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Despite rapidly accumulating evidence for the existence of consistent individual differences in suites of
correlated behaviours (i.e. ‘animal personalities’), little is known about proximate mechanisms causing
such variation. Individual variation in circulating levels of testosterone (T) is often hypothesized to
underpin personality traits such as aggressiveness and exploratory behaviour. Here we provide
a comprehensive test of this hypothesis. We quantiﬁed variation in exploratory behaviour of a novel
environment in a captive population of wild-caught male house sparrows, Passer domesticus. We then
investigated the relationship between the observed behaviours and circulating levels of T, using two
approaches. First, we tested whether measures of exploratory behaviour correlated with (1) pointsampled plasma T levels and (2) T-dependent ornamentation (bill coloration) in 114 males. Neither
direct nor indirect estimates of individual variation in T levels were correlated with the assayed
behaviours. Second, we experimentally increased plasma T levels of 21 males with T implants, using 21
placebo-implanted males as a control group. Experimentally induced between-individual variation in
T levels did not increase the amount of between-individual variation in exploratory behaviour. Our
results thus strongly suggest that, in house sparrows, between-individual variation in circulating levels
of T cannot serve as a causal explanation for the existence of individual variation in exploratory
behaviour.
Ó 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Animals constantly have to respond to changes in physical and
social components of the environment. Whereas behavioural
plasticity has long been assumed to represent an adaptive
response to such environmental changes (Piersma & Drent 2003;
Dall et al. 2004), accumulating evidence suggests that individuals
do not show the full range of behavioural trait values present in
their population (Réale & Dingemanse 2010). In other words,
individuals often differ consistently in their behaviour over
a range of environmental contexts (Dall et al. 2004; Sih et al. 2004;
Réale et al. 2007). Such consistent individual differences in
behaviour are referred to as ‘animal personalities’ (Dall et al. 2004;
Réale et al. 2007; Dingemanse et al. 2010) and personality traits
that are correlated are commonly referred to as ‘behavioural
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syndromes’ (Sih et al. 2004; Bell 2007; Réale et al. 2007). Despite
abundant research focused on animal personalities, surprisingly
little is known about the potential role of androgens as proximate
mechanisms that underpin consistent individual variation in
behaviour.
Consistent individual variation in behaviour might be linked
proximately to individual differences in circulating hormone levels
(Sih et al. 2004; Bell 2007; Réale et al. 2007). Baseline testosterone
(T) levels in particular have been suggested to be a hormonal marker
for individual differences in personality (Sellers et al. 2007). For
instance, it has been shown that T inﬂuences the personality traits
aggressiveness, boldness and activity (e.g. Wingﬁeld et al. 1987;
Koolhaas et al. 1999; Lynn et al. 2000), which jointly constitute
a behavioural syndrome in birds (e.g. Verbeek et al. 1996; Drent &
Marchetti 1999; Van Oers et al. 2004) and various other taxa
(Réale et al. 2007). In addition, earlier observational and experimental studies indicated that T might be linked to behavioural
persistency (Andrew 1972; Rogers 1974; Young & Rogers 1978). This
trait is likely to be associated with the slow/fast personality type, as
slow-exploring birds seem to show greater behavioural ﬂexibility,
whereas fast-exploring birds tend to stick to routine-like behaviour
(Marchetti & Drent 2000). Finally, seasonal ﬂuctuations in T levels
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(Hegner & Wingﬁeld 1986) could potentially explain seasonal
differences in exploration within individuals because both T levels
and the tendency to explore seem to peak in spring (Dingemanse
et al. 2002; Mettke-Hofmann 2007; Quinn et al. 2009).
Since hormones typically act on several physiological mechanisms simultaneously, they could thereby mediate suites of correlated behavioural traits (Ketterson & Nolan 1999). Shared common
hormonal mechanisms could thus also explain the occurrence of
behavioural syndromes (Bell 2007). Even though numerous studies
have shown that differences in personality traits are in part
genetically determined (reviewed in Van Oers et al. 2005; Penke
et al. 2007), relatively few studies have explicitly investigated
hormonal pathways of androgens by which consistent betweenindividual differences in exploratory behaviour, a key avian
personality trait, might come about (but see King 2002).
In this study, we used house sparrows, Passer domesticus, to
evaluate the relationship between exploratory behaviour (known
to be part of a behavioural syndrome in birds) and circulating
levels of T within and between individuals. We asked whether
(experimentally induced) consistent individual variation in
T affects exploratory behaviour (i.e. causes consistent individual
variation in behaviour). We therefore quantiﬁed exploration of
a novel environment in a captive population of male house sparrows. Such behaviour has frequently been used as a standard
measure to quantify variation in a key ‘avian personality’ trait (see
Dingemanse et al. 2002) and has been shown to correlate with
numerous other behavioural traits, such as boldness, aggression
and dominance (Dingemanse & De Goede 2004 and references
therein).
First, we used observational data to test whether variation in
exploratory behaviour correlated with two separate indexes of
T levels: (1) a direct point estimate of circulating plasma T levels
from a blood sample and (2) bill coloration. The degree of
melanization of the bill has been shown to be a reliable method
for estimating a recent ‘running average’ of circulating T levels
(Keck 1933; Witschi 1936; Pfeiffer et al. 1944; Laucht et al. 2010),
and is highly repeatable between consecutive years in the birds
used for this study (Laucht et al. 2010). Second, we experimentally manipulated T levels of individual males with two distinct
objectives. (1) We evaluated whether changes in behaviour
within individuals were underpinned by changes in T levels, by
comparing within-individual changes in behavioural traits
before and after the T implantation. (2) We tested whether
experimentally induced individual variation in T levels affected
the amount of consistent individual variation in exploratory
behaviour, by comparing a standardized index of variation
between individuals (repeatability) with and without controlling
for treatment effects.
METHODS
Animals and Housing
In DecembereJanuary 2005e2006, about 1 year prior to the ﬁrst
experiments, we caught 136 male house sparrows with mist nets
set up in barns around rural areas of Bavaria, Germany. The birds
were transported to the institute by car, in dark compartments
(12  12  12 cm) of a wooden box, and released into aviaries
within 30e180 min of capture. They were housed in groups of 5e10
in adjacent semioutdoor aviaries (1.2  2.0 m and 4.0 m high) with
one of the short sides enclosed only by chicken wire. All aviaries
were ﬁtted with two long perches crossing the aviaries (1.2 m), two
wooden nestboxes, natural beech and spruce branches and
sawdust. The birds were held under ambient outdoor temperatures
and natural daylight conditions. They were fed ad libitum with

