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While the prevalence of animal personalities has become apparent in recent years, the importance of
animal personalities in determining the outcome of sexual selection remains imperfectly understood. In
particular, there are few data on whether repeatable personality differences among males are associated
with repeatable outcomes of male–male interactions within the mating context. Using the bluefin
killifish, Lucania goodei, we examined the repeatability of individual differences in mating behaviours
and the stability of dominance rank, which partially determines mating success in this species. The
expression of male behaviours in competition between males and female courtship was significantly
repeatable over a 5-week period; the number of aggressive behaviours to males and females, and the
number of courtship bouts had significant repeatabilities of 0.71, 0.72 and 0.65, respectively. A male’s
personality or behavioural type within the mating context, as measured by a composite measure of the
overall level of mating behaviour activity, was significantly repeatable at 0.75. Males showed repeatable,
linear dominance hierarchies, and a male’s rank in the hierarchy was highly correlated with his
behavioural type. Neither behavioural type nor dominance rank was associated with body size or body
condition. The repeatability of behavioural types and stability in the outcomes of aggressive interactions
suggest that these behavioural phenotypes are inherent characteristics of individuals rather than short-
term responses to recent social experience or daily levels of food or stress, and may potentially have an
early environmental and/or genetic basis.
� 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Consistent differences among individuals in behaviour have
been documented in many animals (reviewed in: Clark & Ehlinger
1987; Gosling 2001; Sih et al. 2004a, b; Réale et al. 2007). Not only
has the expression of a wide variety of behaviours been shown to be
repeatable (reviewed in: Bell et al. 2009), but more general
measures of personality or behavioural type, which summarize
suites of correlated behaviours within or across contexts for
a particular individual, have also proven repeatable (e.g. Sinn &
Moltschaniwskyj 2005; Svartberg et al. 2005; Boon et al. 2007;
Martin & Réale 2008). The repeatability of the traits that contribute
to an individual’s behavioural type can extend over a period of days
(Sinn & Moltschaniwskyj 2005), months (Kralj-Fišer et al. 2007) or
years (Réale et al. 2000). When behavioural types are repeatable
and stable, individual behaviours are not expressed independently
of one another, and when there are consequences for fitness of
exhibiting different behaviours, the associations among individual
behaviours that give rise to behavioural types can create a complex
pattern of direct and indirect selection (Price & Langen 1992; Sih
et al. 2004a, b; Sih & Bell 2008). Recent theory on the adaptive
nimal Biology, University of
ana, IL 61801, U.S.A.
ee).
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evolution of personalities has linked consistent behavioural
differences to life history trade-offs (Stamps 2007; Wolf et al. 2007)
as well as more generally to frequency-dependent benefits and an
individual’s behavioural history or state (Dall et al. 2004; Wolf et al.
2008). In addition, behaviours may be associated because of genetic
and/or physiological constraints (Sih et al. 2004a, b; McGlothlin &
Ketterson 2008). Although in many cases we do not know the exact
target of selection, it is evident that repeatable behavioural differ-
ences among individuals can have important fitness consequences
(reviewed in: Dingemanse & Réale 2005; Réale et al. 2007; Smith &
Blumstein 2008).

Understanding the fitness consequences of repeatable behav-
ioural types becomes more challenging when social interactions
among individuals affect fitness. This is particularly interesting in
the context of sexual selection, especially when interactions among
individuals determine access to mates or breeding sites or when
females choose among males on the basis of male–male interac-
tions. In these cases, it is critical to determine whether the
repeatability of behavioural types and individual behaviours is
associated with repeatable outcomes during male–male interac-
tions and sexual selection. We know less about this issue than
might be expected. This lack of knowledge is due, in part, to the fact
that dominance is often associated with body size or prominent
morphological variation in many systems. For example, processes
d by Elsevier Ltd. All rights reserved.
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that determine the outcome of aggressive interactions such as the
assessment of opponent traits or resource-holding potential, self-
assessment of condition or resource-holding potential, individual
recognition, winner–loser effects and repeatable behavioural types
are often based, at least initially, on differences between individuals
in body size, morphology or colour (e.g. beetles: Pomfret & Knell
2006; birds: Verbeek et al. 1996; Pryke & Griffith 2006; crusta-
ceans: Pavey & Fielder 1996; fish: Whiteman & Côté 2004; Dijkstra
et al. 2005; lizards: López & Martı́n 2001; Calsbeek & Sinervo 2002;
mammals: Favre et al. 2008). These effects make it difficult to
distinguish the influence of morphological variation on the reso-
lution of aggressive interactions from the influence of behavioural
variation and the influence of behavioural types.

The bluefin killifish, Lucania goodei, is well suited for examining
the stability of behavioural type and the resolution of aggressive
interactions. In this species, the outcome of pairwise interactions is
determined by a male’s behavioural type, or level of behavioural
expression within the mating context, rather than his size or colour
phenotype (McGhee et al. 2007). It is unclear whether this result
generalizes to the outcomes of pairwise interactions between
members of a larger group, as would unfold in nature. Specifically,
we do not know whether an individual’s behavioural type and
dominance rank are stable over time and across interactions and
thus might predict the broader outcome of sexual selection in
a population.

The bluefin killifish is a freshwater fundulid found in springs and
river drainages of the southeastern United States. While females are
silver and cryptic, males are colourful, with a conspicuous poly-
morphism consisting of various combinations of red, yellow and
blue on their dorsal, anal and pelvic fins. Males defend areas of
aquatic vegetation from other males, and spawning with females
occurs in these territories (Foster 1967; Fuller 2001). Males and
females do not show behaviours associated with parental care and
engage in opportunistic filial cannibalism (Fuller & Travis 2001).

