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Innovative behaviors such as exploiting novel food sources can grant significant fitness benefits for animals, yet little is known about
the mechanisms driving such phenomena, and the role of physiology is virtually unexplored in wild species. Two hypotheses predict
opposing effects of physiological state on innovation success. On one hand, poor physiological condition may promote innovations by
forcing individuals with poor competitive abilities to invent alternative solutions. On the other hand, superior physiological condition
may ensure greater cognitive capacity and thereby better problem-solving and learning performance. To test these hypotheses, we
studied the behavior of wild-caught house sparrows (Passer domesticus) in 4 novel tasks of food acquisition, one of which was presented to the birds in repeated trials, and we investigated the relationships of individual performance with relevant physiological traits.
We found that problem-solving performance across the 4 tasks was moderately consistent within individuals. Birds with lower integrated levels of corticosterone, the main avian stress hormone, solved the most difficult task faster and were more efficient learners in
the repeated task than birds with higher corticosterone levels. Birds with higher concentration of total glutathione, a key antioxidant,
solved 2 relatively easy tasks faster, whereas birds with fewer coccidian parasites tended to solve the difficult task more quickly. Our
results, thus, indicate that aspects of physiological state influence problem-solving performance in a context-dependent manner, and
these effects on problem-solving capacity, probably including cognitive abilities, are more likely to drive individual innovation success
than necessity due to poor condition.
Key words: animal innovation, coccidiosis, learning, oxidative status, stress physiology.

Introduction
Innovations are new or modified learned behaviors such as applying established or new behavioral patterns or tools to solve novel
challenges or familiar problems in a novel way (Reader and Laland
2003). Such processes may have vast evolutionary significance
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as they may allow animals to colonize new habitats, exploit new
resources, and cope with environmental change (Reader and
Laland 2003; Ramsey et al. 2007). These implications recently
generated growing interest by behavioral ecologists, resulting in a
proliferation of studies on innovative behaviors in various animal
taxa (e.g., Liker and Bókony 2009; Keagy et al. 2011; MorandFerron et al. 2011; Overington et al. 2011; Benson-Amram and
Holekamp 2012; Cole and Quinn 2012; Sol et al. 2012; Thornton
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and Samson 2012). Despite this recent research effort, we are still
only at the start of understanding the factors and mechanisms that
lead certain individuals to innovate.
Several hypotheses have been put forward to explain why and
how innovations arise in nature. The “necessity drives innovations”
hypothesis (Reader and Laland 2003) proposes that individuals
with poor competitive abilities are forced to develop novel solutions
because they are outcompeted from prevailing ways of resource
acquisition. This idea has been supported by a number of empirical studies that found juveniles or subordinates more innovative than
adults or dominants, respectively (e.g., Biondi et al. 2010; MorandFerron et al. 2011; Cole and Quinn 2012; Thornton and Samson
2012), whereas others found no effect of age and rank (Bouchard
et al. 2007; Keagy et al. 2011; Benson-Amram and Holekamp
2012) or reported more innovations by dominants (Boogert et al.
2006, 2008). Other hypotheses emphasize the role of differences in
the capacity, rather than the necessity, of individuals for innovative
problem solving. For example, innovative abilities may be determined
by cognitive skills such as the capacity for learning and reasoning
(Reader and Laland 2003). In line with this suggestion, the largest
number of field reports (Lefebvre et al. 2004) and perhaps the most
compelling cases (Seed et al. 2009) of animal innovations come from
large-brained avian and primate species. These hypotheses of necessity and capacity are not mutually exclusive, and each predicts that
individuals may differ consistently in their propensity to innovate,
as has been found for some species (e.g., Laland and Reader 1999;
Cole et al. 2011), although individual consistency may not be present
across all contexts (e.g., Morand-Ferron et al. 2011; Sol et al. 2012).
One plausible yet largely overlooked influence on problemsolving performance is the physiological state of individuals, which
may affect both necessity and capacity for innovative behaviors in
several ways. On one hand, the necessity hypothesis predicts that
because competitive ability may be directly linked to actual physiological condition and health, individuals in poor condition may be
more motivated to innovate (Laland and Reader 1999). This prediction is scarcely supported by indices of energy reserves (Laland
and Reader 1999; Boogert et al. 2008; Cole et al. 2011; Overington
et al. 2011; Morand-Ferron et al. 2011; Thornton and Samson
2012), but it is yet to be tested for more direct measures of physiological state and health. On the other hand, the capacity hypothesis predicts that cognitive skills are important for innovations;
thus, physiological effects that shape the ontogeny and function of
brain regions and thereby cognitive capacity may influence innovation success. First, glucocorticoid hormones released in response
to stress have a complex effect on brain function and development depending on life-history stage and the type and intensity of
stressor (reviewed by McEwen and Sapolsky 1995; Lupien et al.
2009). Greater stress typically results in reduction of cognitive performance and neuron loss in various brain regions involved in cognitive processes, although moderate short-term stress in adults can
enhance hippocampus-mediated learning and memory (“hormetic
effect”; Pravosudov 2003; Lupien et al. 2009). Second, the brain
is also sensitive to oxidative stress (von Schantz et al. 1999; Barja
2004), which occurs when the accumulation of oxidative agents
exceeds the organism’s ability to mitigate them by antioxidants. As
uncontrolled oxidants can degrade biomolecules and cause cellular oxidative damage, oxidative stress can lead to neurodegeneration and thus impair learning and cognition (e.g., Liu et al. 2003;
reviewed by von Schantz et al. 1999). Increased oxidative stress and
decreased antioxidant levels are also believed to play an important
role in senescence and associated cognitive declines (reviewed by

