a limited food resource is therefore likely to

be a good indicator of competitive ability. Indeed, we

found that time spent on feeders strongly predicted the

amount of food consumed by an individual. Direct antag-

onistic interactions were relatively uncommon at the

feeders in our experiment, probably because dominance

hierarchies are also partly determined by physical assess-

ment and posturing, neither of which are easy to detect

[45]. Nevertheless, based on the interactions that did

occur we found that the number of times individual

male great tits displaced other males was a strong predic-

tor of total time spent on the feeder (TTF). Our feeders

represented a clumped food resource, which we assumed

mimicked patterns of variation in the distribution of natu-

ral winter foods, such as beech mast (seed crop from

Fagus sylvatica). Although we cannot rule out other

sources of uncontrolled variation, together the effects

observed support previous findings linking dominance

status to feeding success in free-living great tits [65].

Proactivity, as measured by exploration behaviour, was

a predictor of competitive ability when foraging. Several

studies have demonstrated a positive relationship between

the proactive–reactive axis and competitive ability in cap-

tivity [22,23,25–28], but the present study is one of the

first to demonstrate this effect under largely natural con-

ditions (but see [31]), and the first to show a direct link

with the ability to acquire resources in the wild at the

level of the individual. Most models describing adaptive



Table 1. Factors contributing to variation in the amount of

time individuals had access to the feeder. TTF was log-
transformed to achieve normality. p-values derived from
dropping individual terms from a linear mixed model. This
minimum model was derived via backward elimination,
removing non-significant terms. All terms shown were also

significant in the full model (with n.s. terms: immigration
status, wing length and treatment). The model also
included random terms location (variance+ s.e. ¼ 0.330+
0.304; likelihood ratio test: x2 ¼ 4.49, d.f. ¼ 1, p ¼ 0.026)
and bird ID (variance+ s.e. ¼ 0.189+0.368; likelihood

ratio test: x2 ¼ 0.260, d.f. ¼ 1, p ¼ 0.610). n ¼ 80 records
for 53 individuals.

fixed terms estimate+ s.e F p

constant 4.400+0.335 n.a. n.a.
agea 20.889+0.322 7.65 0.008
exploration behaviour 0.894+0.352 6.45 0.015
problem-solving

performanceb
20.685+0.322 4.53 0.039

aJuvenile set to 0.
bNon-solver set to 0.
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personality variation explain the behavioural differences

on the basis of differences in state [21]. Recent theories

have viewed life-history strategy as the key state variable,

suggesting that proactive individuals adopt a behavioural

strategy that maximizes productivity, whereas reactives

maximize survival [8–10]. Our findings are consistent

with this idea, indicating that different personality types

may reflect alternative life-history strategies [9,10].

Despite this link between competitive ability and proac-

tivity, previously we reported no survival selection on

exploration behaviour in our population [41], contrasting

with the variable survival selection on exploration behav-

iour reported for another population of great tits [66].

However, the selective consequences of behavioural cor-

relations are probably moderated by other ecological

factors (e.g. the severity of weather conditions, food

shortages or population density). They are also likely to

be influenced by correlations with other traits that have

not been measured, which themselves may be popu-

lation-specific [67,68]. Understanding selection on any

personality axis can therefore only be achieved by

measuring partial selection gradients on all correlated,

functionally significant traits simultaneously.

Individuals who performed poorly in a problem-solving

task in captivity spent more time monopolizing the feeder

compared with those who performed well. This agrees

with the ‘necessity drives innovation hypothesis’, which pre-

dicts that subordinate individuals adopt alternative foraging

strategies to avoid the costs associated with intense compe-

tition. Female great tits were no better at solving problems

than males [50], to whom they are invariably subordinate

[69], suggesting a restricted individual, rather than a gen-

eral, effect of necessity on innovativeness. The ‘necessity

drives innovation hypothesis’ implies a causal link between

competitive ability and innovativeness, but nevertheless

consistent individual differences in innovative foraging

instead may lead to differences in realized competitive abil-

ity. Previously, we have shown that problem-solving

performance is consistent over long time periods among

individuals in our population [50], suggesting that the

link between competitive ability and innovativeness may
Proc. R. Soc. B (2012)
be the result of genetic or permanent environmental

factors, rather than more transient environmental effects.

Inherent individual differences in innovative problem-

solving are therefore likely to contribute to variation in

competitive ability, but it remains to be seen whether the

phenotypic correlation observed occurs at the genetic level.

In contrast to the traditional idea that conspecifics are

ecologically equivalent, many generalist species are com-

posed of relatively specialized individuals that vary in

their preference for, and productivity when using, differ-

ent foraging methods [70]. In great tits, older

individuals are thought to use a wider variety of food

sources than younger birds [45]. Indeed, we found that

first-year males spent more time on the feeder than

adults, even though they are normally subordinate [71].

This supports previous work on our population showing

that, even when competition at artificial feeders was

relaxed, first-years used feeders more than adults [58].

Variation in competitive ability for a specific resource

may therefore arise because the value of the resource dif-

fers between individuals. In this way, both adults with

better knowledge of other food sources and innovative

foragers that use an alternative foraging strategy will

have a lower realized competitive ability as they rely

more on sources of food other than the one subject to

intense competition. This argument implies a causal

link between problem-solving performance and competi-

tive ability, which we are unable to establish in this study.

If the phenotypic correlation proves to have a genetic

basis, this would have important evolutionary impli-

cations because it would mean that individuals within

the same population would be subject to different selec-

tion pressures owing to resource-specific ecological

interactions [70,72].

An important facet of evolution is that natural selec-

tion is rarely likely to act on single traits in isolation

owing to correlations between traits [73,74]. Few
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attempts have been made to establish the extent to which

consistent variation in multiple behavioural traits

measured under standardized conditions in captivity is

correlated with functionally significant behaviour in

nature (but see [51]), let alone examine the genetic

basis [75,76] or selective consequences [12,51] of these

associations. The behavioural correlations shown here

suggest how individuals with different competitive

abilities may be able to coexist; the evolutionary signifi-

cance of these patterns now needs investigation.
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