In this study, we investigated the repeatability of behaviours
expressed in the context of mating, their contribution to repeatable
behavioural types, and whether repeatable behavioural expression
is associated with repeatable outcomes to pairwise interactions and
the formation of dominance ranks. Specifically, this study
addressed three critical questions. (1) Do behavioural interactions
between males result in the formation of a dominance hierarchy?
(2) Are a male’s behavioural expression and behavioural type
repeatable over time? (3) Is a male’s behavioural type correlated
with his relative dominance rank?

METHODS

We collected adult fish by dipnet and seine from the Wakulla
River (Wakulla County, FL, U.S.A.) in June 2005 and maintained
them in the laboratory for at least 1 week prior to use. We matched
females and males randomly, and maintained each pair in a 38-litre
tank (25 � 50 and 29 cm deep) with a yarn mop for shelter and
spawning. The sides of these male–female housing tanks were
covered with black opaque plastic to prevent behavioural interac-
tions between fish from neighbouring tanks. Fish were fed frozen
Artemia daily and kept on a 14:10 h light:dark cycle.

We chose eight males randomly with respect to size and colour
pattern, and assigned them random letters. We then determined
the relative male dominance rank for those males by conducting
dyadic trials between all possible combinations of the eight males,
resulting in a total of 28 trials (see details below). Trials between
male pairs were conducted in a random order based on blindly
drawing male letters out of a bowl. This balanced round-robin
design allowed us to assess each male’s rank relative to all other
males under similar conditions. Rankings resulting from these
dyadic trials correspond well to the rankings resulting from a group
trial consisting of several males interacting simultaneously (K.E.M.,
unpublished data). Approximately 5 weeks later, during which time
males were housed separately in aquaria with a single female, we
reassessed male dominance status for the same eight males in the
same manner in a random order with respect to male pair. The
entire experiment was repeated with a second group of eight
randomly chosen males. Thus, we assessed dominance and recor-
ded behaviours for two different groups of eight males that were
each tested twice over time for a total of 112 dyadic trials. To ensure
no bias in assigning dominance status, relative male dominance
rank within each group and the linearity of the hierarchies for
either time were not determined until after the completion of the
entire experiment.

We conducted a maximum of four dominance trials a day
between 0800 and 1200 hours in large 114-litre tanks (30.5 � 75
and 45 cm deep) with two yarn mops and gravel substrate. Each
male was tested only once in a single day. We randomly drew male
letters to determine the identity of the males within a testing pair.
All males were usually tested once every 24 h. We assigned each
male to one of two transparent cylindrical holding containers in the
tank by coin toss and left them to acclimate for a minimum of
30 min. Interaction with a female is necessary for bluefin males to
show full aggressive interactions (McGhee et al. 2007), so all male
pairs were tested with a gravid female. To ensure the presence of
fresh eggs, we isolated gravid females in 38-litre tanks 2 days
before being used in an experimental trial. A total of 34 females
were used as stimuli and reused based on their ripeness; we never
used females that had been housed with one of the trial males. In
each trial, we released the gravid female into the tank 10 min
before releasing the acclimated males from their holding
containers. After 10 min of the female swimming freely throughout
the tank, we released both males simultaneously and removed the
holding containers from the tanks. We began the 15 min trial once
both males emerged from the yarn mops and interacted with each
other.

One of us (K.E.M.) visually observed the behaviour of the fish in
real time while recording behaviour counts on data sheets. All male
aggressive behaviours (fin flares, chases, attacks and circle fights)
and courtship behaviours were recorded for 15 min (for description
of behaviours, see below; Foster 1967). Fin flares consist of a male
moving sideways towards another individual, often curving his
body, while spreading both dorsal and anal fins. Chases consist of
a male chasing another male with a brief burst of speed. Attacks
consist of one male rapidly lunging at another individual and
striking it with his head. We calculated the total number of
aggressive behaviours directed towards the other male in the trial
(sum of fin flares þ chases þ attacks) as well as the total number of
aggressive behaviours directed towards the female in the trial (sum
of fin flares þ attacks). We have previously found that aggression
towards males and females are positively correlated and may
represent a cost to females of associating with aggressive males
(McGhee et al. 2007). In terms of courtship behaviours, we recor-
ded the number of courtship bouts. Each courtship bout consists of
a combination of two behaviours performed by the male: head-
flicks below or in front of the female and courting circles around or
in front of the female.

Within a trial, males were categorized as dominant/subordinate,
unknown or tied. In the vast majority of trials with aggressive
interactions, one male emerges as the dominant male and the other
male emerges as the subordinate male (McGhee et al. 2007). We
determined this ranking based on the outcome of three types of
male interactions, not the number of aggressive behaviours. We
considered a male dominant when the flaring of his dorsal and anal
fins and curving of his body towards the second male caused the



Table 1
Spearman rank correlations between male dominance rank (David’s score) and male
traits in bluefin killifish

Trait Male rank, time 1 Male rank, time 2

Group 1 Group 2 Group 1 Group 2

Standard length (mm)
rS �0.580 0.073 0.045 0.108
P 0.131 0.864 0.916 0.798

Body condition*

rS dy dy �0.683 �0.262
P dy dy 0.062 0.531

Behavioural type (PC1)z
rS 0.635 0.952 0.838 0.976
P 0.091 <0.001 0.009 <0.001

N ¼ 8 for each group. P values in bold were significant after correcting for multiple
tests using the sequential Dunn–Šidák method (k ¼ 10).