Barja 2004; Dröge and Schipper 2007). Third, both hormonal and
oxidative stress can be triggered by parasitic infections (Lindström
et al. 2005; Raouf et al. 2006; Sepp et al. 2012a), and both brain
development and fighting off infectious diseases are metabolically
costly. Therefore, the “parasite-stress hypothesis of intelligence”
(Eppig et al. 2010) proposes that cognitive function is affected negatively by parasite load. In line with this idea, cognitive output often
declines with greater intensity of infectious diseases (e.g., Kavaliers
et al. 1999; Gegear et al. 2005; Eppig et al. 2010).
The above information comes mostly from studies on humans
and laboratory rodents, whereas the physiological background of
innovation and cognitive performance is almost unexplored in wild
species (Pfeffer et al. 2003; Gegear et al. 2005). The present study
is a beginning step to unravel the role of physiological variation in
innovative behaviors of nonhuman, not captive-bred animals. To
this end, we studied wild-caught individuals of the house sparrow (Passer domesticus), a passerine species that is known to innovate
both in its free-living populations (e.g., Breitwisch and Breitwisch
1991; Suárez-Rodríguez et al. 2013) and in the laboratory (Liker
and Bókony 2009). We observed whether and how the birds’ performance in 4 novel food-extracting tasks is related to 4 relevant
physiological aspects: 1) integrated levels of corticosterone, the
main avian stress hormone; 2) markers of antioxidant capacity and
oxidative damage; 3) infestation by coccidians that are intestinal
parasites that inhibit the uptake of essential dietary components
and can have significant negative effects on condition, physiology,
and behavior in sparrows (Dolnik and Hoi 2010; Pap et al. 2011,
2013); and 4) body condition index reflecting the amount of energy
reserves. We predicted that if innovations are promoted by necessity, individuals in inferior physiological condition such as low levels
of antioxidants, high levels of oxidative stress, more parasites, and
lower body condition index will perform better. On the other hand,
if innovations are promoted by capacity, such as cognitive skills,
then individuals in superior physiological state, that is, those with
lower levels of stress hormones, parasite load and oxidative stress,
and higher levels of antioxidants should be more successful.

Methods
Protocol
Between 2 January and 6 March 2012, we captured 10–14 house
sparrows each week at various localities in Hungary (n = 104 birds
in total; 50 males and 54 females) using mist-nets (Ecotone, Gdynia,
Poland). On capture, we measured body mass (±0.1 g) and tarsus
length (±0.1 mm). Birds were brought into captivity and housed
for 2 weeks in individual cages (53 × 27 × 41 cm) each containing 2
perches and a vertical plastic sheet hanging from the top of the
cage as shelter. We provided ad libitum food (a mixture of millet,
wheat, oat, and sunflower seeds) and tap water with multivitamin
droplets throughout the study, except for the duration of tests and
the preceding fasting periods. During all fasting periods and problem-solving tests, birds were visually isolated from each other by
opaque plastic sheets.
After 1–2 days of acclimation, birds participated in 4 problemsolving tests as follows. On days 3–5, birds were food deprived
each morning between 8:00 and 9:30; then they were presented
with a food-extracting task (i.e., closed feeder) and their behavior
was observed by a single person through a 1-way window between
9:30 and 11:00. Each task involved a different feeder; each feeder
was placed open into the cage as the sole source of food during the
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day preceding the respective test to familiarize the birds with each
feeder (i.e., from 11:00 till next morning 8:00). After the third test,
birds were weighed and transferred into another room where they
were allowed to acclimate for 2 days. On days 8–12, we presented a
subset of birds (n = 72) with a fourth task repeatedly in a total of 19
trials (the rest of the birds were untested because they participated in
another experiment). There were four 30-min trials each day (excepting the last day) between 9:00 and 16:00, each preceded by 60-min
fasting and followed by 15 min when feeder 4 was fixed in opened
position, so the birds were allowed to feed from it. The behavior of
the birds was observed during each trial by another person. In each
test, observers recorded for each bird the latency to first attempt of
problem solving (i.e., time elapsed from the start of test until the bird
first manipulated the feeder with its beak), and latency to solve (i.e.,
time elapsed from the start of test until the bird started to feed).
Sample size differs between tests because 7 birds (6.7%) died
during the study; this rate of mortality is similar to that found in
other studies of captive sparrows (e.g., Liker and Bókony 2009;
Bókony et al. 2012a; Pap et al. 2013). Although we did not see any
sign of disease, birds that died might have been physiologically
stressed already at capture (as suggested by their high malondialdehyde [MDA] levels; see Results). Food deprivation never exceeded
3 consecutive hours per day, and birds always were allowed to feed
before and after the lights-off period for at least half an hour. All
captures and keeping of birds were in accordance with Hungarian
laws and licensed by the Middle Transdanubian Inspectorate
for Environmental Protection, Natural Protection and Water
Management (permission number: 31559/2011).

Problem-solving tests
All birds were presented with the 4 food-extracting tasks in the
same order so that performance can be directly compared among
individuals for each task (see Sol et al. 2011; Bókony et al. 2012a).
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The 4 feeders used in the tasks are shown in Figure 1. Feeder 1
was an 8.5- × 8.5- × 2.5-cm transparent plastic box with a 2.5-cm
hole on the top; this hole was uncovered on the day before test 1
but covered by a transparent plastic card, fixed by 2 wooden sticks,
during test 1. To reach the seeds, birds had to pull out one or both
sticks and toss the card away, or pull the card upwards until it came
off the sticks. Feeder 2 was a 7.5-cm diameter, 3.5-cm high transparent plastic dish that was covered by white bakery paper on the
top, fixed by sticky tape on the sides, during test 2. Birds’ only way
of accessing the food was piercing the paper with the beak. Feeder
3 was an 11-cm high commercial bird feeder with a slot cut into it
at about 8 cm height; during test 3, a small transparent plastic card
was placed into this slot to keep the seeds from falling down. To
have the seeds flow out, birds had to remove the card by pulling it
out with their beak; some birds achieved this by heavily shaking the
feeder. Feeder 4 was an 8.5- × 8.5- × 2.5-cm white plastic box with
a transparent side and a lid on the top. Before and between the
trials of task 4, the lid was held open by placing a small transparent cup into the feeder. During the trials, the lid was closed, and
birds had to insert their beak and head under it and push it up to
reach the food. Thus, in contrast to the first 3 tasks, feeder 4 did
not remain open after the bird first fed from it; instead, it had to be
opened every time to peck a seed.