a commercial seed mix (‘Waldvogelfutter’, RKW Süd, Universal
Kraftfutterwerk, Kehl, Germany), sunﬂower seeds, crushed corn
and wheat, pellets and laying mash and were given unrestricted
access to drinking and bathing water and sand. We allowed the
birds to breed every year, which they readily did. However, as the
sex ratio was highly male biased (wild males were preferentially
caught), not all males obtained a mate. The birds were caught and
kept in captivity under licence from the government of Upper
Bavaria. After we ﬁnished our experiments, the birds were kept for
further studies.
Indexes of Male Testosterone Levels
Blood plasma testosterone
We collected 150e200 ml of blood from each individual by
puncturing the brachial vein. All samples were obtained between
0900 and 1430 hours. To reduce variation in plasma T levels
caused by variation in handling stress, we bled all individuals
within 15 min after entering the housing aviaries for catching.
Laucht et al. (2010) has shown for the same data set that the time
between the start of catching birds and blood sampling does not
affect plasma T levels, implying that effects of handling stress did
not bias the data. After centrifuging the blood, we extracted the
plasma and froze it at 80  C. Plasma T levels were measured at the
endocrine laboratory of the Institute for Zoo and Wildlife
Research, Berlin, using the enzyme immunoassay described by
Roelants et al. (2002). The interassay coefﬁcient of variation (CV)
was 12.3% and the intra-assay CV was 9.0%; for further details see
Laucht et al. (2010).
Measured T levels were tested for cross-season repeatability as
our observational study was conducted in the run-up to the
breeding season (spring), whereas our experimental study was
conducted in the nonbreeding season (autumn). Individual variation in spring plasma T levels was correlated, albeit weakly, with
variation observed in the autumn (Pearson correlation: r40 ¼ 0.35,
P ¼ 0.02; Appendix Fig. A1).
Bill coloration
In house sparrows, bill coloration varies from pale horn to
jet-black and this variation can be quantiﬁed using ‘brightness’
measured on digitized photographs (Laucht et al. 2010). We took
three standardized pictures of each bird the day before each
behavioural trial. The focal bird was held laterally in front of
a photographic grey card and photographed with a Canon Power
Shot S2 IS using the ﬂash and standardized settings. We used
digital photograph processing software written in open source
R version 2.8.0 (R Development Core Team 2008) to measure
colour parameters on photographs. We measured grey card
brightness (on the Hue, Saturation, Brightness colour scale) on
each photo as the mean value of three different randomly chosen
spots around the bill, and bill brightness as the mean of three
different randomly chosen spots on the lower bill. We then
averaged scores across the three photos. To compensate for slight
variation in light conditions between pictures, we standardized
bill brightness values with the mean brightness value of all the
grey card brightness measures. Bill brightness was measured
independently by two observers (A.M. and J.D.) and showed
a high interobserver repeatability (Pearson correlation:
r134 ¼ 0.95, P < 0.0001). We used the mean brightness value of
both scorers for further analysis.
Novel Environment Test
Following recommendations by Réale et al. (2007), we modiﬁed the standard novel environment test described by Verbeek
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et al. (1994) for great tits, Parus major, so that it was suitable for
house sparrows. The experimental room was an outdoor aviary
(1.7  2.0 m and 3.5 m high) with side walls made of wire mesh
and sackcloth, rear wall and ceiling made of wire mesh with
a semitransparent plastic cover and the ground covered with
sawdust and hay. The front consisted of a wooden wall, a one-way
screen (45  45 cm) through which observations were made, and
a sliding door through which the focal bird was released into the
observation room. We equipped the aviary with nine objects,
providing 10 different positions: an artiﬁcial tree, a nest-shaped
bag on the wall, a nestbox (¼two positions), a food bowl, a perch,
a tunnel-shaped bag on the ceiling, a hanging tree, a mirror and
a shelf (for a more detailed description see Appendix Fig. A2). We
scored the position of the focal bird in the aviary for 30 min after
introduction (using an event recorder; The Observer 5.0.31, Noldus Information Technology, Wageningen, The Netherlands).
Based on these observations, we measured (1) exploratory
behaviour, the total number of objects visited within 30 min, and
(2) activity, the total number of hops (including only movements
when the bird moved 10 cm or more) and ﬂights within and
between objects and positions. Exploratory behaviour did not
correlate with activity (Spearman correlation: rS ¼ 0.08, N ¼ 114,
P ¼ 0.39) and these two behavioural measures were therefore
regarded as independent behavioural axes. We further recorded
weather conditions and temperature for each trial.
Observational Study
In FebruaryeMarch 2007, 114 of the 136 captured birds were
exposed to a ﬁrst round of behavioural trials (between 0830 and
1600 hours). Blood samples for measuring T and pictures of the bill
were collected for all the birds (N ¼ 136) during the middle of the
test period (early March 2007; Laucht et al. 2010). Each bird from
a single housing aviary was captured with a hand net, weighed
(0.05 g measurement accuracy), and photographed on the afternoon before each round of behavioural trials, and then transferred
to a cage (1.2  0.4 m and 0.4 m high) stocked with ad libitum food
and water. The following day, we placed each focal bird in a darkened box (45  35 cm and 20 cm high) connected to the experimental room via a sliding door for a period of 5 min, enabling the
bird to recover from handling stress. We started the trial by opening