* Residuals of a log-transformed standard length on log-transformed weight
regression.
y To minimize fish handling, weights were not measured at time 1.
z Derived from the PCA done on the covariance matrices for each group and each

time separately on the log-transformed data (Table 2).
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second male to lower his fins and/or retreat. We also considered
a male dominant when he attacked the second male, resulting in
this second male retreating. Finally we considered a male dominant
when he won ‘circle fights’ that ended with the second male
retreating with fins lowered. Circle fights consist of males lining up
head to tail and rapidly lunging at each other while moving towards
the surface. When there were no aggressive interactions between
males within a trial, we assigned both males ‘unknown’ scores.
When dominance status switched back and forth between the
males in a trial and did not stabilize, we assigned males ‘tie’ scores.
After completion of a trial, we measured the standard length of all
males (tip of head to end of caudal peduncle) to the nearest 0.5 mm
and returned males to their separate aquaria with their female
partner.

After approximately 5 weeks, we retested all of the males
against one another (time 2) following the same protocol described
above for time 1 in a different, random order. This allowed us to
investigate whether a male’s relative dominance rank, behavioural
expression and behavioural type changed from time 1 to time 2.
Note, however, that the mating season for this particular pop-
ulation in the field is substantially longer than 5 weeks and extends
over several months, beginning in early spring and ending in mid-
autumn (K.E.M., personal observation). After the final dyadic trial,
we measured the standard length and wet weight of all males.

To ensure that low-ranking males were not behaviourally
sterile, we examined all male–female pair tanks for eggs for 1 week
after the final dyadic trial. We found fertilized eggs in all male–
female pair tanks; thus, all males were capable of successfully
mating and fertilizing eggs when allowed to interact with a female
uninterrupted.

While prolonged attacks and fights can cause torn fins and
bruising (K.E.M., personal observation), the trials used in this study
were of short duration to ensure that no males were injured. In
addition, all test tanks had yarn mops and PVC tubes for shelter. All
wild-caught females were returned to the capture site. The males
were euthanized with an overdose of MS222 to collect additional
morphological measurements (K.E.M., unpublished data). This
study was approved by the Animal Care and Use Committee at
Florida State University (Protocol No. 0003).

Statistical Analysis

Dominance rank
The balanced design eliminated many of the difficulties often

associated with determining dominance from field observations
(e.g. overrepresentation of particular dyadic combinations, missing
information, different male experiences). To test whether males
showed a linear dominance hierarchy, we calculated Kendall’s
coefficient of consistency (K), Landau’s h and the number of circular
triads (d) using the methods described by de Vries (1995) to
account for the occurrence of ties and unknown dominance scores.
Using these methods, K and h are equivalent and range from 0 to 1,
with 1 indicating complete linearity. Corresponding P values were
obtained from Table 1 in Appleby (1983) and from Appendix Table 9
in Kendall & Dickinson Gibbons (1990).

We used David’s score (David 1988) to calculate a rank for each
male based on the outcome of his interactions with the other seven
males in his group at each time. David’s score calculates a domi-
nance rank for each individual based on the proportion of its wins
and losses within each dyad, accounting for the proportion of wins
and losses by opponents (David 1988; Gammell et al. 2003). David’s
score was created with paired comparisons in mind, and when each
dyad has an equal number of interactions, as is the case here, it has
the desirable property of reducing to row-sum scoring (Gammell
et al. 2003). In this particular study, a male with a David’s score of
14 won every encounter and was the top-ranking, most dominant
male, while a male with a David’s score of�14 lost every encounter
and was the lowest-ranking, least dominant male. We used
Spearman rank correlations to examine whether males retained
their rank within the hierarchy over time. Specifically, we tested
whether male ranks at time 1 were significantly correlated with
ranks at time 2, 5 weeks later. We also used Spearman rank
correlations to test for a relationship between dominance rank and
two morphological traits: standard length and body condition. We
calculated the measure of body condition from the residuals of
a least-squares linear regression of log-transformed standard
length (independent variable) on log-transformed wet weight
(dependent variable).

Behavioural stability and dominance rank
Male behaviour within the mating context can be classified into

three types of behaviour, of which two are sums of related indi-
vidual behaviours: (1) aggression towards males (sum of fin flares,
chases and attacks), (2) aggression towards females (sum of fin
flares and attacks) and (3) courtship (number of courtship bouts).
First, we investigated the temporal stability of the expression of
these three types of male behaviours. We examined whether the
average number of aggressive behaviours that a male directed
towards the seven males in his group at time 1 was correlated with
the average number that he directed towards those same males at
time 2 using Pearson correlations on log-transformed data. We did
the same thing for the average number of aggressive behaviours
directed towards females across the seven trials as well as the
average number of courtship bouts across the seven trials. We
added one to all of our count data prior to log transformation to
account for zero values. Our use of the term ‘stability’ in dominance
rank, behavioural expression and type refers to both the patterns of
consistency at the individual level (or differential consistency) from
time 1 to time 2 and the resulting consistency among individuals in
rank order differences from time 1 to time 2 (Roberts et al. 2001).

Because the three types of behaviours measured in males were
strongly correlated with one another and because we were inter-
ested in a general personality measure, we used principal compo-
nents analysis (PCA) on the average behavioural data for each male
for these three types of behaviours to derive composite behavioural
type scores for each male. The average behavioural data for each
male was calculated by averaging a male’s behaviour across the
seven males that he was tested against in his group. These averages
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Figure 1. Repeatability of male dominance rank (David’s score) over time. Each symbol
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were then log-transformed after adding one to all the count data to
account for zero values, and the PCA was conducted on this
transformed behavioural data. Since the variables were measured
on comparable scales, we used the covariance matrix to calculate
the principal components rather than the correlation matrix. To
test whether dominance rank (David’s score) was significantly
correlated with behavioural type, we calculated the principal
components for each group and each time separately (four PCAs).
We then used Spearman rank correlations to test for significant
correlations between dominance rank (David’s score) and the first
principal component (PC1), or the behavioural type. We did sepa-
rate correlations for each male group and each time using the
appropriate PC1.

