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Individuals exhibiting a high level of cognitive ability may also exhibit more elaborate traits and so gain
higher levels of mating success. This suggests that selection may act on cognitive performance through
mate choice. Studies investigating this relationship have tended to focus on single cognitive tasks, or
tasks that are closely related to existing natural behaviours, and individuals are frequently tested in
captive conditions. This can introduce test artefacts and may tell us more about selection on specific
display behaviours that we imagine being particularly cognitively complex, rather than a general
cognitive ability. We tested free-living male spotted bowerbirds, Ptilonorhynchus maculatus, that exhibit
elaborate sexual displays which appear to be cognitively demanding. We describe a method for testing
individuals in the wild, without the need for constraint or captivity. We looked for evidence of a general
cognitive ability in males by assaying their performance in a series of novel tasks reflecting their natural
bower-building behaviour (bower maintenance) or capturing more abstract measures of cognitive ability
(colour and shape discrimination, reversal learning, spatial memory and motor skills). We related per-
formance in these tasks to their mating success. An individual’s performance in one task was a relatively
poor predictor of performance in any other task. However, an individual’s performance across tasks could
be summarized by a principal component which explained a level of total variance above which has
previously been accepted as evidence of a general cognitive ability. We found no relationships between
an individual’s overall performance, or performance in any single task, and mating success. Our results
highlight the need for further investigation of whether selection on cognition in bowerbirds is exerted
through mate choice. We offer this as an example of how classic cognitive tasks can be transferred to the
wild, thus overcoming some limitations of captive cognitive testing.
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The evolution of enhanced general cognitive abilities poses a
challenge to biologists. To understand how selection pressures may
be acting on cognitive traits, individual cognitive differences must
be related to measures of fitness variation (Shumway 2008; Sol
2009; Morand-Ferron et al. 2011; Cole et al. 2012; Cauchard et al.
2013). One promising, yet little explored, context inwhich cognitive
performance may have fitness consequences is via sexual selection
(Boogert et al. 2011b). Selection may act through female choice for
complex displays which are cognitively costly to produce (Madden
et al. 2011). For example, many female songbirds choose mates
based on song elements with clear cognitive components, such as
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repertoire size and song complexity (Reid et al. 2005; Pfaff et al.
2007), and in several manakin species females choose males
based on challenging coordinated dance displays (Trainer et al.
2002; DuVal 2007). Females may benefit from such choice
because high cognitive ability may come at a metabolic cost of
increased neural processing, with only high-quality males able to
bear such a cost (Miller 2000; Nowicki et al. 2002). Cognitive-based
signals, such as birdsong, may inform females about the develop-
mental, social and individual learning ability of males (Boogert et al.
2008; Holveck et al. 2008; Riebel et al. 2012). Alternatively, if
cognitive abilities are positively correlated across domains then
female selection on cognitive traits may confer benefits in other
contexts, such as foraging ability or predator avoidance.

Positive covariance between cognitive abilities has been
demonstrated in humans, in which this general ability (referred to
as g) is described as being both heritable and an honest indicator of
fitness (Jensen 1998; Miller 2000; Plomin & Spinath 2002; Deary
et al. 2010). It has also been demonstrated in mice, Mus musculus
(Matzel et al. 2003; Galsworthy et al. 2005), rats, Rattus norvegicus
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(Anderson 1993), cottontop tamarins, Saguinus oedipus (Banerjee
et al. 2009), honeybees, Apis mellifera (Chandra et al. 2000), bum-
blebees, Bombus terrestris (Muller & Chittka 2012) and pigeons,
Columba livia (Bouchard et al. 2007). However, few studies relate
measures of g to fitness differences and the expression of sexual
traits; instead, the focus has been on describing relationships be-
tween a trait and a single measure of performance in a specific
cognitive task. For example, in male siskins, Carduelis spinus,
plumage brightness was correlated with performance in a novel
foraging task demonstrating insight (Mateos-Gonzalez et al. 2011),
in male guppies, Poecilia reticulata, the expression of orange patch
coloration was correlated with algal searching ability (Karino et al.
2007), in male zebra finches, Taeniopygia guttata, song complexity
correlated with a novel foraging task demonstrating problem-
solving ability (Boogert et al. 2008) and song bout length in Euro-
pean starlings, Sturnus vulgaris, influenced by early rearing condi-
tions, was indicative of spatial learning ability (Farrell et al. 2012).
Inferring selection pressure on general cognitive ability by
considering only a single measure of performance risks overlooking
important elements of such relationships. In those few studies in
which multiple cognitive measures have been assayed, links be-
tween sexual traits and an individual’s general cognitive perfor-
mance are less clear. For example, in male song sparrows,Melospiza
melodia, song repertoire correlated positively with performance in
an inhibitory control task, but not with other cognitive measures
(Boogert et al. 2011a). Species that exhibit multiple cognitive ele-
ments in their sexual display, perhaps manifested in multitrait
displays, offer improved opportunities for exploring such selection
pressures. Females may pay attention to multiple traits because
each trait signals a different aspect of male quality, or because using
combinations of traits helps to reduce mate choice error (Møller &
Pomiankowski 1993; Candolin 2003).