the sliding door and releasing the bird into the aviary. The focal bird
was visually but not acoustically isolated from other group
members throughout the trial.
Our observational study was conducted during the onset of the
breeding season (in Germany, the average laying date for house
sparrows is mid-April, but nest sites are already defended from
January onwards; Glutz von Blotzheim 1997), because there is
substantial individual variation in plasma T levels at this time of
year (Kempenaers et al. 2008; Laucht et al. 2010), implying that any
interindividual covariance with other traits (here: exploratory
behaviour and activity) would also be estimable.
Approximately 9 months after the ﬁrst round of trials (NovembereDecember 2007), we repeated the same trials described above
with 48 randomly chosen (from the initial 114) birds to determine
whether exploratory behaviour and activity each varied consistently
between individuals over time, where repeatability was calculated
following Lessells & Boag (1987).
Experimental Study
In NovembereDecember 2008, we performed another round of
behavioural trials on a random subsample of 42 of the 114
previously tested birds. Half of the birds were assigned to
a T treatment group, the other half to a control (C) group. Two
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weeks before the study, we separated the birds according to
treatment and housed them in constant groups of ﬁve to seven
birds throughout the experimental procedure. We implanted 21
birds subcutaneously with T pellets designed to imitate the upper
range of plasma T levels during the breeding season in free-living
house sparrows (approximately 5e6 ng/ml; Hegner & Wingﬁeld
1986) with a release time of 21 days (Cat. No. A-151, 1.5 mg/
pellet, IRA, Sarasota, Florida, U.S.A.). We implanted the other 21
birds with placebo pellets. We used the following implantation
procedure. We caught all birds from one aviary to minimize
disturbance and placed them individually in dark wooden boxes
until the implantation took place. While holding the bird, we
made a small incision (about 3 mm) in the upper layer of the skin
on the back, inserted the pellet with tweezers and closed the
incision with special glue (VetGlu, B.Braun Vet Care GmbH, Tuttlingen, Germany). Following implantation, birds were released
immediately into their housing aviary. The maximum time
between catching and releasing was 30 min. Our study was conducted in the nonbreeding season (autumn), because at this time
of year plasma T levels are well below the peak values (Laucht
et al. 2010), implying that experimental manipulation of plasma
T levels would produce detectable increases within the natural
range (i.e. ceiling effects might have occurred if the manipulation
had been done during the breeding season instead).
Each of the 42 birds was behaviourally tested three times at
intervals of 4 weeks using the same procedure as described above:
once 3 weeks before implanting (trial 1), once 1 week after
implanting (trial 2) and once 5 weeks after implanting (trial 3). In
NovembereDecember 2008, we randomly chose three birds from
the T treatment group and three birds from the C group within each
test day, and assayed them in a random order to control for
potential effects of time of day and temperature. We carried out the
trials blindly, that is, without knowing to which treatment group
the focal bird belonged. We took blood samples of every bird
immediately after each of the three trials.
Statistics
Observational study
We used R version 2.8.0 (R Development Core Team 2008) for
statistical analysis unless stated otherwise. T values were log
transformed to achieve a normal distribution. Non-normally
distributed data were BoxeCox transformed (number of objects,
activity and bill brightness) and all data were standardized (i.e.
expressed in standard deviation units) prior to analysis as recommended by Rasbash et al. (2004). We used general linear
models (GLMs) to assess the relationship between the number
of objects and activity and a number of response variables,
where we used backward elimination of nonsigniﬁcant terms
(P  0.05) as a model selection criterion (Crawley 1993). We
used the chi-square-distributed Wald statistic to calculate
signiﬁcance of predictor variables. The relationship between
plasma T level and ornamentation measures and the relationship between T estimates and exploratory behaviour and activity
were analysed with Pearson and Spearman rank correlations,
respectively.
Experimental study
For statistical analysis of treatment effects, we used MLwiN
version 2.0 (Rasbash et al. 2004). Data were BoxeCox transformed
when necessary (number of objects and activity) to meet the
distributional assumptions (normality) of multivariate linear mixed
models (LMMs). T values were log transformed, and all data were
standardized (expressed in standard deviation units) prior to
analysis as recommended by Rasbash et al. (2004). A multivariate
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LMM with individual as random effect and with normal errors was
used to test simultaneously for manipulation effects on activity,
exploratory behaviour, bill brightness and plasma T while taking
into account the covariance between these four variables between
and within individuals. Trial (before, during, after), treatment
group (control versus T) and their interaction were ﬁtted as ﬁxed
effects (all categorical variables). We used the chi-square-distributed Wald statistic to calculate signiﬁcance of all ﬁxed and random
effects. Post hoc comparisons were performed to investigate
further whether T treatment had a signiﬁcant effect on plasma
T levels. Repeatability was calculated from the multivariate LMM as
the proportion of between-individual variation relative to the sum
of the between- and within-individual variance for each trait
(Rasbash et al. 2004) and standard errors were calculated following
Becker (1984).