Even though we did not determine dominance from counts of
aggressive behaviours, one could argue that any association
between counts of aggressive behaviours from individuals or PC
scores derived from weighted sums of those counts and dominance
rank (David’s score) of those same individuals is circular in origin.
To account for this dilemma we performed an analysis analogous to
statistical cross-validation. For each male group at each time, we
estimated the linear regression of David’s score on PC1. Each of
these four regressions translated a score on PC1 to a predicted
dominance rank (David’s score). We then inserted the PC1 scores
for group 2 at the comparable time (first or second round-robin)
into the equation derived for group 1 to generate a prediction for
dominance rank of males in group 2 based on the relationship
estimated from group 1. Similarly, we inserted the PC1 scores for
group 1 at the comparable time into the equation derived for group
2. Finally, we examined whether the predicted dominance ranks of
the males in each group were correlated with their observed
dominance ranks. A positive correlation indicates that behavioural
variation in one group of males can predict dominance rank in the
other, or put another way, that successful predictions of dominance
rank can be made from the results of contests among different
individuals displaying the same range of behaviours. This analysis
does not allow us to determine cause and effect.

Behavioural repeatability
Repeatability estimates (intraclass correlation coefficient)

enable us to examine individual consistency in behavioural
expression within a particular context over time and are a useful
starting point for investigating the genetics of behaviour by esti-
mating an upper limit to heritability (Boake 1989). First, we
examined the repeatability of the three types of behaviours shown
within the mating context (aggression towards males, aggression
towards females and courtship) from a nested ANOVA with males
nested within group (Lessells & Boag 1987). Group and male nested
within group were considered random factors. This method
accounts for variation that may be due to male group.

Second, we examined the repeatability of an individual’s
behavioural type within the mating context. To determine
whether the structures of the covariance matrices among the
three types of behaviours were similar across times within
a group of males as well as across all times and groups, we per-
formed common principal component (CPC) analysis using the
hierarchical Flury approach (Phillips & Arnold 1999). If the struc-
tures of the covariance matrices differ significantly between times
and between male groups, calculating PCs based on pooled group
and time data is not justified. We examined whether time 1 and
time 2 had similar covariance matrices for each group (comparing
two matrices per group), as well as whether all groups at all times
had similar covariance matrices (comparing four matrices). Para-
metric log-likelihood ratio tests were used to compare the
matrices using the step-up approach with the program CPC
(Phillips 1998).
After ensuring equality among the covariance matrices, we
again used principal components analysis to derive a composite
behavioural type score based on the average behavioural data for
each male for the three types of behaviours using the covariance
matrix, but this time we pooled all of the log-transformed behav-
ioural data (both male groups and both times) after adding one to
all counts. Data were pooled for this analysis to provide a conser-
vative estimate for repeatability that incorporated variance among
times and among groups as well as to ensure that comparisons over
time were on the same scale. We then calculated the repeatability
of a male’s behavioural type (PC1 from the pooled data) from
a nested ANOVA, with males nested within group as described
above. Approximate standard errors were calculated for all
repeatability estimates as described in Becker (1992).

Contest Duration and Intensity

To reduce the costs of unnecessary aggressive interactions when
the outcome is known, individuals should decrease the duration
and intensity of aggression in repeated interactions (Pagel &
Dawkins 1997). To test whether the duration and intensity of
aggressive interactions differed between time 1 and time 2, we
performed two-sample paired t tests. We examined whether
interactions at time 1 differed from those at time 2 in how quickly
dominance was established as well as the number of aggressive
behaviours that males directed to one another during the trial by
subtracting the time 2 values from the time 1 values. Outcomes not
differing significantly from zero would indicate no difference in the
duration and intensity of aggression between time 1 and time 2.

Winner–Loser Effects

In some systems the very act of winning (or losing) may result in
an individual being more likely to win (or lose) their next
encounter, resulting in a sort of feedback loop with winners
continuing to win and losers continuing to lose (reviewed in: Hsu
et al. 2006). Although this experiment was not specifically designed
to investigate winner–loser effects, we were able to examine them
a posteriori using a subset of the data. If winner effects were
present, we hypothesized that winning an encounter with the most
subordinate male of the group would result in individuals being
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Figure 2. Correlation between male behaviours at time 1 and time 2. Each point
represents the average behaviour of one male across his interactions with the other
seven males of his group (� SE). All values have one added to them to account for zero
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more likely to win their next encounter. If loser effects were
present, we hypothesized that losing an encounter with the most
dominant male of the group would result in individuals being more
likely to lose their next encounter. For this analysis, we compared
whether individuals were more likely to win or lose the encounters
immediately following encounters with the most dominant or most
subordinate males of the group using a G test and correcting for
small sample sizes (Sokal & Rohlf 1995). We pooled both groups of
males but restricted our analysis to second encounters that
occurred in less than 48 h.

Since the males of each group were chosen at random from the
field, we are confident that the two groups of eight males were
simply random subsets of males from the population and that the
important variable to examine was that of the individual male
(N ¼ 16) rather than that of group (N ¼ 2). Since the groups were
indistinguishable statistically, we pooled them for most analyses.
Where appropriate, we did include group in our statistical analyses
to account for possible variation due to group.