Markers of oxidative physiology
At capture, we took a blood sample into heparinized capillaries
(~100 µL) by brachial venipuncture from each bird that we could
free from the net and bleed within 20 min (handling time: mean
± standard error [SE] = 9.42 ± 0.66 min; n = 33). Samples were
kept on ice in a dark cooler box for a few hours, and then centrifuged at 8000 rpm for 5 min in the laboratory to separate plasma
and packed cell fractions. Both fractions were stored at –20 °C
until analyses. We measured the following 4 biochemical markers

Figure 1
Feeders used in the problem-solving tasks. (A) Feeder 1 closed in the front, open in the back. (B) Feeder 2 closed on the left, open on the right. (C) Feeder 3
open on the left, closed on the right. (D) Feeder 4 open on the left, closed on the right.
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of oxidative homeostasis: total antioxidant status (TAS), uric acid
(UA), and MDA concentrations from plasma, and total glutathione (tGSH) concentration from erythrocytes. Neither measurement varied significantly with handling time (P > 0.16). Due to the
small amount of blood samples available from sparrows, we did
not run duplicate assays, but a subset of samples was tested twice
for repeatability (see below). Absorbance in TAS, UA, and tGSH
assays was measured with an automated plate reader (FLUOstar
Omega, BMG Labtech, Germany). Note that markers of oxidative
physiology are usually repeatable in birds over time intervals comparable with the 1–10 days between blood sampling and various
behavioral tests in our study (Norte et al. 2008; Galván and AlonsoAlvarez 2009; Sepp et al. 2010, 2012b).
TAS is a composite measure of antioxidant capacity, expressing
the cumulative ability of all nonenzymatic antioxidants found in
plasma, such as vitamins, sulfhydryl groups of proteins, and uric acid,
to combat a simulated free radical insult. The TAS assay was based
on a commercial kit (Cayman Chemical, Ann Arbor, MI). Plasma
(5 µL) was diluted 1:10 (v/v) in assay buffer and mixed with chromogen ABTS (2,2′-azinobis-[3-ethylbenzthiazoline-6-sulfonate]),
metmyoglobin, and hydrogen peroxide (H2O2), and was incubated
for 5 min at room temperature. On H2O2 addition, the oxidation
of ABTS by metmyoglobin leads to the production of the radical
cation ABTS+, which generates a blue-green color. Antioxidants
in the plasma samples inhibit the oxidation of ABTS, causing the
suppression of absorbance at 750 nm to a degree proportional to
their concentration (Rice-Evans and Miller 1994). This cumulative
antioxidant activity is compared with that of Trolox, a water-soluble
tocopherol analogue (standard calibration curve, R2 = 0.98), and is
expressed as millimoles per liter Trolox equivalents. Repeatability
of a subsample measured twice was moderate but significant (intraclass correlation coefficient: ICC = 0.54, 95% confidence interval
[CI] = 0.03–0.83, F12,13 = 3.37, P = 0.019). Because UA is a component of TAS and a product of amino acid catabolism, we controlled
TAS for UA levels by ordinary least squares regression and calculated residual TAS as suggested by Cohen et al. (2007).
Plasma UA concentration was determined spectrophotometrically by an uricase/peroxidase method using a commercial kit (Uric
Acid liquicolor, Human, Wiesbaden, Germany). This test provides
an enzymatic colorimetric determination of UA and eliminates the
falsely elevated results generated by the turbidity of lipemic specimens through the lipid-clearing factor. Briefly, we added 250 µL of
reagent mix to 5 µL of plasma and incubated this solution at 37 °C
for 5 min. The absorbance was read at 520 nm. Results are given as
mg/dL plasma. Repeatability of duplicate measures was very high
(ICC = 0.99, 95% CI = 0.97–0.99, F16,17 = 153, P < 0.001).
MDA is a carbonyl compound that results from the peroxidative
degeneration of membrane polyunsaturated fatty acids by reactive
oxygen species, and thus, it is a widely used marker of oxidative
stress (Del Rio et al. 2005). Plasma MDA concentration was assessed
by high-performance liquid chromatography (HPLC), instead of
TBARS (thiobarbituric acid reactive substances) assay, due to its
higher precision and reliability (Del Rio et al. 2005). We followed
the fast and sensitive method employed by Karatas et al. (2002) with
adaptation to small plasma volume of birds as per Noguera et al.
(2011). Briefly, 10 µL of plasma was mixed with 50 µL of 0.1 M perchloric acid and 90 µL dH2O (i.e., 1:15 v/v dilution). This solution
was spun at 4500 × g for 5 min, and 100 µL from the supernatant
was injected in the HPLC (SUPELCOSIL™ LC-18 column, 5 μm
particle size; Sigma-Aldrich) with UV detection at 254 nm (Jasco,
UV-2075 Plus, Japan). The mobile phase was 30 mM monopotassium

phosphate–methanol (65:35, v/v %), and the flow rate was 0.5 mL/
min. The retention time of MDA recorded was around 6 min. MDA
concentration in the sample was determined using a calibration
curve (R2 = 0.99) of a series of standards generated by acidic hydrolysis of 1,1,3,3-tetraethoxypropane (Sigma-Aldrich). Results are given
as µg/mL plasma and are not corrected for the above 1:15 dilution
factor. The repeatability of the subsample measured twice was very
high (ICC = 0.97, 95% CI = 0.91–0.99, F14,15 = 62.2, P < 0.001).
Glutathione (GSH) is the most significant intracellular, endogenous, nonenzymatic antioxidant (Galván and Alonso-Álvarez 2008).
Total GSH concentration was assayed by means of a commercial
kit (Sigma-Aldrich, St Louis, MO) and according to Galván and
Alonso-Álvarez (2008) and Hõrak et al. (2010) with modifications.
After thawing on ice, the erythrocyte pellet was washed 3 times
with phosphate-buffered saline and spun at 600 × g for 10 min at
4 °C. After that, because the pellet had different volumes between
individuals, we weighed it (±0.001 mg) and deproteinized with 5%
5-sulfosalicylic acid (SSA; 1:1 w/v), so for example, a 100-mg pellet
was diluted in 100 µL of 5% SSA. This solution was vigorously vortexed, kept on ice for 10 min, and then centrifuged at 10 000 g for
10 min and at 4 °C to remove the precipitated proteins. The supernatant (5 µL) was pipetted to another test tube, diluted 10-fold and
used subsequently for tGSH detection, according to the manufacturer’s instructions. Total GSH determination is based on a kinetic
assay in which nanomoles of GSH cause a continuous reduction
of 5,5′-dithiobis(2-nitrobenzoic acid) to 5-thio-2-nitrobenzoic acid
(TNB) and the GSH oxidized to GSSG is subsequently recycled by
glutathione reductase and NADPH. The yellow color of the TNB
product is proportional to the GSH concentration, and its absorbance was measured spectrophotometrically at 412 nm at 1 min
intervals for 5 min. The change in absorbance was compared with
that of a standard curve (R2 = 0.99) generated by serial dilution
of reduced GSH. Results are given in nanomoles per milligram of
pellet. The repeatability of the subsample measured twice was high
(ICC = 0.82, 95% CI = 0.53–0.94, F13,14 = 9.88, P < 0.001).