Bowerbirds exhibit multitrait displays comprising elements
likely to depend on a range of different cognitive abilities, pre-
senting females with an opportunity to select for general cognitive
performance. Males of 17 species construct and decorate elaborate
display sites, bowers, which serve as targets of female choice
(Marshall 1954; Borgia et al. 1985; Frith & Frith 2004). They
construct technically intricate display courts (Borgia 1985),
requiring fine-scale motor skills. They collect and arrange deco-
rations (Diamond 1987; Borgia 1995), categorizing them by colour
(Endler & Day 2006) and paying particular attention to those that
are good predictors of mating success (Madden 2003a, b),
requiring discriminatory and classification skills. Male great
bowerbirds, Ptilonorhynchus nuchalis, create a forced perspective
to enhance the audience view of their bower display (Endler et al.
2010), suggesting advanced perceptual skills. Display is not
limited to bower construction; males perform courtship dances
which can be adjusted according to female response (Patricelli
et al. 2002, 2006), and which can include vocal mimicry
(Loffredo & Borgia 1986; Frith & McGuire 1996; Coleman et al.
2007), requiring memory, learning and further motor skills.
Males show flexibility in their display behaviours; they appear to
improve their display through learning (Madden 2008), resolve
trade-offs between improved signalling to females and increased
male marauding (Madden 2002) and are able to compensate for
the loss of one signal by enhancing another (Bravery & Goldizen
2007). If multiple traits, such as those exhibited by male bower-
birds, signal individual general cognitive ability we may expect
female selection preferences to reflect male performance across a
suite of cognitive tasks.

A relationship between cognitive performance and mating
success has previously been demonstrated in the congeneric satin
bowerbird, Ptilonorhynchus violaceus. The speed and degree to
whichmales solved two novel problem-solving tasks was positively
correlated with mating success (Keagy et al. 2009). Measures of
other traits thought to require high levels of cognitive performance
(vocal mimicry and bower restoration behaviour) also predicted
mating success individually or in conjunction with one another
(Keagy et al. 2011, 2012). However, intercorrelations between per-
formances in tasks were low (Keagy et al. 2009, 2011), and while
multiple cognitive display traits provided a more accurate predic-
tion of overall cognitive ability, the authors suggested that these
multiple traits may also be used to signal different aspects of male
quality rather than just indicate a general cognitive ability (Keagy
et al. 2012). However, it is not clear which cognitive processes
were being measured, and how the different tests related to one
another in terms of exploring different cognitive domains or
repeatedly testing the same cognitive domain (e.g. the two novel
tasks were assumed to reflect problem solving). Neither is it clear
how discrete selection on cognitive performance in these tasks
relates to more conventionally defined selection on the behaviours
of bower building or vocalizations.

We investigated whether individual male spotted bowerbirds,
Ptilonorhynchus maculatus, differed in their specific or general
cognitive abilities across a range of problem-solving and cognitive
tasks, and whether their individual or overall performance in tasks
correlated with their mating success. We repeated one of the novel
problem-solving tasks previously presented to satin bowerbirds
(Keagy et al. 2009), to permit comparison across species. In addi-
tion, we avoided the confound of testing cognitive performance in
natural behaviours (such as vocalizations and bower construction)
or behaviours closely linked to natural behaviours (bower main-
tenance and removal of disliked objects; Keagy et al. 2009, 2011,
2012) which may be subject to strong direct selection without
reflecting a broader cognitive ability across contexts. Instead, we
implemented a series of classic psychological cognitive tasks, with a
proven history of use in the laboratory, to test specific cognitive
traits apparently underpinning, but discrete from, bower-building
behaviour. These included the ability to learn a novel motor task,
colour and shape discrimination, colour reversal (as a measure of
behavioural flexibility) and spatial memory.

METHODS

General Field Methods

Data were collected from a population of wild, individually
marked spotted bowerbirds in Taunton National Park (Scientific) in
central Queensland, Australia (23.54989S and 149.24088E; see
Miles & Madden 2002 for a detailed description of the study site).
Bowerbirds offer an ideal opportunity for testing cognitive perfor-
mance in the wild. Male bowerbirds maintain bowers for several
months over the breeding season, and spend a significant propor-
tion (up to 70%) of daylight hours tending their bowers (Frith &
Frith 2004). Each bower has a single male owner, allowing
repeated trials on the same individual, and their regular presence in
a specific location is reasonably predictable. Therefore, all tests
were carried out on free-living individuals that were not brought
into captivity. Males also show relatively low levels of neophobia,
interact with novel items willingly and are motivated to gain food
rewards.

Fieldwork and cognitive testing were conducted during two
breeding seasons, July 2010eJanuary 2011 (subsequently referred
to as the 2010 breeding season) and August 2011eFebruary 2012
(referred to as the 2011 breeding season). At the beginning of each
season bowers were located and owners identified with unique
combinations of coloured leg bands. Bowers were spaced approx-
imately 1 km apart (Miles & Madden 2002). Once located, remote
motion-sensing cameras (StealthCam I590, Grand Prairie, TX,
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U.S.A.) were placed at bowers for the duration of the breeding
season. Camera recording hours differed minimally between males
depending on the date/time cameras were deployed, and because
of rare camera failures in the field (maximum 3 days).

Measuring Mating Success

We measured an individual’s mating success by calculating
copulation rates for the two seasons during which testing took
place. Females may make multiple visits to bowers during the
breeding season (Uy et al. 2000), and copulations occur in the
bower avenue (Borgia 1985; Frith & Frith 2004). Spotted bower-
birds are monomorphic, and we were not able to distinguish fe-
males in the field. Therefore, we used the total number of
copulations per male captured from camera data as a measure of
reproductive success. Copulations were easily recognizable be-
haviours and observed male mating success has been shown to be a
reliable predictor of reproductive success in satin bowerbirds
(Reynolds et al. 2007). The number of copulations each male ob-
tained was summed, and the dates of the first and last copulations
across the study population were used to define the copulation
season. Copulation rates for each individual were calculated as the
number of copulations witnessed at the bower divided by the total
number of camera recording hours at the bower during the copu-
lation season. Bowers had the same owners in 2010 and 2011, and
reproductive skew, calculated according to Pamilo & Crozier (1996),
was similar in both seasons: 0.48 and 0.52, respectively (a score of
zero indicates no skew and 1 indicates all copulations are gained by
a single male). However, copulation rates were not significantly
correlated between seasons (rS ¼ 0.25, N ¼ 13, P ¼ 0.42).