In all analyses, we report the unadjusted P values. To reduce the
probability of committing a type I error by performing multiple
tests, we used the Dunn–Šidák method for sequential comparisons
when needed (Sokal & Rohlf 1995). We performed all analyses
using SAS software, version 9.1 (SAS Institute, Cary, NC, U.S.A.).

RESULTS

Dominance Rank

In the majority of trials, male dominance rank was determined
unequivocally (100 of 112 trials) and there were few ties (3 of 112)
or unknown scores (9 of 112). Dominance was determined quickly
after relatively few behavioural displays (mean � SE for groups and
times pooled ¼ 2.6 � 0.4 behaviours, N ¼ 32). Males formed a tight
linear dominance hierarchy; Kendall’s coefficient of consistency (K)
and Landau’s h, corrected for unknown relationships, were highly
significant in both group 1 (time 1: K0 ¼ h0 ¼ 0.964, d0 ¼ 0.75, N ¼ 8,
P < 0.001; time 2: K0 ¼ h0 ¼ 0.888, d0 ¼ 2.25, N ¼ 8, P ¼ 0.003) and
group 2 (time 1: K0 ¼ h0 ¼ 0.905, d0 ¼ 2, N ¼ 8, P ¼ 0.002; time 2:
K0 ¼ h0 ¼ 0.893, d0 ¼ 2.25, N ¼ 8, P ¼ 0.002). The probability of
incorrectly diagnosing a linear hierarchy in groups of eight due to
chance is miniscule (P < 0.0001; Appleby 1983).

Males retained their relative dominance rank across time; male
dominance rank at times 1 and 2 were significantly positively
correlated for both groups (Spearman rank correlations for group 1:
rS ¼ 0.97, N ¼ 8, P < 0.001; and group 2: rS ¼ 0.93, N ¼ 8, P < 0.001;
Fig. 1). Rank was not correlated with standard length or body
condition (Table 1). The range of male sizes was 28.5–35 mm at
time 1 and 31–36 mm at time 2.

Behavioural Stability and Dominance Rank

Males varied widely in the expression of the three types of
behaviours, with the variation among individuals for each one
ranging over an order of magnitude (Fig. 2). Male behaviour was
significantly stable over time. The average amount of aggression
that a male directed across the seven males that he interacted with
at time 1 was significantly positively correlated with the average
amount of aggression that he directed at time 2 (Pearson correla-
tion: r14 ¼ 0.776, P < 0.001; Fig. 2a). This was also the case for the
values and are plotted on a log scale. (a) Average number of aggressive behaviours to
the other male (fin flares þ chases þ attacks), (b) average number of aggressive
behaviours to the female (fin flares þ attacks) and (c) average number of courtship
bouts.



Table 2
Structure coefficients for the principal components for each group and time based on the covariance matrices

Time 1 Time 2

Group 1 Group 2 Group 1 Group 2

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

No. of aggressive behaviours towards malesy
Pearson r 0.900** 0.347 0.969** �0.160 0.953** �0.282 0.942** 0.27
Eigenvalue 0.541 0.582 0.658 �0.348 0.663 �0.657 0.569 0.495

No. of aggressive behaviours towards femalesz
Pearson r 0.830* 0.346 0.937** �0.243 0.932** �0.001 0.954** 0.193
Eigenvalue 0.396 0.461 0.520 �0.431 0.473 �0.001 0.565 0.344

No. of courtship boutsx
Pearson r 0.951** �0.307 0.902** 0.431 0.927** 0.359 0.913** �0.407
Eigenvalue 0.742 �0.669 0.544 0.832 0.579 0.753 0.596 �0.798

Cumulative variance explained
0.835 0.942 0.882 0.968 0.883 0.961 0.874 0.971

*P < 0.05, not significant after correcting for multiple tests; **P < 0.01, significant after correcting for multiple tests using the sequential Dunn–Šidák method (k ¼ 24).
y Log(fin flares þ chases þ attacks þ 1).
z Log(fin flares þ attacks þ 1).
x Log(courtship bouts þ 1).
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average amount of aggression shown towards females (r14 ¼ 0.808,
P < 0.001; Fig. 2b) and the average number of courtship bouts
(r14 ¼ 0.751, P < 0.001; Fig. 2c).

The three types of behaviours were tightly positively correlated
across individuals, and the major source of individual variation was
the overall expression level of these three types of behaviours
(Table 2). Across the groups and times, this first principal compo-
nent within each set of observations accounted for 83–88% of the
overall behavioural variation (Table 2). We can think of this first
principal component (PC1) as an individual’s behavioural type
within the mating context and it represents how intensely an
individual displays the three types of behaviours associated with
mating or the level of mating behaviour activity (we have previ-
ously used the term ‘behavioural activity level’ for this same PC1:
McGhee et al. 2007). The second principal component was not
statistically significant in any combination of group and time (Table
2) and accounted for only 7–11% of the additional overall variance
among individuals.

A male’s rank in the dominance hierarchy was positively
correlated with his mating behaviour activity or behavioural type
(PC1) (Fig. 3, Table 1). To be specific, males with elevated levels of
mating behaviour activity had higher dominance ranks (and vice
versa). These correlations were strong, ranging from 0.63 to 0.97.
The predicted ranks generated from the PC1 of one group were
significantly correlated with the observed ranks within the other
group for both groups (Spearman rank correlation: group 1, time 1:
rS ¼ 0.95, N ¼ 8, P < 0.001; group 1, time 2: rS ¼ 0.99, N ¼ 8,
P < 0.001; group 2, time 1: rS ¼ 0.79, N ¼ 8, P ¼ 0.021; group 2, time
2: rS ¼ 0.92, N ¼ 8, P ¼ 0.001). Thus, an individual’s behavioural
type can predict another individual’s relative ranking within
a group with no explicit knowledge of the dominant/subordinate
relationships from the specific interactions.