Table 2
Spearman rank correlations for exploratory behaviour, and activity, with circulating
plasma T level and bill brightness (bill) in male house sparrows (N ¼ 114)

Ethical Note

Observational Study

Captive conditions
The birds used for this study were held in captivity for about
a year prior to the study. We are conﬁdent that captivity did not
have any adverse effect on the wellbeing of the birds because (1)
the mean body mass of the captive birds (29.19  1.72 g) was within
the natural range for house sparrows in southern Germany (range
27e35.5 g, mean 29.9 g; Lowther & Cink 2006); (2) the annual
mortality rate of our captive birds was between 0.05 and 0.09,
which is much lower than mortality rates in free-living house
sparrows (0.4e0.5; Senar & Copete 1995); and (3) our population
readily breeds in the captive conditions provided, indicating
conditions are generally favourable.

As expected, bill brightness at the time of blood sampling was
negatively correlated with plasma T levels (Pearson correlation:
r134 ¼ 0.25, P ¼ 0.003): birds with a paler bill had on average lower
plasma T levels than birds with darker bills. Exploratory behaviour
was signiﬁcantly affected by time of day for ﬁrst tests (Table 1).
Date, temperature, weather conditions and body mass did not
correlate with exploratory behaviour, and were therefore not
included in the ﬁnal model. Plasma T levels and bill brightness on

Activity

rS
0.02
0.00

Plasma T
Bill

P

rS

P

0.81
0.97

0.04
0.04

0.67
0.64

Bavaria and carried out in accordance with the German animal
protection law.
RESULTS

10
9

(a)

8
7
6
5
4
3
2
1
Number of objects

Testosterone implantation surgery
The implantation procedure took about 3 min per bird. The
perforation of the rather loose upper layer of the skin did not cause
bleeding. Moreover, none of the birds showed any sign of pain during
the procedure (e.g. twitching) and all birds started feeding within
15 min after release (A. Mutzel, personal observation). The procedure applied is nearly identical to the implantation of passive integrated transponder (PIT) tags. Fitting birds with PIT tags has been
shown to have no adverse effect on the survival and recruitment of
nestling and adult great tits (Nicolaus et al. 2008). We did not use
anaesthesia as this can have harmful effects on birds, including
a high risk of death (Ludders 1998). In this study, experimental
treatment did not appear to have any long-term adverse effect on the
birds, because the mortality rate of the experimental birds in 2009
was slightly lower than that of nonexperimental birds (0.07 versus
0.09). The implantation was approved by the government of Upper