Measuring Cognitive Performance

We deployed six different cognitive tasks, designed to capture a
measure of individual performance across separate types of
cognitive domains (Table 1). The first task (1) was the barrier
removal task, which replicated and extended the novel problem-
solving task previously presented to male satin bowerbirds
(Keagy et al. 2009), and represented a task that was based on
natural male bower maintenance and restoration behaviour. In the
next set of tasks (2e6), we presented males with a novel task
apparatus, a pokebox, which was used to test five different po-
tential cognitive abilities male bowerbirds may be expected to
exhibit, but using an abstract paradigm separated from their nat-
ural behaviours.

All tasks were conducted at bowers wheremale behaviour could
be monitored remotely. Not all males were presented with all tasks.
Table 1
Summary of the six cognitive tasks

Task Apparatus Season N What the task
demonstrated

Barrier
removal

Transparent
barrier

2010 19 Problem-solving
ability

Novel motor
task

Pokebox 2010e2011 14 Motor skills in a
novel task

Colour
discrimination

Pokebox 2011 12 Discrimination
based on colour

Colour reversal Pokebox 2011 12 Behavioural flexibility
Shape

discrimination
Pokebox 2011 11 Discrimination

based on shape
Spatial memory Pokebox 2011 11 Memory for spatial

location of rewards

Cognitive tasks were presented over two consecutive breeding seasons. Tasks were
divided by the type of cognitive domain they tested and the apparatus used to carry
out testing.
The barrier removal tasks were conductedwith 19males during the
2010 season; however, not all thesemales were available for testing
during 2011. The pokebox tasks were carried out in 2011 with 14
males, of which 13 had been previously tested in the barrier
removal tasks. Of these 14, two were lost (presumably predated)
during the test period in 2011. Thus, the total number of males that
were presented with all tasks was 11.

When bowers were located at the start of the season, a Velcro-
covered board (250 � 150 mm and 3 mm thick, made of plywood)
was fixed to the ground on the outer edge of the bower using
75 mm nails, to which the test apparatus could be rapidly attached.
This prevented males removing the apparatus and ensured it was
consistently presented at a specific location. Tasks were presented
during two sessions each day: morning (dawn to midday) and af-
ternoon (1500 hours to sunset). They were not presented during
the middle of the day, when birds are less active at their bowers
(Sparfeld 2012). All tasks were filmed using Samsung SMX-C20
camcorders in the absence of an observer to reduce any external
influence on male behaviour.

Barrier removal task
Males were presented with a transparent plastic barrier (10 cm

diameter � 11 cm high clear plastic beaker) underneath which
objects could be placed. This barrier was placed 25 cm from the
entrance to the bower avenue. We presented male spotted bow-
erbirds with three different trials in a randomized order: an aver-
sive object trial, a desirable object trial and a control trial. The
aversive object trial was a replication of the task presented by
Keagy et al. (2009) and tested the ability andmotivation of males to
remove disliked objects (three 1 cm3 yellow blocks) from their
bower by removing them from underneath the barrier. The desir-
able object trial tested exactly the same mechanism (problem
solving via barrier removal) but tested whether motivation differed
with desirable objects (two green glass chips and one decoration
taken from the bower avenue, typically a Solanum spp. fruit; see
Madden 2003b). The control trial addressed a key limitation of
Keagy et al. (2009), where the male’s reaction towards the barrier
itself was not considered. If males consider the barrier alone to be
an object with which they wish to interact (either a disliked object
that they want to remove, or a desirable object they want to
display) theymay bemotivated tomove it, and this could be seen as
a simple bower maintenance task requiring little problem-solving
ability, rather than a response to a perceived problem (gaining
access to covered objects) that requires solving. Males were scored
on the time taken to gain access to the first object underneath the
barrier; males that were faster at solving the trial were deemed to
be better problem-solvers. To ‘solve’ the control trial males had to
move the barrier one diameter length (10 cm) from its original
location, which would indicate a motivation towards removing it or
adding it to their display.

‘Solving’ a barrier removal trial may be simply explained by
variation in persistence, rather than in cognitive ability. Males that
pecked at the barrier at a faster rate may increase their chances of
gaining access to the objects in a faster time, yet this may not
represent an enhanced cognitive ability. Therefore, we counted the
pecks made to the barrier and used this measure to investigate
whether males solving the trial in a shorter amount of time were
simply more persistent in their interactions with the task
apparatus.

Nineteen males were presented with each of the three trials
(aversive, desirable and control) once between August and
December 2010, in a randomized order and with a minimum of 30
days between trials. Trials were videoed for 3.5 h, after which the
barrier and objects were removed. Males were scored on both time
attentive to trial (cumulative time male spent interacting with
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barrier (within 20 cm of the barrier and oriented towards it) until
solved) and total elapsed time (total time from first attentive until
solved).

Novel motor task
We explored how fast 14 males learned to perform the novel

motor task of opening a pokebox to gain access to a food reward
(Appendix Fig. A1). The pokebox was a medium-density fibre-
board, 15 � 15 cm and 3 cm high box with 12 wells (diameter
25 mm) drilled around the outside edge. A matching lid (2 mm
plywood) was fixed to the box. In between the box and the lid a
sheet of paper could be inserted, which prevented direct access
to and hid the contents of the wells. Males were trained to peck
though a plain white paper lid to gain access to food reward
items (fragments of green grapes) using a systematic shaping
procedure (Table 2; Boogert et al. 2008), which guided males
through four stages of training, each of which increased in dif-
ficulty. Males were required to pass each stage of training before
they could progress to the next stage and were scored on the
total number of trials taken to pass stages 2e4. The first stage of
training was considered to be habituation to the novel equip-
ment, and was excluded from the final score given. The minimum
number of trials required to pass each stage was two; therefore
males required a minimum of six trials in total to complete this
task. Males were presented with up to five trials in the morning
session and three in the afternoon session. Pokeboxes were reset
every 45 min, although the actual retention time between trials
was determined by the male’s presence at the bower; trials
conducted when the male did not attend his bower were dis-
counted. Resetting was quick (2e3 min), caused minimal distur-
bance to the males, and involved swapping the current pokebox
with a preset box that had been prepared out of sight from the
males.