Behavioural Repeatability

Individual behaviours were highly repeatable. Male groups
against which males were tested did not differ in the range of
individual behaviours or behavioural types. The repeatability of
aggression towards males and females was estimated at 0.71 and
0.72, respectively, and the repeatability of courtship behaviour was
estimated at 0.65 (Table 3).

Comparison of the structure of the covariance matrices using
CPC indicated that the null hypothesis of equality among the
matrices could not be rejected for any of the comparisons (group 1,
time 1 versus time 2: c1

2 ¼ 0.800, P ¼ 0.371; group 2, time 1 versus
time 2: c1

2 ¼ 3.516, P ¼ 0.061; all 4 matrices pooled: c3
2 ¼ 7.354,

P ¼ 0.061). Thus, the structure of the covariance patterns between
the different types of behaviours across time and male group was
essentially the same, and pooling groups and times in a single PCA
did not result in major changes to the covariance patterns. In the
PCA of the pooled data, male behaviours were again tightly corre-
lated among individuals, and the major source of individual varia-
tion was the overall level of mating behaviour activity, which
accounted for 85% of the overall behavioural variation (Table 4).
Each of the three types of behaviour was positively associated with
the score along the first component. The number of courtship bouts
was positively associated with the score along the second principal
component, but PC2 accounted for only 10% of the additional
overall variance among individuals.

As with the individual behaviours, the behavioural type (PC1
calculated from the pooled data) for time 1 was significantly posi-
tively correlated with that at time 2 (Pearson correlation: r14 ¼ 0.855,
P < 0.0001; Fig. 4). The repeatability of the behavioural type (PC1 for
pooled data; Table 4) was estimated at 0.75 (Table 5).

Contest Duration and Intensity

Despite the highly stable order of dominance, dominance was
not established more rapidly the second time males encountered
one another. There was no significant difference between times 1
and 2 in how long it took dominance to be established between
a pair in either group 1 (mean � SE: time 1: 4.8 � 1.1 min; time 2:
3.4 � 0.8 min; paired t test: t24 ¼ 0.972, P ¼ 0.341) or group 2 (time
1: 3.0 � 0.7 min; time 2: 4.8 � 1.1 min; paired t test: t23 ¼ �1.391,
P ¼ 0.178). The difference between males of a pair in the amount of
aggression they showed towards one another (male 1�male 2) also
did not differ significantly between times 1 and 2 in either group 1
(time 1: 5.1 � 4.8 behaviours; time 2: 4.3 � 9.2 behaviours; paired t
test: t27 ¼ 0.092, P ¼ 0.927) or group 2 (time 1: �4.5 � 3.7 behav-
iours; time 2: �13.4 � 6.1 behaviours; paired t test: t27¼ 1.250,
P ¼ 0.222).

Winner–Loser Effects

Whether individuals won or lost their next encounter was
independent of whether they had lost the previous encounter to
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Figure 3. Correlation between male dominance rank (David’s score) and behavioural
type (PC1, the level of mating behaviour activity) for (a) time 1 and (b) time 2. The PC1
is that derived from the analyses done on the covariance matrices of each group and
each time separately (Table 2). Dashed trendline is for group 1 males; solid trendline is
for group 2 males. Note that overlapping symbols at time 2 are slightly staggered for
viewing.
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the most dominant male or won the previous encounter with the
most subordinate male at both times (time 1: Gadj,1 ¼1.086, N ¼ 22,
P ¼ 0.297; time 2: Gadj,1 ¼1.072, N ¼ 21, P ¼ 0.301).
DISCUSSION

In this study we found that behavioural interactions between
males resulted in the formation of a dominance hierarchy and that
a male’s relative dominance rank was stable over time (Fig. 1;
Question 1). We also found that male expression of behaviours used
in both male–male competition and female courtship was
remarkably stable across interactions (Fig. 2) and repeatable over
time (Table 3), as was a male’s behavioural type (Fig. 4, Table 5;
Question 2). In addition, a male’s behavioural type was correlated
with his relative dominance rank within a group of males (Fig. 3,
Table 1; Question 3).
In contrast to a number of studies, we can eliminate differences
between individuals in body size or body condition as accounting
for the consistent dominance rank and behavioural differences
between individuals (Table 1). This is surprising considering the
large number of studies that have found male size to be a good
predictor of dominance, particularly in fishes (e.g. Forsgren 1997;
Wong 2004; Reichard et al. 2005; but see McGhee et al. 2007).
Instead the behavioural differences between individuals seem to be
traits themselves; stable within individuals and independent of
their morphology. This result may have implications for hypotheses
regarding the relationship between behavioural type and growth
rate or size-dependent physiological mechanisms (Stamps 2007;
Careau et al. 2008).

While our data cannot address the source(s) of these behav-
ioural differences, they suggest that these differences are not driven
by feedback from recent social interactions. Two lines of evidence
bolster this assertion. First, previous encounters with an individual
did not significantly affect a male’s behaviour in subsequent
encounters with that same individual. Although relative domi-
nance rank between two individuals was established in the first
interaction and remained stable in the second interaction, there
was no reduction in aggressive behaviour or in the duration of the
aggressive interaction in the second encounter as one would
predict if a benefit of establishing dominance reduces costly
unnecessary conflicts in the future (e.g. López & Martı́n 2001).
Whether individual recognition exists in this species remains
unknown, and even if it does, it is possible that individuals may not
remember each other by the second encounter 5 weeks later (e.g.
Miklósi et al. 1992) and may need to establish dominance anew.
Second, we did not find evidence for significant winner–loser
effects. Individuals encountered each other, and therefore won/lost
encounters, in a random order at both time 1 and time 2, but the
same dominance hierarchy arose each time. In addition, losing to
the most dominant male and winning against the most subordinate
male did not affect the outcome of subsequent encounters.
However, because this experiment was not specifically designed to
address winner–loser effects, our results should be interpreted
cautiously. Ideally, one would examine these effects by experi-
mentally creating winners and losers (reviewed in: Hsu et al. 2006),
but even so, these data suggest that winner–loser effects are not so
strong as to swamp other influences.