Parasite load
We collected fecal samples during 2 consecutive days, after test
1 and test 2, from n = 66 birds to estimate coccidian infestation
(Pap et al. 2009). Samples were weighed (±0.001 g), diluted in
1 mL distilled water, vortexed gently to homogenize, and stored at
4 °C until analysis, which took place within 1 week after collection. The number of coccidian oocysts was counted as described
by Pap et al. (2009), and concentration was expressed as number of
oocysts per gram feces. Oocyst concentration was highly repeatable
(recounts of n = 22 samples: ICC = 0.994, 95% CI = 0.987–0.998,
F21,22 = 358, P < 0.001) and correlated strongly between the 2 days
(Spearman rank correlation: rs = 0.74, P < 0.001, n = 64). We used
the log-transformed mean values of the oocyst concentrations of
2 days for each individual in further analyses.

Corticosterone assay
At the end of test 3, from each bird we plucked the 2 outermost
tail feathers and stored them at room temperature in paper envelopes until analysis (only 1 feather was analyzed per bird). Feather
corticosterone concentrations were measured by radioimmunoassay (RIA) following a methanol-based extraction using the method
of Bortolotti et al. (2008). Briefly, the calamus of the feathers was
cut, and the remaining part of the feather was minced into pieces
less than 2 mm2 into a test tube. The total mass of the cut feather
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fragments was weighed to the nearest 0.1 mg. We then added 5 mL
methanol to the feather fragments, the solution was placed in a sonicating water bath for 30 min, and then incubated for at least 20 h
in a heated shaker (at 50 °C). The methanol was removed from
the feather particles by filtration through a syringe filter (PTFE filter with 0.2 μm pore size, VWR). The tube with the remaining
feather particles was washed and filtered twice again with additional 2 × 2.5 mL volumes of methanol. The methanol was then
evaporated under a fume hood at room temperature under a current of air. The extraction was reconstituted with PBS buffer used
in the RIA. We used a commercial antiserum, raised in rabbits
against corticosterone-3-(O-carboxymethyl) oxime bovine serum
albumin conjugate (Sigma-Aldrich, St Louis, MO; product number: C8784). The reconstituted extracts were incubated for 48 h
at 4 °C with 100 μL of [3H]corticosterone (Perkin Elmer, product
number: NET399250UC) and antiserum. The total volume of the
assay was 1 mL. The radioactively labeled corticosterone had an
activity of cca. 10 000 dpm. Bound and free corticosterone were
separated by adding 100 μL dextran-coated charcoal. After centrifugation, the 800 μL of the bound fraction was added to 6 mL
of scintillation cocktail (Optima Gold, Perkin Elmer) and counted
in a liquid scintillation counter (Tri-carb 2800TR, Perkin Elmer).
The minimum detectable level of corticosterone was 3.90 pg/tube
(our lowest measurement was 101.7 pg/tube, i.e., much higher than
the detection threshold). Corticosterone levels were corrected for
sample mass by dividing the measured corticosterone concentration by feather mass; we refer to this variable as CORT henceforth.
CORT showed a positive correlation with feather mass (r = 0.30,
P = 0.003, n = 97), which disappeared after excluding 5 samples
with feather mass below the 5% percentile (<10 mg) or above the
95% percentile (>16 mg; r = 0.13, P = 0.203, n = 92). Therefore,
we repeated all analyses of CORT and problem solving by excluding these 5 outliers. CORT was log-transformed in all analyses.

Body condition index
After the 19th trial of test 4, we measured the birds’ body mass for
the third time. To quantify body condition as body mass relative to
body size, we calculated the scaled mass index following Peig and
Green (2009). This index adjusts the mass of all individuals to that
which they would have if they had the same body size, using the
equation of the linear regression of log mass on log length estimated by type-2 SMA regression. We used the equation of Bókony
et al. (2012b) that was derived from the data of >2000 house sparrows: body mass index = body mass × (19/tarsus length)1.71, where
19 is mean tarsus length, and 1.71 is the slope of the SMA regression between log-mass and log-tarsus length.

Statistical analyses
We used chi-square (χ2) tests to compare the proportion of successful
individuals between various tasks. We tested whether individual performance was repeatable across different tasks by calculating the ICC;
we rank-transformed solving latencies to meet the statistical requirements of the test (Nakagawa and Schielzeth 2010). We applied the
same approach to test the repeatability of attempt latencies.
We analyzed the relationships between physiological variables and
problem-solving latency in each task using Cox proportional hazards models, a nonparametric survival-analysis method (Sol et al.
2011). We used the latency to solve as dependent variable in each
model, expressed in tasks 1–3 as the time (in minutes) elapsed from
the start of the test until first feeding and in task 4 as the number of
trials needed to first open the feeder. Birds that did not solve a task
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were assigned a value one unit higher than the maximal latency (i.e.,
93 min in tasks 1–3, and 20 trials in task 4) for the respective task and
were treated as censored observations in the analyses. We included
the latency to first attempt as covariate in each model to control for
any individual difference in motivation or emotionality (sensu Sol
et al. 2012). For task 4, average attempt latency was calculated as the
mean of attempt latencies across trials until the first successful trial.
Because Cox analyses model the probability of not solving as a function of test time, positive parameter estimates mean shorter latencies (i.e., faster decrease of probability of not solving during the test),
whereas negative parameter estimates mean longer latencies.
To investigate the efficiency of learning, we compared the time
needed to solve task 4 for the first and second time (i.e., in the first
2 successful trials), following Thornton and Samson (2012). Because
attempt latency decreased significantly from the first to the second
successful trial (on average by 4.35 ± 1.25 min, paired t-test: t59=3.48,
P < 0.001), to control for this effect, in each trial we calculated solving time as the time between the first attempt to open the feeder and
the subsequent successful solution of the task (i.e., eating seed from
the feeder). The change in solving time from the first to the second
successful trial was used as a proxy for learning efficiency, that is,
individuals that reduced their solving time to a greater extent were
considered more effective in recalling and processing the information obtained during their first successful trial. This variable (i.e., difference in solving time between first and second successful trials) was
used to test the correlation of learning efficiency with problem-solving latencies. To analyze the relationships of learning efficiency with
physiological variables, solving time was used as dependent variable
in a generalized linear mixed-effect model with quasi-Poisson error
distribution (log-link function), containing individual as random factor, the rank of successful trial (first or second) as fixed factor, and
the interactions of trial rank with physiological variables. Note that
the latter analyses concern only those individuals that solved task
4 at least twice (n = 60); we did not include more than 2 successful
trials because solving time showed little variation among individuals
after the second successful trial (see Results).
In all analyses of problem-solving latencies and learning efficiency,
the initial models also included the potentially confounding effects of
sex, date, tarsus length (as measure of body size), acclimation time
(i.e., time spent in captivity before test 1, in days), and their interactions with the physiological variables. Then we omitted nonsignificant explanatory variables from the models stepwise, and we report
the final models that contain significant effects only (P < 0.05; note
that we never omitted attempt latency). Models containing tGSH or
residual TAS were re-ran including MDA levels to control for the
extent of oxidative damage to tease out if high antioxidant levels can
be interpreted as measures of superior condition or are associated
with high oxidative damage (i.e., poor condition). All analyses were
done in R 2.15.1 (R Core Team 2012). All statistical tests are 2-tailed
with a 95% CI. Mean values are reported with ±SE.