Colour discrimination
Fourteen males were presented with a colour discrimination

task. Six wells on the pokebox were covered with a paper lid of one
colour and contained a food reward (grape fragment). The other six
wells were covered with a second colour and contained reward
cues (crushed grapes) but access to the reward was blocked by a
Table 2
The four stages of the systematic shaping procedure used to train males to open a
pokebox

Stage Training

1 Habituation to Equipment
All pokebox wells were open and each contained one
fragment of green grape (reward). One fragment of
grape and two decorations were placed on top of
the pokebox to draw the male’s attention to the apparatus

2 Paper Lid
Pokebox presented with a reward in every well, and
with paper lid added. Six holes fully opened (paper torn
open so that reward is easily obtainable) by experimenter
and six partially opened (paper torn down centre, so that
food can be seen but not obtained without further ripping
of the paper by the male)

3 Closed Holes
Pokebox presented with a reward in every well, with
eight holes fully closed (complete intact paper lid) and
four holes partially opened

4 Final Test
Pokebox presented with a reward in every well, with
all holes closed

Each stage in the procedure was passed when all 12 pieces of grape were taken from
all wells on two consecutive trials. Only stages 2e4 were counted in the novel motor
task analysis, as stage 1 was considered as a habituation stage in which males were
encouraged to interact with the novel item.
wooden plug. As bowerbirds show strong colour preferences, we
chose two neutral colours with the same greyscale value to control
for preferences towards pecking light/dark. The rewarded colour
was randomized between males. We tested how quickly males
learned to discriminate the colours, only pecking at rewardedwells.
Males passed the colour discrimination task if they pecked at all six
rewarded wells before pecking an unrewarded well on two
consecutive trials. No males pecked at only rewarded wells on their
first trial.

For this and all subsequent pokebox trials, male performance
was scored on the cumulative number of trials taken to reach a pass
criterion. The maximum number of trials presented was 35; after
this males showed a significant reduction in their motivation to
engage with the apparatus. Some trials were stopped sooner if
males showed decreased motivation, for example because of a lack
of positive reinforcement. Males that failed to reach the pass cri-
terion were given scores of the maximum number of trials to allow
their inclusion in analyses.

Colour reversal
Immediately following the colour discrimination task, males

were presented with a reversal task, in which the previously
rewarded colour became the unrewarded, blocked colour. Reversal
tasks are considered to provide a measure of behavioural flexibility
(Boogert et al. 2010; Tebbich et al. 2010). Males were required to
reach the same pass criterion as the colour discrimination tasks.
Thirteen males were presented with this task, as one male was lost
from the population (presumed predated) before this task
commenced.

Shape discrimination
Twelve males were presented with a shape discrimination task

(a second male was lost before the start of this task). Half of the
wells were displayed with blue circles and the other six were dis-
played with blue triangles. As with the colour discrimination task,
one shape covered rewarded wells while the other shape covered
blocked wells. The rewarding shape was randomized between
males. Males were required to reach the same pass criterion as in
the colour discrimination tasks.

Spatial memory
Twelve males were presented with a spatial memory task. Eight

wells were used for testing, with the four corner wells left uncov-
ered and empty. Two adjacent wells on one side of the box were
consistently rewarded, with the remaining three pairs of wells
unrewarded and blocked. The pokebox was placed in the same
location, ensuring that the spatial position of the rewarded holes
relative to the bower was constant. All wells were covered with
plain white paper lids, and boxes were switched between trials to
ensure that males could not use inadvertent cues to aid solving the
task.

Males passed this task when they correctly chose the two
rewarded wells before pecking any unrewarded wells in two
consecutive trials.

Motivation checks
To measure motivation in the barrier removal task, the time

taken to move objects more than 20 cm from their original position
under the barrier once access had been gained was measured (see
Keagy et al. 2009). All males immediately (within 1e3 s) removed
the objects >20 cm, and thus all showed high motivation in this
task.

Motivation in the pokebox trials was checked by presenting
males twicewith a pokebox with all 12 wells rewarded and covered
with plain white lids. This was identical to the final stage in the
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shaping procedure, and was presented following completion of the
colour reversal and spatial memory tasks. These trials served to
reinforce the association between opening wells and receiving a
reward, and to check whether males had remained motivated to
engage with the task. All males passed these trials, indicating that
despite being unrewarded in previous cognitive tests, males had
not habituated to the presence of the apparatus and were still
motivated to engage with the pokebox.

Statistical Analysis

Individual variation in task performance
For the barrier task we looked for differences in a male’s ability

to solve each of the three trials presented using a Cochran’s Q
nonparametric test for dichotomous data, and further investigated
these results with pairwise McNemar tests between each of the
tasks. When considering the ability of males to solve the tasks, we
looked for correlations between the three measures taken: time
attentive to task, total time elapsed and number of pecks made to
barrier. For the pokebox cognitive tasks we used the number of
trials males required to reach the pass criterion as a score of indi-
vidual performance (Boogert et al. 2008, 2011a).