We found a significant correlation between an individual’s
behavioural type (PC1) and its relative dominance rank (Fig. 3).
However, we do not know whether there is a causal relationship
between these variables. Behavioural type and dominance rank as
measured in our study are intimately related and likely to be
inseparable within the mating context, so a cause-and-effect rela-
tionship may be impossible to determine. Nevertheless our study
does suggest that while rank is determined relatively quickly with
few aggressive behaviours (less than three on average), individuals
tend to show the same number of behaviours over the course of
a trial and across trials regardless of the identity (or rank) of their
partner (Fig. 2).

Although behavioural type seems to be a stable characteristic of
individuals, several limitations of our study should be acknowl-
edged. First, we collected adults from the field with variable (and
unknown) aggressive and mating experiences that may have
influenced their behavioural type and/or their likelihood of
becoming dominant. Second, sampling bias of certain behavioural
types may occur in the collection of wild individuals (Biro & Din-
gemanse 2009; Garamszegi et al. 2009) and so the distribution of
behavioural types detected in our study may not match their
distribution in nature. However, we did capture a wide range of
behavioural types; from individuals that displayed aggression and
courtship almost continuously during a trial to individuals that



Table 3
Results from nested ANOVAs showing variation in behaviours between and within groups

Source df Sum of squares Mean square Variance component* F Py no Repeatability (�SE)z

No. of aggressive behaviours to malesx
Male group 1 0.893 0.893 �0.076 0.42 0.526 2
Male nested within group 14 29.535 2.110 0.875 5.87 0.0006 2 0.709 (�0.128)
Error 16 5.755 0.360 0.360
Total 31 36.183

No. of aggressive behaviours to females**

Male group 1 0.279 0.279 �0.074 0.19 0.668 2
Male nested within group 14 20.436 1.460 0.611 6.13 0.0005 2 0.720 (�0.124)
Error 16 3.809 0.238 0.238
Total 31 24.524

No. of courtship boutsyy
Male group 1 3.717 3.717 0.096 1.71 0.212 2
Male nested within group 14 30.415 2.172 0.858 4.77 0.0019 2 0.653 (�0.148)
Error 16 7.295 0.456 0.456
Total 31 41.427

* Type III estimation method.
y Values in bold were significant after correcting for multiple tests using the sequential Dunn–Šidák method (k ¼ 4).
z Approximate standard errors estimated according to Becker (1992).
x Log(fin flares þ chases þ attacks þ 1).

** Log(fin flares þ attacks þ 1).
yy Log(courtship bouts þ 1).
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showed almost no behaviours during a trial. This suggests to us that
we captured the range of behavioural variation present in the
population, including those individuals at the extremes of the
behavioural activity spectrum. Third, outcomes of pairwise
encounters may not reflect the outcomes of larger group dynamics
in the field. Finally, because dominance interactions occurred in
a new testing tank, behavioural differences among individuals may
be a result of habituation differences, which may be an important
component of personality (Careau et al. 2008), but not one we were
specifically examining. It is important to consider these limitations
because a number of studies in birds have shown that behavioural
type affects the outcome of competitive interactions in ways that
depend upon the setting of the encounters (staged pairwise versus
aviary groups versus field) as well as the age of the individuals
(juveniles versus territorial adults) and perhaps the species itself
(Verbeek et al. 1996, 1999; Dingemanse & de Goede 2004; Fox et al.
2009).

While our study clearly shows consistent behavioural type
differences among individuals, it does not tell us how these
differences arise. Indeed, a number of mechanisms could give rise
to consistent behavioural type differences within a population (Sih
Table 4
Structure coefficients for the principal components on the covariance matrix for all
log-transformed data, pooling both groups and both times

PC1 PC2

Average number of aggressive behaviours towards malesy
Pearson r 0.941** 0.226
Eigenvector 0.608 0.419

Average number of aggressive behaviours towards femalesz
Pearson r 0.886** 0.322
Eigenvector 0.472 0.491

Average number of courtship boutsx
Pearson r 0.922** �0.385*
Eigenvector 0.638 �0.763

Cumulative variance explained 0.847 0.950

*P < 0.05, not significant after correcting for multiple tests; **P < 0.0001, significant
after correcting for multiple tests using the sequential Dunn–Šidák method (k ¼ 6).
y Log(fin flares þ chases þ attacks þ 1).
z Log(fin flares þ attacks þ 1).
x Log(courtship bouts þ 1).
et al. 2004a, b; Sih & Bell 2008). Genetic variation could lie beneath
extensive phenotypic variation (reviewed in: van Oers et al. 2005b;
Réale et al. 2007). Exposure to a variety of stressors can influence
the future expression of personality traits (e.g. nutritional quality:
Arnold et al. 2007; rearing conditions: Bolhuis et al. 2004; preda-
tion: Bell & Sih 2007; Dingemanse et al. 2008). Experience in
different social environments can lead to changes in the behaviour
of individuals with certain behavioural types (e.g. van Oers et al.
2005a; Schuett & Dall 2009). We are currently examining the
relative contributions of genetic variation and early experiences of
food level and social environment as potential determinants of
behavioural type in this species.