Results
Problem-solving and learning performance
Out of the 4 tasks, 3 were solved by the majority of birds, whereas
a significantly lower proportion of individuals was successful in task
2 (Tables 1 and 2). There was considerably longer time available
for solving task 4 (30 min × 19 trials; 570 min in total) than the rest
(90 min per task); during the first 30-min trial, task 4 appeared similarly difficult to the birds (19.4%, 14 out of 72 were successful) as
task 2 (Table 2), whereas by the third trial (i.e., after 90 min in total),
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Table 1
Summary statistics of performance variables
Variable (unit)

Minimum

Median

Maximum

n

% Solved

Task 1 solving latency (min)
Task 2 solving latency (min)
Task 3 solving latency (min)
Task 4 solving latency (number of trials)
Task 4 learning efficiency (min)

3
12
3
1
−15

24
93
36
4
3

93
93
93
20
21

104
101
98
72
60

79.8
22.8
72.4
83.3
n/a

For solving latencies, 93 min and 20 trials designate birds that did not solve the respective task. Learning efficiency was calculated as the difference in solving
time (i.e., time elapsed from first attempt to first feeding) between the first and second successful trial in task 4. n/a, not applicable.
Table 2
Comparisons of performance across problem-solving tasks
Variable

Task 1 solving
latency

Task 2 solving
latency

Task 3 solving
latency

Task 4 solving
latency

Task 4, 1st trial

Task 4, 3rd trial

Task 1 solving latency
Task 2 solving latency
Task 3 solving latency
Task 4 solving latency
Task 4 learning efficiency

—
0.15 (0.143; 101)
0.21 (0.041; 98)
0.18 (0.137; 72)
0.004 (0.978; 60)

64.49 (<0.001)
—
0.10 (0.314; 98)
0.17 (0.155; 72)
−0.02 (0.887; 60)

1.13 (0.288)
47.28 (<0.001)
—
     0.28 (0.017; 72)
0.20 (0.130; 60)

0.15 (0.695)
59.37 (<0.001)
2.20 (0.138)
—
−0.04 (0.776; 60)

60.25 (<0.001)
0.11 (0.735)
44.55 (<0.001)
—
—

21.96 (<0.001)
8.13 (0.004)
12.48 (<0.001)
—
—

Values above the diagonal are χ2 statistics (df = 1), with P value in brackets, from χ2 tests comparing the proportion of successful individuals between tests.
Values below the diagonal are coefficients of Spearman rank correlations between performance variables, with P value and sample size in brackets. Significant
results are highlighted in bold. See Table 1 for units of measurement.

32 out of 72 birds (44.4%) solved task 4, which is higher than the
success rate in task 2 but lower than in tasks 1 and 3 (Table 2).
Individuals that solved task 3 sooner were also faster in task 1 and
took less trials to first solve task 4 (Table 2). Although the latency to
solve task 2 was not significantly consistent with the speed of solving other tasks (Table 2), those few birds that solved task 2 (n = 23)
were significantly faster than unsuccessful birds in task 1 (independent-sample t-test: t47.28 = 2.23, P = 0.030) and task 4 (t56.78 = 3.73,
P < 0.001), but there was no such difference in task 3 (t30.98 = 0.95,
P = 0.351). Thus, repeatability of performance across the 4 tasks
was weak but significant (ICC = 0.17, 95% CI = 0.06–0.30,
F71,216 = 1.83, P < 0.001).
Out of the 60 birds that solved task 4 over the 19 trials, 54
opened the feeder in every trial following their first solution, and 5
birds were unsuccessful in 1 or 2 consecutive trials after their first or
second successful trial but performed consistently afterwards (1 bird
died after its second successful trial). Solving time decreased significantly from the first successful trial to the second one (on average by 4.5 ± 0.94 min, paired t-test: t59 = 4.78, P < 0.001); in the
following trials, the majority of birds started to feed immediately
(Figure 2). Learning efficiency in task 4 was not correlated with
problem-solving speed in any of the 4 tasks (Table 2).

Physiological traits and attempt latency
Body mass index was highly repeatable during the study
(ICC = 0.78, 95% CI = 0.71–0.84, F96,192 = 11.8, P < 0.001),
whereas it was unrelated to most physiological measurements,
except that birds with higher CORT lost more weight after capture
(Pearson correlation: r = 0.28, P = 0.007, n = 96) and therefore had
lower body mass index in captivity than birds with lower CORT
(Table 3). CORT levels and parasite load were not correlated
with each other or with any measure of oxidative status, except
for tGSH, which showed a positive trend with CORT (Table 3).
Residual TAS and MDA correlated positively but neither showed

significant relationship with tGSH (Table 3). Out of the 7 birds
that died during the study, we had blood samples for only 2; both
of them had higher MDA concentration (4.09 and 4.59 µg/mL,
respectively) than the upper quartile of MDA levels for birds that
did not die (3.98 µg/mL).
Attempt latency was weakly but significantly repeatable over the
4 tasks (ICC = 0.15, 95% CI = 0.04–0.28, F71,216 = 1.69, P =0.002)
and showed no significant relationship with the physiological variables in all but one case (Table 3).