Exploratory
behaviour

0
1

1.2 1.4 1.6 1.8

2

2.2 2.4 2.6 2.8

3 3.2 3.4

Log(plasma T) (pg/ml)
10
9 (b)
8

Table 1
Sources of variation in exploratory behaviour and activity in male house sparrows
(N ¼ 114)

Date
Time of day
Weather condition
Temperature
Bird mass

Exploratory behaviour

Activity

Wald c21

Wald c21

P

0.18
0.83
8.52
4.84
5.18

0.68
0.36
0.03
0.03
0.02

0.02
11.69
2.68
0.25
0.53

P
0.89
<0.001
0.10
0.62
0.47

7
6
5
4

The results are from univariate GLMs with exploratory behaviour or activity as
response variable, and date, time of day (in minutes after sunrise), weather conditions (sun/clouds/precipitation), temperature (in  C) and bird mass ﬁtted as
predictor variables. We used backward elimination of nonsigniﬁcant terms; Wald
chi-square values given are for the inclusion of the variable in the ﬁnal model.
Signiﬁcant P values are indicated in bold.
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1
0
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Bill brightness (%)
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Figure 1. Correlation between exploratory behaviour (actual number of objects
explored within 30 min) and two estimates of individual T levels in male house sparrows.
(a) Plasma T level (rS ¼ 0.02) and (b) bill brightness (rS ¼ 0.00) as a percentage.

Log(plasma T) (pg/ml)
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nor bill brightness was correlated with activity (Table 2). The
behaviour in a novel environment varied consistently between the
48 individuals that were retested 9 months after their initial test.
Repeatability was 0.45  0.12 (F47,48 ¼ 2.62, P < 0.001) for
exploratory behaviour and 0.48  0.11 (F47,48 ¼ 2.82, P < 0.001) for
activity.

4.5 (a)
4
3.5
3
2.5
2

Experimental Study

1.5

Number of objects

8

1

2

3

1

2

3

1

2

3

1

2

3

1

2
C

3

1

2
T

3

(b)

6
4
2
0

1000 (c)
800
Activity

735

600
400
200
0

Figure 2. Plasma T levels and behaviour in the control (C) group and the testosterone
(T) treatment group before (trial 1), 1 week after (trial 2) and 5 weeks after (trial 3)
the implantation in male house sparrows. (a) Measured plasma T levels, (b) exploratory behaviour (actual number of objects visited) and (c) activity (total number of
hops and ﬂights). Box plots show the median and the interquartile range from the
25th to the 75th percentile. Whiskers indicate the 10th to the 90th percentile. Dots
show outliers.

the day before the behavioural assay did not correlate signiﬁcantly
with exploratory behaviour (Table 2, Fig. 1). Activity was inﬂuenced by temperature, weather conditions and body mass before
the experiment, but not by date or time of day (Table 1). Activity
levels were higher on relatively rainy and cool days. Heavier birds
were also more active than relatively light birds. Neither plasma T

To investigate whether T treatment affected plasma T levels and
bill brightness, we examined the interaction between trial and
treatment group (the actual T treatment took place during trial 2)
and changes in these traits with trial. As expected, we found highly
signiﬁcant effects of T implantation on plasma T levels (interaction
trial*treatment: c22 ¼ 117.87, P < 0.001) and bill brightness (interaction trial*treatment: c22 ¼ 70.85, P < 0.001), implying that
within-individual variation in T causally inﬂuenced the expression
of these phenotypic traits. To explore the nature of the treatment
effect, we performed post hoc comparisons. Within the C group,
plasma T levels did not differ between trials (Fig. 2a, Appendix
Table A1). Within the T treatment group, we found a signiﬁcant
effect of trial on plasma T levels. The highest levels were recorded
directly following T manipulation (trial 2) and were still elevated in
trial 3 compared to T levels at the beginning of the experiment
(Fig. 2a, Appendix Table A1). Furthermore, plasma T levels differed
signiﬁcantly between the C and T groups after the experimental
manipulation (in trials 2 and 3) but not before, implying that we
succeeded in our aim to induce between-individual variation in
T levels (see also Table 3). Birds from the T treatment group showed
signiﬁcantly higher plasma T levels than individuals from the C
group (P < 0.001; Fig. 2a, Appendix Table A1). Plasma T levels of the
birds from the C group ranged between 0.03 and 0.45 ng/ml (mean
0.11  0.06 ng/ml). In the T treatment group plasma T levels were
0.06e0.55 ng/ml (mean 0.13  0.12 ng/ml) in trial 1, 0.19e33.66 ng/
ml (mean 4.72  6.79 ng/ml) in trial 2 and 0.07e5.07 ng/ml (mean
1.92  1.39 ng/ml) in trial 3. Excluding the unusually high plasma T
value of one bird in trial 2 (33.66 ng/ml) did not change the results
of the study.
To investigate whether T treatment had an effect on exploratory
behaviour and activity, we examined the interaction of trial and
treatment group (see above). Contrary to our prediction, neither
exploratory behaviour (c22 ¼ 0.35, P ¼ 0.84; Fig. 2b) nor activity
(c22 ¼ 0.3, P ¼ 0.86; Fig. 2c) was affected by T treatment. Next, we
ran univariate LMMs to assess whether T treatment relates to
individual differences in behaviour. Even though activity and
exploratory behaviour were both highly repeatable, there was no
signiﬁcant change in repeatability of these behaviours before and
after controlling for trial, treatment group and their interaction