Relationship between individual performances in different tasks
We explored how a male’s performance in one task related to

his performance in another task. First, we explored simple re-
lationships between performances in pairs of tasks using
Spearman rank correlations. Second, we explored whether varia-
tion in the cognitive performance could be explained by a single
underlying factor (analogous to g), by conducting a principal
components analysis (PCA) on scores from the 11 birds that had
been presented with all tasks (these included solvers and non-
solvers). To allow for the inclusion of males that failed to solve
tasks, and to normalize the data where possible, we calculated the
inverse of our response variables by taking the maximum per-
formance score per trial and dividing this by each male’s perfor-
mance score. In this way, males that failed to solve a task were
given a score of zero, with higher scores indicating greater ability.
We conducted a PCA with an unrotated factor solution and
extracted individual composite scores from the first and second
components with eigenvalues >1.

Relationship between cognitive performance and mating success
Spearman rank correlations were used to see whether male

performances in each task correlated with mating success, both for
the year in which the task was carried out, and for his average
mating success across both years of testing. We then tested
whether individual PCA composite scores were correlated with a
male’s mating success, both in each year of testing andwith average
mating success across both years. We also took an alternative
measure of cognitive performance by averaging the relative per-
formance of each male on each cognitive task with which he was
presented (see Keagy et al. 2011), and related this score tomeasures
of mating success.

Finally, we implemented a linear mixed model to explore how
performance scores and male mating success were related, given
the variation within males in their relative mating success across
the two seasons measured. Since mating success for each male was
not significantly correlated across seasons, we entered both seasons
as a repeated measure in the mixed model, with PC1 composite
scores as fixed effects, and season and bird identity as random ef-
fects. Re-running the analyses controlling for male bower owner-
ship, a proxy for age, did not qualitatively alter any of the results we
report (see Appendix). All analyses were carried out in SPSS version
19 (SPSS Inc., Chicago, IL, U.S.A.).
Ethical Note

Permission to work with the population of wild spotted bow-
erbirds in Taunton National Park (Scientific) was granted by the
Queensland Government Environmental Protection Agency
(Permit Number WITK0615290). Ethics approval was granted by
the University of Queensland (Animal Ethics Approval Certificate
SBMS/285/09). Birds were caught in mist nets and ringed with a
unique combination of coloured bands and a metal Australian Bird
and Bat Banding Scheme band (ABBBS). Captured birds were held
in cloth bags and processed immediately. Capture and banding
was carried out by J.R.M. and C.D. (ABBBS Authority Number
2323). All birds were free-living and could choose whether to
interact with the task apparatus. We used rewards rather than
punishments as motivation. All equipment was removed from
bowers at the end of the test period. No males abandoned bowers
as a result of our testing and of those tested in 2010, all returned
the following season in 2011 to reassert their ownership at the
same bower.

RESULTS

Individual Variation in Task Performance

Barrier removal task
Males did not solve the three barrier trials equally well

(Cochran’s Q: c2 ¼ 14.53, N ¼ 19, P < 0.001). Of the 19 males, 14
(74%) solved the aversion trial, and males were more likely to
solve this trial than the control trial (pairwise McNemar tests:
controleaversion: N ¼ 19, P < 0.01). Nine males (47%) solved the
desirable objects trial, and males were more likely to solve this
trial than the control trial (pairwise McNemar tests: controle
desirable: N ¼ 19, P ¼ 0.04). Only two of the 19 (11%) males solved
the control trial.

When we considered the aversion trial only (for which we had
the largest sample size of problem-solvers), the time that males
that solved the task spent attentive was strongly related to the
total elapsed time (rS ¼ 0.80, N ¼ 14, P < 0.001). Males varied
widely in the time they took to solve this trial (mean time
attentive to trial � SD ¼ 92.7 � 76.7 s, range 19e305 s). The
number of pecks that males (solvers and nonsolvers) made to the
barrier was positively correlated with the time spent attentive to
trial (R2 ¼ 0.88, N ¼ 19, P < 0.001; Fig. 1). This relationship held
when only solvers were included in the analysis (R2 ¼ 0.85,
N ¼ 14, P < 0.001).



Table 4
Results from the unrotated principal components analysis

Task Component 1 Component 2

Barrier task 0.16 0.57
Motor task 0.67 �0.26
Colour discrimination 0.80 �0.09
Colour reversal 0.58 0.66
Shape discrimination 0.89 0.25
Spatial memory 0.63 �0.72
Eigenvalue 2.65 1.42
% Variance explained 44.12 23.62

Results are based on inversely transformed performance scores in the barrier and
pokebox tasks, showing the two components extracted with eigenvalues >1 and
percentage of total variance in performance explained.
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Pokebox tasks
Males varied in their ability to learn the novel motor task of

opening paper-covered wells (N ¼ 14, mean � SD to
pass ¼ 8.35 � 2.82, range 6e15). Five males passed the motor task
with the minimum number of trials required. All males passed the
colour discrimination task (N ¼ 14, mean � SD ¼ 5.93 � 2.56, range
4e13) but only half solved the reversal task (N ¼ 13, solved ¼ 7:
mean � SD ¼ 20.86 � 4.78, range 14e35, 35 being the maximum
number of trials given). Twelve males were presented with a shape
discrimination task; three failed to solve this task and those that
passed took, on average, more trials than in the colour discrimi-
nation task (N ¼ 12, mean � SD ¼ 9.78 � 4.21, range 5e35). The
spatial memory task was also presented to 12 males and had the
lowest completion rate and the largest variance between solvers
(N ¼ 12, mean � SD ¼ 12.75 � 9.67, range 4e35). Males that were
unable to solve this task tended to peck repeatedly at nonrewarded
holes, leading to a lack of positive reinforcement.