Problem solving and physiology
With the exception of task 3, birds that made their first attempt later
took significantly more time to access food (Table 4). CORT had
opposing significant effects in 2 tasks (Table 4): birds with higher
CORT solved task 2 later (Figure 3A), but they needed less trials to
first solve task 4 than birds with lower CORT (Figure 3B). When we
excluded 5 samples with very low or high feather mass, the former
effect remained significant and the latter did not (Table 4). Total
GSH concentration had consistent significant effect in the other 2
tasks: birds with higher tGSH were faster in tasks 1 and 3 (Table 4,
Figure 3C,D); these relationships remained qualitatively unchanged
when MDA level was included in the models (Table 4). Birds that
solved task 2 faster had significantly fewer coccidian parasites (Cox
model: b ± SE = −0.48 ± 0.21, eb [95% CI] = 0.62 [0.41–0.94],
P = 0.024; Figure 3E); however, when parasite load was included
in the final model of task 2, its effect on solving latency was not
significant (P = 0.235). Body mass index was unrelated to performance in most tasks; although leaner birds solved task 3 sooner
(Table 4), this relationship became marginally nonsignificant when
MDA level was included in the model (Table 4).

Learning efficiency and physiology
Birds with higher CORT reduced their solving time (i.e., time
elapsed from first attempt to opening the feeder) between their first
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Figure 2
Solving time (i.e., time elapsed from first attempt to first feeding) in successful trials in task 4. Boxplots show the median (thick line), interquartile range (box),
and data range (whiskers). Numbers above the whiskers show sample sizes (i.e., number of birds that solved task 4 in respective number of trials; for example,
only 14 birds were successful in all 19 trials). Note that the difference in solving time between the first 2 successful trials expresses learning efficiency.

2 successful trials to a lesser extent, that is, they learned more slowly
than birds with lower CORT (Table 4, Figure 3F). Parameter estimates indicate that this difference was driven mainly by the second trial, that is, CORT had no significant effect on solving time
in the first successful trial but birds with higher CORT had longer
solving time in the second successful trial (Table 4). Excluding 5
birds with extreme feather mass did not change this result qualitatively (Table 4). Despite their lower CORT levels, birds with higher
body mass index did not learn faster than leaner birds (P = 0.102).
Parasite load and oxidative status showed no relationship with
learning efficiency (P > 0.18).

Discussion
Our study showed that problem-solving and learning performance
is related to several ecologically relevant physiological traits in a
wild species. Propensity for problem solving exhibited individual
consistency across some but not all tasks, and the efficiency of
learning was not correlated with solving success in any task. In parallel with this, the effect of physiological traits was also context specific, as performance in different contexts was predicted by different
measures of individual condition. In most cases, however, birds
in better physiological state were more successful, supporting the
capacity hypothesis that innovations are likely driven by the ability
of individuals to come up with and learn novel solutions.
From our results, we may infer that the 4 tasks can be divided
in 2 groups: task 1 and task 3 were relatively easy for the birds
(72–80% successful), whereas task 2 and initially task 4 were more
difficult (19–23% successful). This is so probably because tasks 1
and 3 both could be solved by several techniques, and birds could
remain in visual contact with the food during attempts that led to
the solution (e.g., pecking at the card in feeder 3). In contrast, the
food in feeder 2 was visible only from side view, but pecking at the
side of the feeder did not result in problem solving as birds had
to peck at the nontransparent paper at the top to reach the seeds.
Thus, in order to solve task 2, birds probably had to inhibit ineffective behaviors stimulated by the sight of food. Similarly in task 4,
birds had to realize that lifting the lid by their beak is not effective
because they had to insert their head below the lid to be able to
peck seeds. This notion that tasks 2 and 4 were cognitively more

challenging than tasks 1 and 3 is paralleled by our finding that performance in these 2 groups of tasks was differentially related to
physiological variables.
In the easier tasks, problem-solving performance was consistently positively correlated with levels of tGSH, a key antioxidant.
These relationships remained significant when we controlled for
MDA levels, suggesting that they were due to superior antioxidant capacity and not to increased oxidative damage. We speculate that tasks 1 and 3 could be solved by mere perseverance (sensu
Thornton and Samson 2012) and/or simple cognitive functions
such as responding to obstacle movement cues (Overington et al.
2011). These processes might be specifically related to tGSH levels
or some associated trait, for example, activity or age (Metcalfe and
Alonso-Alvarez 2010). Alternatively, tGSH levels may have a more
general relationship with problem-solving performance, which we
might have failed to detect in tasks 2 and 4 due to power limitations (e.g., we had tGSH data for only 5 birds that solved task 2).
In either case, the positive relationship between tGSH levels and
innovation success is in accordance with the findings that oxidative
stress induces neural damage and cognitive dysfunction in young
rats (Song et al. 2009; Boksa 2010) and age-related decrease in neural performance parallels that of GSH decrease in humans (Barja
2004; Dröge and Schipper 2007). It remains unclear, however, why
plasma TAS and the level of MDA showed no association with
problem solving. Although markers of oxidative physiology are
often repeatable within individuals both in the wild and in captivity (Norte et al. 2008; Galván and Alonso-Alvarez 2009; Sepp
et al. 2010, 2012b), some studies suggest that GSH levels are more
consistent over time than TAS (Galván and Alonso-Alvarez 2009;
Sepp et al. 2010; but see Sepp et al. 2012b). Because we took blood
samples a few days before the tests, the latter might explain why
we detected an effect of tGSH but none of TAS. Our results, thus,
raise the intriguing possibility that intracellular antioxidants such as
tGSH might be better predictors of innovation success than plasma
antioxidants and plasma measures of oxidative damage, which is to
be tested by future experiments.
In the more difficult tasks, the effects of physiological traits were
more complex. Two results indicated that birds with higher CORT
levels were less successful, as they solved task 2 later or not at all,
and they were less efficient learners in task 4, that is, after their
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Table 3
Correlations of physiological variables and attempt latencies
Variable

CORT level

Parasite load

Residual TAS

MDA level

tGSH level

Body mass index
prior to the test

Parasite loada
Residual TASa
MDA levela
tGSH levela
Body mass index at
capturea
Body mass index after
test 3a
Body mass index after
test 4a
Task 1 attempt latencyb
Task 2 attempt latencyb
Task 3 attempt latencyb
Task 4 mean attempt
latencyb

0.15 (0.259; 62)
0.28 (0.160; 27)
−0.02 (0.934; 29)
0.37 (0.051; 28)
0.01 (0.952; 97)

—
0.23 (0.308; 21)
−0.13 (0.569; 21)
−0.15 (0.514; 22)
−0.11 (0.368; 64)

—
—
0.37 (0.044; 30)
0.12 (0.524; 29)
−0.07 (0.732; 30)

—
—
—
0.10 (0.614; 29)
0.32 (0.074; 32)

—
—
—
—
0.06 (0.740; 31)

—
—
—
—
—

−0.21 (0.041; 97)

−0.03 (0.809; 62)

−0.02 (0.931; 28)

0.17 (0.382; 30)