Table 3
Variance components, repeatability values and signiﬁcance for assayed phenotypic traits
Controlling for ﬁxed effects?

Activity
Exploration
Plasma T
Bill

Yes
No
Yes
No
Yes
No
Yes
No

Variance componentSE

Repeatability

Between-individual variance

Within-individual variance

rSE

c21

P

0.530.15
0.530.15
0.640.17
0.650.17
0.030.02
0.220.11
0.330.09
0.460.14

0.420.06
0.470.07
0.340.05
0.350.05
0.180.03
0.770.12
0.280.04
0.540.08

0.560.08
0.530.09
0.660.07
0.650.07
0.140.10
0.220.10
0.550.09
0.460.09

37.78
32.93
54.58
53.44
2.31
5.57
35.62
24.47

<0.001
<0.001
<0.001
<0.001
0.129
0.018
<0.001
<0.001

Results are from univariate general mixed models with individual as random effect and activity, exploratory behaviour, plasma T level and bill brightness (bill) as dependent
variables (N ¼ 42 male house sparrows). In models where we controlled for ﬁxed effects, the ﬁxed effects included in the model are trial (before, during, after), treatment group
(T and C) and the interaction between trial and treatment group. Signiﬁcant P values are indicated in bold.
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(Table 3): only 1% of the observed between-individual variance in
activity and 0.1% of the variance in number of objects examined
could be attributed to trial, treatment group and their interaction.
These ﬁndings thus conﬁrm experimentally that between-individual variation in T levels is not linked to between-individual
variation in exploratory behaviour.
DISCUSSION
T Levels and Exploratory Behaviour
This study showed that individual differences exist in exploratory behaviour and activity in male house sparrows, but that these
differences cannot be attributed to variation in circulating levels of
the hormone T. Plasma T titre was not correlated with these two
personality traits within our observational data set. Moreover,
within individuals, experimentally elevated plasma T levels caused
no changes (i.e. within-individual plasticity) in either exploratory
behaviour or activity. Finally, experimentally induced differences in
T levels did not affect the amount of individual variation in these
behaviours.
In agreement with these ﬁndings, we did not detect any
signiﬁcant relationship between a reliable short-term proxy of
T level (bill brightness) and the two personality traits. Importantly,
we conﬁrmed that bill brightness correlated signiﬁcantly with
circulating plasma T levels in our descriptive data set, and that
implantation with T caused the bill of male sparrows to darken
considerably (Witschi 1936; Pfeiffer et al. 1944). Bill coloration thus
reliably predicts a short-term (i.e. 3e4 weeks) ‘running average’ of
T levels. Our failure to ﬁnd associations between this proxy for
T and the two behaviours underlines the absence of T-mediated
variation in exploratory behaviour.
Few other studies have investigated the relationship between T
and consistent between-individual differences in behavioural
traits. In agreement with our results, an observational study by
Sellers et al. (2007) on humans also failed to detect any correlation between levels of circulating T and openness to experience,
a human personality trait considered to be the equivalent of
exploration behaviour in nonhuman animals (Gosling & John
1999). Similarly, in male greylag geese, Anser anser, T did not
covary with another component of avian personality (aggressiveness; Kralj-Fiser et al. 2010). The results from other studies
imply that the behavioural effects of circulating levels of T are
either inconsistent or context speciﬁc. Some studies on domesticated birds have provided evidence for a causal effect of circulating plasma T levels on certain behavioural traits. For instance,
domestic chickens, Gallus gallus domesticus, with experimentally
increased circulating levels of T showed increased persistence in
search for a particular type of food and pecked more often on one
particular square before moving on to the next square (Andrew
1972; Rogers 1974; Young & Rogers 1978). However, in another
study on domestic chickens, Archer (1973) failed to detect an
effect of T on the number of squares explored during a novel
environment test in a nonforaging context. However, T-treated
males showed shorter latencies to move in a novel environment
than controls. In contrast, King (2002) found no relationship
between T and the latency to move after transfer to a novel
environment in garter snakes, Thamnophis sirtalis, but showed
instead that defensive behaviour was inﬂuenced by circulating
levels of T. Furthermore, Jones & Andrew (1992) found T-related
differences between male and female domestic chickens in the
response to novelty. However, this effect seemed to be context
dependent, with males being more explorative in a novel environment but less explorative in a foraging context. Other studies
found that T is only related to dominance and aggression when