Relationships Between Individual Performance in Different Tasks

Bivariate relationships
Performances across pairs of tasks were generally positively

correlated; the spatial memory task showed negative correlations
with some tasks (Table 3). No correlations were significant after a
Bonferroni correction for multiple comparisons was applied. When
we controlled for male tenure at bowers, there was no qualitative
change in these results (see Appendix Table A1).

Principal components analysis
Two components were extracted with eigenvalues >1 (Table 4).

Male performances in all tasks loaded positively onto the first
component, which captured over 44% of the total variance. Per-
formance in the barrier and colour reversal tasks loaded on the
second component, which explained a further 23% of the variance.
The spatial memory task loaded strongly on the negative pole of the
second component, with the motor task and colour discrimination
showing weaker negative associations with this PC.

Relationships Between Cognitive Performance and Mating Success

We found no relationships between an individual’s performance
in any of the cognitive and problem-solving tasks and his mating
success. There were no significant relationships between each of
the individual trials and measures of mating success (Table 5). We
Table 3
Spearman rank correlations between performances in cognitive tasks

Barrier
task

Motor
task

Colour
discrimination

Colour
reversal

Shape
discrimination

Motor task rS¼0.00
P¼0.99
N¼13

Colour
discrimination

rS¼0.13 rS¼0.43
P¼0.67 P¼0.12
N¼13 N¼14

Colour
reversal

rS¼0.25 rS¼0.06 rS¼0.44
P¼0.44 P¼0.84 P¼0.13
N¼12 N¼13 N¼13

Shape
discrimination

rS¼0.33 rS¼0.41 rS[0.60 rS[0.60
P¼0.32 P¼0.19 P[0.04 P[0.04
N¼11 N¼12 N[12 N[12

Spatial
memory

rS¼�0.07 rS¼0.18 rS¼0.41 rS¼�0.22 rS¼0.36
P¼0.83 P¼0.47 P¼0.19 P¼0.50 P¼0.24
N¼11 N¼12 N¼12 N¼12 N¼12

Bonferroni correction: a level of significance ¼ 0.003. Bold indicates tasks showing a
trend towards a positive correlation. N reduces in some trials owing to the loss of
male owners during the breeding season.
also found no relationship between mating success and composite
scores on the first and second principal components of the PCA
(Pearson correlations between task composite scores and average
mating success: PC1: R2 ¼ �0.04, N ¼ 11, P ¼ 0.91; Fig. 2; PC2:
R2 ¼ �0.01, N ¼ 11, P ¼ 0.78). Additionally, there was no relation-
ship between an alternative measure of cognitive ability, the
average of each male’s rank performance on each cognitive task
completed, and mating success in the year of testing (rS ¼ 0.13,
N ¼ 13, P ¼ 0.68). Finally, we found no overall relationship between
PC1 scores and mating success scores when adjusting for season
and male identity (F1, 10 ¼ 0.01, P ¼ 0.91).

DISCUSSION

In this paper we describe a method that enables the cognitive
testing of wild individuals over extended trials, without the need
for constraint or captivity. We presented a series of novel tasks that
tested a range of cognitive domains, including problem solving,
novel motor skills, colour and shape discrimination, behavioural
flexibility and simple, local spatial abilities. Male spotted bower-
birds differed in their ability to solve these tasks, and performance
in any one of these tasks was a relatively poor predictor of per-
formance in any of the other tasks. We found weak, nonsignificant
positive correlations between individual performances, which, in
part, mirrors results gained from the congeneric satin bowerbird
(Keagy et al. 2011). Few species have been subject to an in-depth
battery of cognitive testing with an emphasis on quantifying
within-species individual variation (Thornton & Lukas 2012), but in
those species that have, this positive covariation has been sum-
marized by a single factor and has been described as analogous to
human g (Chandra et al. 2000; Plomin & Spinath 2002; Matzel et al.
2003; Banerjee et al. 2009). Although the PCA extracted more than
one principal component with an eigenvalue >1, all tasks loaded
positively onto this component which captured over 44% of the
total variance in performance. This is above levels that have pre-
viously been accepted as evidence for g in humans (ca. 40%; Plomin
& Spinath 2002) and inmice (ca. 30%;Matzel et al. 2003), and is also
higher than has been found in satin bowerbirds (28e33%; Keagy
et al. 2011). Thus, it could be concluded that male spotted bower-
birds exhibit individual differences in cognitive performance that
operate within a general cognitive structure across domains: a
general intelligence. Such domain-general intelligence may be
important for tackling nonrecurrent problems, which are evolu-
tionarily novel in nature (Chiappe & MacDonald 2005).

The first set of tasks (barrier removal) tested naturalistic be-
haviours with assumed cognitive domains. Males were more
motivated to interact with the barrier when there were objects
(aversive or desirable) underneath, suggesting that the presence of
the barrier did not pose a problem in itself. Therefore, we can be
confident that this task reflected a male’s capacity to remove a



Table 5
Correlations between individual task performances and mating success

Trial Year Mating success in same year Average mating success across years

Correlation coefficient, rS N P Correlation coefficient, rS N P

Barrier: time attentive 2010 0.20 17 0.47 �0.05 18 0.83
Barrier: time elapsed 0.19 17 0.48 �0.11 18 0.65
Motor task 2011 0.24 13 0.42 0.42 14 0.14
Colour discrimination 2011 �0.26 13 0.40 �0.25 14 0.39
Colour reversal 2011 0.15 13 0.63 0.27 13 0.38
Shape discrimination 2011 0.17 12 0.59 0.07 12 0.84
Spatial memory 2011 0.34 12 0.27 �0.19 12 0.56

Spearman rank correlations are shown for both the individual year in which males were tested, and for mean mating success over both years.
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barrier to gain access to novel objects, with the highest motivation
being to remove unwanted aversive objects. A similar proportion of
males solved the aversive object tasks as had been found in satin
bowerbirds (Keagy et al. 2009). Males that pecked the barrier more
times were not faster solvers, indicating that solving this task was
not simply a product of persistence and vigour.