<0.01 (0.985; 29)

—

−0.20 (0.048; 96)

−0.09 (0.476; 62)

−0.12 (0.527; 28)

0.07 (0.723; 30)

−0.07 (0.708; 28)

—

−0.08 (0.416; 97)
−0.13 (0.207; 97)
−0.07 (0.482; 97)
−0.18 (0.134; 72)

−0.10 (0.410; 64)
0.23 (0.062; 64)
−0.02 (0.847; 62)
−0.15 (0.328; 45)

−0.02 (0.905; 30)
−0.27 (0.156; 29)
−0.44 (0.019; 28)
−0.14 (0.518; 23)

−0.11 (0.555; 32)
0.23 (0.205; 31)
−0.29 (0.116; 30)
0.22 (0.291; 24)

−0.16 (0.395; 31)
0.04 (0.814; 30)
−0.31 (0.102; 29)
−0.38 (0.069; 24)

0.12 (0.238; 104)
0.08 (0.435; 101)
−0.12 (0.257; 98)
0.20 (0.100; 72)

Correlation coefficients are shown with P value and sample size in brackets. Significant results are highlighted in bold.
correlations.
bSpearman rank correlations.
aPearson

Table 4
Problem-solving speed and learning efficiency in relation to various physiological variables and the latency to first attempt
Model set Ba

Model set A
Model
Task 1, solving latency
(30; 28)b
Attempt latency
tGSH
MDA
Task 2, solving latency
(97; 92)b
Attempt latency
Acclimation time
log(CORT)
Task 3, solving latency
(28; 26)b
Attempt latency
Body mass index
tGSH
MDA
Task 4, number of trials
(72; 67)b
Mean attempt latency
log(CORT)
Learning efficiency
(60; 56)c
Intercept (1st trial)
Trial (2nd)
log(CORT)
Trial (2nd) × log(CORT)

b ± SE

eb [95% CI]

P

b ± SE

eb [95% CI]

−0.03 ± 0.01
0.42 ± 0.16
—

0.96 [0.94, 0.99]
1.53 [1.11, 2.12]
—

0.007
0.010
—

−0.03 ± 0.01
0.45 ± 0.16
0.48 ± 0.28

0.97 [0.94, 0.99]
1.57 [1.13, 2.19]
1.62 [0.93, 2.82]

0.020
0.007
0.086

−0.05 ± 0.02
−0.91 ± 0.40
−1.33 ± 0.26

0.95 [0.92, 0.99]
0.40 [0.16, 0.98]
0.26 [0.10, 0.71]

0.006
0.046
0.008

−0.05 ± 0.02
−0.84 ± 0.43
−1.30 ± 0.27

0.95 [0.92, 0.99]
0.43 [0.18, 1.05]
0.27 [0.10, 0.73]

0.007
0.065
0.009

−0.01 ± 0.01
−0.25 ± 0.12
0.55 ± 0.20
—

0.99 [0.96, 1.01]
0.78 [0.61, 0.99]
1.75 [1.17, 2.61]
—

0.341
0.044
0.006
—

−0.01 ± 0.01
−0.22 ± 0.13
0.53 ± 0.21
0.12 ± 0.22

0.99 [0.96, 1.01]
0.80 [0.62, 1.04]
1.71 [1.13, 2.58]
1.13 [0.72, 1.76]

0.339
0.092
0.011
0.592

−0.09 ± 0.01
0.53 ± 0.25

0.91 [0.88, 0.94]
1.71 [1.04, 2.79]

0.000
0.033

−0.09 ± 0.01
0.44 ± 0.27

0.91 [0.88, 0.94]
1.56 [0.91, 2.67]

<0.001
0.107

2.72 ± 0.94
−5.54 ± 1.51
−0.31 ± 0.27
1.18 ± 0.41

15.29 [2.40, 97.47]
0.004 [0.0002, 0.08]
0.73 [0.43, 1.25]
3.26 [1.45, 7.34]

0.006
0.001
0.253
0.006

3.62 ± 1.03
−5.98 ± 1.71
−0.60 ± 0.30
1.28 ± 0.48

37.61 [5.65, 284.27]
0.003 [0.0001, 0.07]
0.55 [0.30, 0.99]
3.63 [1.41, 9.35]

P

0.001
0.001
0.053
0.010

aFinal

models of Model set A were repeated with including MDA levels for tasks 1 and 3, and excluding CORT samples with extreme feather mass for tasks 2
and 4 (see Methods).
proportional hazards models. Exponentially transformed parameter estimates (eb) show the proportional change of hazard ratio, that is, the probability of
solving the task, in response to unit change of predictors. Numbers in brackets are sample sizes in model sets A and B.
cGeneralized linear mixed-effect model with quasi-Poisson error distribution. Exponentially transformed parameter estimates (eb) show the proportional change
of solving time between the first 2 successful trials in response to unit change of predictors. Numbers in brackets are sample sizes in model sets A and B.
bCox’s

first successful solution they needed similar or even longer time
to open the feeder than for the first time. In contrast, birds with
higher CORT made their first solution sooner during repeated
exposure to task 4, although the latter relationship was less robust.