dominance status is uncertain but not in socially stable situations
(Ruiz-de-la-Torre & Manteca 1999; Collias et al. 2002). The
potential effects of T on exploration and activity might therefore
not be general, but rather depend on the context in which the
behaviour is shown. For instance, it is possible that T mediates the
expression of certain behaviours within a social context, but that
it is less important in nonsocial situations, for example in a novel
environment. This context dependency of the link between T and
behaviour has recently been suggested by Koolhaas et al. (2010)
for the relationship between T and aggression. To test this idea,
it would be interesting to investigate the relationship between
circulating plasma T levels and a number of different personality
traits while manipulating context (i.e. social versus nonsocial).
Cross-season Repeatability of T
In many vertebrate species, plasma T levels show pronounced
seasonal variation within individuals, with peak values occurring
during the breeding season (Kempenaers et al. 2008). Whereas
such seasonal changes in T levels have received considerable
attention at the within-individual level, fairly little is known
about (1) patterns of individual variation (e.g. repeatability) in
plasma levels, (2) whether individual variation exists only in
certain seasons, and (3) whether any differences between individuals in plasma T levels are maintained across seasons (i.e. is
there cross-season repeatability?; Kempenaers et al. 2008; Laucht
et al. 2010). Such information is valuable because it would facilitate further interpretation of our ﬁndings, as our study was
carried out in two different seasons. We discuss here two
scenarios. First, there is no cross-season repeatability of plasma T.
This scenario would imply any individual variation observed
within a season is not proximately linked with variation observed
in other seasons (i.e. spring and autumn levels of T should be
regarded as different ‘traits’) and that we tested different questions with our observational and experimental studies. Additionally, our experimental study could not be used to test
whether any link between plasma T and personality traits documented in our observational study was causal. Second, there is
cross-season repeatability of plasma T. This scenario would imply
that individual variation observed within a season is proximately
linked with variation observed in other seasons (i.e. spring and
autumn levels of T measured the same trait). We tested for
a cross-season repeatability of plasma T and found that there was
a statistically signiﬁcant but low (Pearson: r ¼ 0.35) correlation.
This result implies that our experimental study can be used to
evaluate the causal link between plasma T and exploratory
behaviour observed in other seasons (however, also see Laucht
et al. 2010).
Alternative Pathways by which T could Affect Personality
Although our observational study did not provide any
supportive evidence in favour of a relationship between circulating
plasma T levels and exploratory behaviour and activity, there are
several alternative pathways by which T could still mediate
between-individual differences in these personality traits
(Ketterson & Nolan 1992). For instance, there might be genetically
determined variation in T receptor density, afﬁnity and speciﬁcity
that does not necessarily have to be linked with circulating levels of
T (Adkins-Regan 2005; Ball & Balthazart 2008). Moreover, it is
known that heritable variation in plasma-binding proteins can have
substantial effects on the availability of a certain hormone (Dufty
et al. 2002; Ball & Balthazart 2008). Potential effects of T on
behaviour acting via between-individual differences in such alternative pathways might simply be obscured when one measures
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circulating plasma T levels only. However, under such scenarios we
would expect changes in behaviour following experimental elevations of T, which we did not ﬁnd. Therefore it seems rather unlikely
that such alternative hormonal mechanisms would affect variation
in exploratory behaviour.
Nevertheless, we cannot completely exclude the possibility of
a link between T and exploratory behaviour. For instance, phenotypic expression of T receptors could match phenotypic expression
of circulating hormone levels. In this case endogenous levels of
T might already be sufﬁcient to saturate the receptors and experimentally increasing T levels would not have any additional effect on
behaviour. It might also be that T receptor sensitivity is lower in the
nonbreeding season than in the breeding season (Canoine et al.
2007). In this case, we do not expect to ﬁnd a strong effect of
T treatment on behaviour. However, this scenario is rather unlikely,
because T treatment had a strong effect on bill coloration, a trait
that has been suggested to be a good indicator of quality and/or
behavioural strategies (Laucht et al. 2010).
T could also (indirectly) affect behaviour through an alternative
pathway involving the stress hormone corticosterone. There is
good evidence that corticosterone responses are linked with
certain behavioural types (reviewed in Cockrem 2007). Moreover,
numerous studies have shown that corticosterone and T titres tend
to covary (e.g. Wilson et al. 1979; Siegel 1980; but see also Hau et al.
2010). Therefore, observed links between T and behaviour in certain
contexts may be caused by a direct effect of T on the behaviour or an
indirect effect via corticosterone. More studies are needed to
investigate potential direct and indirect links between corticosterone and T and behaviour.
This study did not provide any evidence in support of a relationship between circulating plasma T levels and exploratory
behaviour. We should underscore that we focused here on activational effects of T on behaviour. T could still be involved in forming
this personality trait through its organizational effects, that is, by
causing irreversible differences in behavioural phenotype during
early development of an individual (Daisley et al. 2005; Groothuis
et al. 2005). Therefore, another fruitful next step would be to
investigate the relationship between maternal T deposited in eggs
and personality traits.
Conclusions
We showed that male house sparrows differ consistently in
exploratory behaviour and activity in a novel environment. This
variation was not related to circulating levels of plasma T. Our
results thus challenge the assumption of a T-based mechanism
causing variation in these personality traits. Furthermore, our
results suggest that T is not part of potential proximate mechanisms that cause behavioural syndromes, which include exploratory behaviour or activity. However, T might still be involved in
creating individual differences in other personality traits, such as
boldness or aggressiveness or inﬂuence activity and exploration
within other, for example social, contexts.
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Figure A2. Schematic overview of the observation room. (1) Artiﬁcial tree (made of
wood with a trunk of 4  4 cm, height 1.5 m and four cylindrical branches of 20 cm),
(2) bag on wall (nest shaped, made of sackcloth), (3) þ (4) nestbox (roof and inside),
(5) food bowl with ﬁve sunﬂower seeds (on the ground, diameter 30 cm), (6) perch
(crossing the aviary, length 1.7 m), (7) bag on ceiling (tunnel shaped, made of sackcloth), (8) hanging tree (branch hanging from the ceiling, 50 cm in length), (9) mirror
(one-way screen through which observations were made), (10) shelf (in front of the
sliding door).
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Table A1
Results from a post hoc comparison of a linear mixed model with individual as random effect and trial, treatment group and their interaction as ﬁxed effects