As with many problem-solving tasks, it can be difficult to
identify the specific cognitive ability being tested, or to rule out
alternative, noncognitive explanations for success (Thornton &
Lukas 2012). Males may have been able to solve such tasks
through luck, for example, by inadvertently tipping the barrier
against debris. The fact that this problem-solving task loaded
positively, albeit weakly, onto the first component suggests that it
may align with general cognitive performance across domains. We
suggest further evidence is required on this potentially important,
yet so far unverified, relationship between problem-solving tasks
based on maximizing ecological validity and more abstract,
domain-specific cognitive tasks with clear psychological defini-
tions. Such evidence could help confirm the tentative relationship
we present here.

Our subsequent five tasks aimed to provide a measure of
cognitive ability based on paradigms generally accepted within
cognitive psychology. Males varied widely in their success in
solving these tasks in the wild. The majority of males were able to
solve the colour and shape discrimination tasks; however, sur-
prisingly, many failed to pass the spatial memory and shape
discrimination tasks. Male song sparrows required 40þ exposures
of a similar reversal task (Boogert et al. 2011a), suggesting that the
lack of performance seen in spotted bowerbirds may be caused by
the limited number of trials presented. Alternatively, the failure of
males to pass this and other tasks may be an unintended conse-
quence of our presenting them to free-living animals. Reversal
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Figure 2. Relationship between individual composite scores on the first principal
component and average mating success across both years of testing.
tasks are considered to measure behavioural flexibility (Bond et al.
2007; Tebbich et al. 2010; Boogert et al. 2011a; Leal & Powell 2012)
and we expected male bowerbirds to exhibit a high level of
behavioural flexibility based on the complex nature of their display
behaviours and their inhabiting fluctuating environments. How-
ever, we detected no such ability. One reason may be because wild
male bowerbirds were more easily able to switch to an alternative
choice strategy, for example by searching for reward resources
elsewhere in their environment. Under constrained laboratory
conditions individuals presented with a cognitive experimental
apparatus are often presented with the task in isolation, preventing
the opportunity to switch to an alternative. Arguably, switching in
itself is a demonstration of behavioural flexibility, but our tasks
were not designed to detect it in this context.

One further explanation why males failed to solve some of the
tasks may be our inability to control motivation in the wild. Male
bowerbirds continually engaged with the task apparatus and
showed high levels of motivation throughout the study period but
we could not control their individual motivation level for each task
on any given day. However, motivation is rarely standardized in
laboratory conditions either; starvation periods may increase, but
are unlikely to equalize, motivation and may also increase stress
which can affect performance (Kolss & Kawecki 2008; Lupien et al.
2009). Increasing motivation artificially through starvation and
restricting behavioural responses to a single task may not accu-
rately reflect interindividual variation, and as Thornton & Lukas
(2012) pointed out, it may be difficult to envisage how abilities
that are manifested only under artificial conditions are selected for
in nature. This highlights a potential important limitation of relying
solely on captive studies to draw evolutionary explanations, and
calls for the further development of cognitive tests to be transferred
to the wild to complement conclusions drawn from captivity.

We found no relationships between a male’s performance on
any single problem-solving or cognitive task and his mating suc-
cess, nor between composite measures of performance (the prin-
cipal components and individual average rank score across tasks)
and mating success. We are reticent about drawing strong con-
clusions from our data set considering the relatively limited num-
ber of tasks (six) that we set the males and, because of the nature of
conducting such tests in thewild, our sample sizes for all tasks were
limited, and as such suffer from low statistical power. We had the
largest sample size in our barrier tasks, with the number of in-
dividuals tested being similar to the number of male satin bower-
birds tested in the previous study (Keagy et al. 2009). However, our
lack of relationship with mating success contrasts with the satins,
which is surprising, as the complex nature of the spotted bowerbird
display when compared to the satin’s, coupled with the associated
relative difference in brain size (Madden 2001), suggests a stronger
dependence on cognitive performance for the construction of the
spotted bowerbird’s display. Similarly, the results from composite
measures of performance differ in part from those found with satin
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bowerbirds, for which low intercorrelations between tasks initially
suggested independence between cognitive domains, yet an inte-
grated measure of performance across cognitive tasks predicted
mating success (Keagy et al. 2011, 2012). We repeated our analyses
controlling for male bower tenure, and found no significant impact
of this on our results, supporting previous results on problem
solving in satin bowerbirds. We used male bower tenure as a proxy
for male age; male tenure is arguably a more reliable indicator of
male experience, as males may differ in the age at which they gain
bower ownership and thus the amount of experience gainedwithin
similar age brackets. However, although male age has been shown
to influence certain aspects of male display and mating success in
bowerbirds, performance in novel cognitive tasks may not be
intrinsically linked to age and/or experience in species that already
delay display until maturity (Collis & Borgia 1992; Keagy et al. 2009,
2012). In both the satin and spotted bowerbird studies results rely
on relatively small sample sizes and thus are susceptible to noise,
but the lack of consistency between performances in two very
similar tasks may indicate meaningful differences between
congeneric species.