Because we measured the amount of stress hormones that had
been deposited into tail feathers over the prolonged period of molt
several months before the problem-solving tests, any relationship
between CORT and performance indicates that our hormonal
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Figure 3
Problem-solving performance and learning efficiency in relation to corticosterone concentration in tail feathers (CORT), total glutathione concentration
(tGSH), and abundance of coccidian oocysts in feces. Learning efficiency is illustrated as the change in solving time (i.e., time elapsed from first attempt to
first feeding) from the first to the second successful trial; positive values mean that solving time decreased from first to second successful trial. Curves show
predicted values from Cox’s proportional hazards models (A–E) and mixed-effect model with quasi-Poisson error (F).
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measurement captured an aspect of stress physiology that exhibits long-term individual consistency (Cockrem et al. 2009; Rensel
and Schoech 2011). Birds with higher CORT in their feathers may
have been exposed to stressors more often if they lived in a more
challenging environment or had an increased metabolic rate during the molt. Because feather hormone concentration is an integrated measure of hormone levels over an extended period, it is
not possible to differentiate between short-term spikes in hormone
levels and chronic moderate elevation of baseline levels (except for
large feathers allowing sectional analysis; Bortolotti et al. 2009).
Alternatively, high CORT may have arisen by individuals producing stronger and/or more frequent responses to stressors during
molt, indicating that they were more sensitive to stress. This is supported by our result that individuals with higher CORT lost more
weight in captivity, which is likely a stressful condition for wild
birds (Martin et al. 2012). By this logic, our findings mean that less
stress-resistant individuals were less successful in task 2, which was
probably our cognitively most demanding task requiring enhanced
inhibitory control of inappropriate attempts and providing no
obstacle movement cues. The contrasting tendency in one aspect
of task 4, that is, that birds with higher CORT needed less trials
to first open the feeder, might have been spurious due to a few
outlier samples; although it is similar to the previous finding that
greylag geese (Anser anser) that became innovators had higher fecal
CORT concentrations (Pfeffer et al. 2003). That finding was interpreted as a result of the enhancing effect of mild acute stress on
memory consolidation processes (Pfeffer et al. 2003; Lupien et al.
2009). However, this scenario is not compatible with our result that
birds with higher CORT showed weaker performance in the other
aspect of task 4, namely learning efficiency. On average, 4.45 trials were needed to invent the technique of opening feeder 4; after
that the birds quickly mastered this technique; and by their third
successful trial, they used it consistently and rapidly at the start of
each trial. The efficiency of learning, measured as the decrease
in solving time between the first 2 successful trials, was greater in
individuals with lower CORT levels. This result fits well with the
findings on humans that high levels of glucocorticoid hormones
impair working memory and suppress the ability to filter out irrelevant information (reviewed by McEwen and Sapolsky 1995). Thus,
our results for task 2, as well as for learning efficiency, agree with
the general pattern that stress reduces cognitive capacity (Lupien
et al. 2009).
Birds with lower coccidian infestation tended to solve task 2 faster,
which is in line with the prediction of the parasite-stress hypothesis
of intelligence (Eppig et al. 2010) that parasite load reduces cognitive performance. Although the relationship between parasite load
and solving latency was not significant when controlled for attempt
latency and CORT, this might have been due to the low number of
successful birds in task 2 and the restricted sample size for coccidian
counts. We can think of 2 possible explanations as for why parasite load showed an effect exclusively in task 2. First, because fecal
samples were collected before and after task 2, it is possible that our
parasite counts were representative only for this period; however,
the strong correlation between the 2 sampling days agrees with the
earlier finding that coccidian infestation is highly consistent within
individuals in captive house sparrows (Pap et al. 2013). Second,
because task 2 appeared the most difficult for our birds, we might
speculate that coccidian infestation influences performance only
when the latter requires demanding cognitive effort. For example,
mice subclinically infected with coccidian parasites display reduced
spatial learning, which is believed to be a side effect of the host’s
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immunological and neuromodulatory responses to infection such as
opioid neuropeptides and cytokines that decrease cognitive performance (Kavaliers et al. 1995).
Our study provided little support for the necessity hypothesis,
because performance was not enhanced by poor physiological condition as measured by low antioxidant levels, high oxidative damage, and high parasite load. Also, performance was not related to
body mass index in any situation excepting task 3, suggesting that
actual energetic state is a weak predictor of problem solving and
learning, in accordance with several recent studies on other species
(Pfeffer et al. 2003; Boogert et al. 2008; Cole et al. 2011; MorandFerron et al. 2011; Overington et al. 2011; Thornton and Samson
2012). Although we tried to standardize the amount of energy
reserves across birds by providing ad libitum food between tests
and standardized fasting periods before tests, individuals still varied
almost as greatly in body mass index during the tests (range: 9.99 g)
as at capture (range: 11.37 g). This variation was likely due to individual differences in stress sensitivity, as birds with more CORT lost
more weight and became leaner in captivity than birds with less
stress hormones. Although this correlation would predict a positive
effect of CORT on problem-solving performance via hunger levels,
we did not find such an effect in any but one case (task 4, and this
relationship was sensitive to outliers).
It is important to note that there may be other individual traits
besides cognitive skills that influence the capacity for innovations.
First, good physiological condition may enhance problem solving
through increased endurance or physical force, which may affect
the amount and/or effectiveness of attempts. Second, consistent
between-individual differences in behavioral tendencies, that is,
personality or temperament traits (Réale et al. 2007), may predestine explorative individuals to encounter and overcome novel challenges more often compared with less bold conspecifics (Reader
and Laland 2003). This suggestion is supported by some studies
(Webster and Lefebvre 2001; Bouchard et al. 2007; Overington
et al. 2011; Sol et al. 2011, 2012; Benson-Amram and Holekamp
2012) and conflicted by others (Boogert et al. 2008; Liker and
Bókony 2009; Biondi et al. 2010; Cole et al. 2011), and experimental results caution that the relationship between exploration and
learning may be more complex (Matzel et al. 2011). Furthermore,
individuals can vary consistently in physiological traits such as
hormonal reactivity to stress (Cockrem et al. 2009; Rensel and
Schoech 2011), antioxidant capacity (Norte et al. 2008; Galván
and Alonso-Alvarez 2009), or susceptibility to infection (Hõrak
et al. 2006), and variation in physiological coping styles often covaries with behavioral tendencies such as exploration or neophobia
(Groothuis and Carere 2004; Lendvai et al. 2011), although the
presence and direction of causality in the latter relationships is
unclear (Koolhaas 2008; Koolhas et al. 2010). In this study, we did
not quantify neophobia as our previous work showed that this trait
is not correlated with problem-solving success in house sparrows
(Liker and Bókony 2009); instead we tried to minimize any effect
of novelty by familiarizing the birds with the feeders before tests.
Nevertheless, the repeatability of attempt latency and its positive correlation with solving latency in our study may reflect the
effect of some personality trait such as neophobia or stress sensitivity. However, this trait is less likely to have driven the relationship
between physiology and innovative performance than cognitive
and/or physical capacity, because attempt latency was largely
unrelated to the physiological variables. Alternatively, superior
performance might have put innovative individuals in good condition, leading to a correlation between performance and physiology.
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To ascertain the direction of causality in this relationship, experimental studies are needed.
In sum, our study revealed several correlations in a wild species
between problem-solving performance and aspects of physiology
that do not support the hypothesis that inventing and learning
novel behaviors are primarily driven by the need of individuals.
Instead our results suggest that the capacity for innovative behaviors, probably including cognitive abilities, is an important predictor of performance, being promoted by superior physiological
state. We hope that these explorative findings will encourage more
detailed and experimental studies on the proximate mechanisms
of animal innovations. Such integration of physiology, cognition, and ecology will be crucial for understanding the evolutionary significance of the ways by which animals respond to novel
challenges.
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