Control group
Trial 2 vs 1
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 3 vs 1
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 3 vs 2
Activity
No. of objects
Bill brightness
Plasma T
Joint
Testosterone treatment group
Trial 2 vs 1
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 3 vs 1
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 3 vs 2
Activity
No. of objects
Bill brightness
Plasma T
Joint
Within trials
Trial 1
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 2
Activity
No. of objects
Bill brightness
Plasma T
Joint
Trial 3
Activity
No. of objects
Bill brightness
Plasma T
Joint

c2

df

P

bSE

3.058
0.054
6.129
1.608
10.43

1
1
1
1
4

0.080
0.816
0.013
0.205
0.034

0.3480.199
0.0420.179
0.4010.162
0.1680.033

0.358
0.464
15.49
0.025
17.42

1
1
1
1
4

0.550
0.496
<0.001
0.874
0.002

0.1190.199
0.1220.179
0.6370.162
0.0210.133

5.508
0.201
2.133
2.035
11.77

1
1
1
1
4

0.019
0.654
0.144
0.154
0.019

0.4660.199
0.0800.179
0.2360.162
0.1890.133

1.011
0.830
14.11
248.7
255.2

1
1
1
1
4

0.315
0.362
<0.001
<0.001
<0.001

0.2000.199
0.1630.179
0.6080.162
2.0900.133

1.342
2.095
63.41
131.4
186.5

1
1
1
1
4

0.247
0.148
<0.001
<0.001
<0.001

0.2300.199
0.2590.179
1.2890.162
1.5190.133

4.683
0.288
17.70
18.55
44.34

1
1
1
1
4

0.030
0.592
<0.001
<0.001
<0.001

0.4300.199
0.0960.179
0.6810.162
0.5710.133

0.805
0.083
0.062
0.367
1.602

1
1
1
1
4

0.370
0.773
0.803
0.545
0.808

0.187
0.470
15.52
197.5
212.4

1
1
1
1
4

0.665
0.493
<0.001
<0.001
<0.001

0.1300.300
0.2090.305
0.9480.241
2.0090.143

0.307
0.544
60.07
129.5
185.2

1
1
1
1
4

0.580
0.461
<0.001
<0.001
<0.001

0.1660.300
0.2250.305
1.8650.241
1.6270.143

0.2780.300
0.0880.305
0.0600.241
0.0870.143

Trial differences within the control group, trial differences within the testosterone treatment group and treatment group differences within trials are shown. Signiﬁcant P
values are indicated in bold.