There are several explanations for why a lack of a positive
relationship between cognitive performance and mating success
may be a true reflection of mate choice decisions in spotted
bowerbirds. In contrast to satin bowerbirds, we found no corre-
lation between mating success measured in the 2 consecutive
years of our study, suggesting there is variation in intramale
display quality and/or female mate preferences over time. Such
variation in mating success may be better explained by noncog-
nitive factors, such as a male’s social status and/or opportunities
for learning and experience (Collis & Borgia 1992) or with changes
in male physical attributes, such as parasite load (Borgia & Collis
1989). Alternatively, this lack of relationship may reflect variable
female preferences for males; females may differ in their choices
of mates in ways that are not directionally aligned with male
quality (Cotton et al. 2006). Low-quality females may actively
choose lower quality males (Riebel et al. 2010), or have weaker
mate preferences than high-quality females (Cotton et al. 2006),
and preferences may change as females age (Coleman et al. 2004).
Variable or assortative female choice may confound any direc-
tional selection for cognitive traits.

Relationships between sexually selected traits and cognitive
performance may not always be direct; in guppies, females showed
a preference for males with an enhanced rate of learning, but this
was not related to well-described sexually selected traits in this
species (body size and orange patch saturation), and the mecha-
nism by which females gain such information remains unknown
(Shohet & Watt 2009). Similarly, cognitive ability may be indirectly
reflected in display traits via its influence on other behavioural
mechanisms, such as foraging ability (Boogert et al. 2011b).

An additional explanation for a lack of relationship may be
because the construction of a high-quality bower, known to be an
important target in female choice (Borgia 1985; Borgia & Mueller
1992; Lenz 1994), relies on singular cognitive skills that are not
transferable across even quite conceptually similar tasks. Specific
traits may be independently selected without a requirement for
overall intelligence (for example, face perception ability in humans
may be determined by specific cognitive specialist genes that are
not necessarily related to any general cognitive measure; Zhu et al.
2010). Alternatively, the complex and multifaceted nature of
bowers could suggest that successful bower building can be ach-
ieved through numerous combinations of skills; for example, little
is known about the degree to which bower building is socially
learned (Madden 2008). Evidence in satin bowerbirds suggests that
multiple display traits may indicate one integrative measure of
overall cognitive ability to females and/or different aspects of male
quality (Keagy et al. 2012) although the exact nature of these as-
sociations remains unclear.

Finally, inferior individuals may be more likely to adopt inno-
vative behaviour; Cole & Quinn (2012) found that in great tits, Parus
major, competitive ability was negatively correlated with novel
problem-solving ability, and Thornton & Lukas (2012) raised the
interesting notion that perhaps individuals that are low achievers
are the ones that innovate more to compete with superior com-
petitors, thus confounding any effects of selection for such traits.

We employed a range of cognitive tasks with which male bower
owners were repeatedly motivated to engage in the wild. We based
our tasks on natural behaviours that males appear to exhibit, but
decoupled the specific tasks from the natural expression of these
behaviours in the wild, allowing for a more rigorous exploration of
defined cognitive traits. We found little support for the suggestion
that enhanced cognition is selected for through mate choice, but
accept there are limitations to the conclusions we can draw from this
limited data set, and encourage further exploration of these concepts.
We hope that the methods described here will inspire others to
develop opportunities for exploring the link between cognitive per-
formance across domains in a range of contexts. We expect the
increasing number of studies testing the relationship between
cognitive performance and fitness outcomes will create more op-
portunities to refine the methods used and generate a deeper un-
derstandingof the evolution of cognitive differenceswithin species in
both males and females and the selective forces operating on them.
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APPENDIX

Measuring Male Tenure at Bowers

Male bowerbirds are known to hold tenures at bowers for
over a decade and tenure is assumed to be a reliable proxy for
male age (Borgia 1993; Frith & Frith 2004). Male age data were
not available for our study population; however, data on bower
ownership collected since 1998 allow us to estimate male tenure
at bowers and adjust scores accordingly. Males were rank or-
dered based on the known number of years in which they were
bower holders. Ranks for males were then adjusted upwards
according to whether they were owners at the start and/or end
of the study period (see Borgia 1993). Males that were estab-
Figure A1. The experimental set-up for pokebox cognitive tasks: (a) a male bowerbird com
and (c) showing the general positioning of the pokebox on the outer limit of the bower (the b
delimit the outer boundaries of decorations).

Table A1
Nonparametric partial correlations between rank performances in cognitive tasks

Barrier task Motor task Co

Motor task rS¼0.41
P¼0.36
df¼5

Colour discrimination rS¼0.59 rS¼0.50
P¼0.16 P¼0.25
df¼5 df¼5

Colour reversal rS¼0.53 rS¼0.29 rS¼
P¼0.22 P¼0.53 P¼
df¼5 df¼5 df¼

Shape discrimination rS¼0.27 rS¼0.54 rS¼
P¼0.56 P¼0.21 P¼
df¼5 df¼5 df¼

Spatial memory rS¼0.14 rS¼0.47 rS¼
P¼0.76 P¼0.29 P¼
df¼5 df¼5 df¼

Partial correlations controlling for male tenure at bowers (as a proxy for age). Bonferron
lished as owners at the start of the study or males that retained
ownership of their bower until the end of the breeding season
in 2011 were given a one-rank increase. Males that were owners
at both were given a two-rank increase.

Statistical Analysis and Results

Partial correlations between tasks were carried that controlled
for male tenure. There was little qualitative change in the co-
efficients compared to when tenure was not controlled for
(Table A1). We repeated the linear mixed model with tenure
included as a fixed effect, and again found no significant relation-
ship with mating success and cognitive performance (F2, 9 ¼ 0.01,
P ¼ 0.92).
pleting a colour discrimination task, (b) a male completing a shape discrimination task
ower avenue can be seen positioned between two white snail shell piles, which usually

lour discrimination Colour reversal Shape discrimination

�0.11
0.82
5
0.47 rS¼�0.22
0.90 P¼0.64
5 df¼5
0.69 rS¼�0.45 rS¼�0.75
0.09 P¼0.28 P¼0.05
5 df¼5 df¼5

i correction for multiple correlations: a level of significance ¼ 0.003.
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