It can be difficult to discern whether behavioural types or
personality are always evolutionarily meaningful because studies
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Figure 4. Correlation between male behavioural type (PC1) at time 1 and time 2. The
PC1 is that derived from the analyses done on the covariance matrix of the groups and
times pooled (Table 4).



Table 5
Results from nested ANOVA showing variation in behavioural type (PC1) between and within groups

Source df Sum of squares Mean square Variance component* F Py no Repeatability (�SE)z

Male group 1 0.868 0.868 �0.061 0.47 0.505 2
Male nested within group 14 25.917 1.851 0.794 7.03 0.0002 2 0.751(�0.113)
Error 16 4.215 0.263 0.263

Total 31 31.000

PC1 is that derived from the analysis done on the covariance matrix for the pooled log-transformed data (Table 4).
* Type III estimation method.
y Values in bold were significant after correcting for multiple tests using the sequential Dunn–Šidák method (k ¼ 4).
z Approximate standard errors estimated according to Becker (1992).
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often use dramatically different measures. Many studies use the
expression of a single behaviour from a behavioural assay as
a measure of personality (e.g. Réale et al. 2000; Stöwe & Kotrschal
2007; Cote et al. 2008; Pike et al. 2008). Single behaviours are often
highly repeatable (e.g. male aggression) while others are not (e.g.
female choice) (reviewed in: Bell et al. 2009). Other studies use the
sum of several related behaviours (or scores) as their measure of
personality within a particular context. These studies have found
repeatabilities as high as 0.48 in great tits, Parus major (Dingemanse
et al. 2002), and 0.66 in greylag geese, Anser anser (Kralj-Fišer et al.
2007), as well as correspondingly significant heritabilities where
examined (Dingemanse et al. 2002; Drent et al. 2003). Similar to
these studies, we found that summations of both aggressive
behaviours to males (fin flares þ chase þ attacks) and females (fin
flares þ attacks) were highly repeatable (r ¼ 0.71 and r ¼ 0.72,
respectively). Despite being a reasonable measure of personality,
the expression of one behaviour is often correlated with the
expression of other behaviours (Sih et al. 2004a, b), and summation
scores unfortunately do not allow examination of the covariance
between the traits contributing to the overall behavioural type.

Studies that use a composite score (generated from principal
component analysis or discriminant function analysis, for example)
that summarizes a suite of correlated behaviours within a context
may generate more fitting measures of behavioural type, at least
within a population (e.g. Coleman & Wilson 1998; Svartberg &
Forkman 2002; Bell 2005; Boon et al. 2007; Dingemanse et al.
2007; see also John & Srivastava 1999 for a discussion of the Big Five
in the study of human personality). In addition, composite scores
can be constructed without making assumptions about which of
the behavioural traits is most important or under selection, or
which if any of the traits are genetically correlated with one
another. Summarizing behaviours in different contexts by calcu-
lating separate composite scores can also be used to examine
behavioural correlations across contexts and test hypotheses
regarding the existence of behavioural syndromes (e.g. Bell 2005;
Dingemanse et al. 2007). Studies of field-caught individuals have
found several significantly repeatable PCs for one to two different
behavioural contexts, with repeatabilities ranging from 0.23 to 0.68
(Sinn & Moltschaniwskyj 2005; Boon et al. 2007; Dingemanse et al.
2007; Martin & Réale 2008; see also Iguchi et al. 2001; Svartberg
et al. 2005). With this limited number of studies, however, it
remains unclear whether the repeatability of behavioural types
based on composite scores is widespread and meaningful, and
whether the high repeatability we found (0.75) is indicative of
a general pattern or ought to be considered as particularly high.

Interestingly, PCA may represent a first step in exploring the
relationship between the within-individual consistency in behav-
ioural type and the degree to which specific behaviours that
contribute to the behavioural type consistently covary with one
another. Specifically, examining the repeatability of particular PCs
reveals within-individual consistency through time, while exam-
ining the structure of the covariance matrix through time reveals
the extent to which specific behaviours are consistently related to
each other. For example, in this study we found evidence for stable
behavioural types within individuals, as well as stable correlations
among the three types of behaviours across individuals, both of
which are summarized in the repeatability of PC1. Whether similar
factors influence these related aspects and under what conditions
we might expect them to differ has yet to be explored.

Regardless of how they arise or the details of how they are
measured, studies examining behavioural types have found that
they can affect reproductive success (reviewed in: Dingemanse &
Réale 2005; Smith & Blumstein 2008). In particular, an individual’s
behavioural type can affect the outcome of sexual selection by
influencing an individual’s attractiveness as a social or extrapair
mate (Godin & Dugatkin 1996; Both et al. 2005; Garamszegi et al.
2008, 2009; van Oers et al. 2008), their investment into parental
care (Duckworth 2006) and offspring survival (Dingemanse et al.
2004; Duckworth 2006; Boon et al. 2007). In the bluefin system we
have evidence from this study that a male’s behavioural type in the
mating context is correlated with his relative dominance rank
within a group of males and that both are temporally stable. From
previous work we know that this same measure of behavioural type
is positively correlated with mating success in the laboratory
(McGhee et al. 2007), and that the behaviours that contribute to
this measure of behavioural type (aggression and courtship) are
correlated with mating success in the field (Fuller 2001). Thus, both
a male’s behavioural type and dominance rank are likely to be
important in attaining access to females and ensuring reproductive
success, suggesting a strong role for sexual selection in shaping
behavioural type in this species. Whether the continuum of
behavioural types is maintained in bluefin killifish populations by
frequency-dependent selection or trade-offs with behaviours
shown in other contexts (e.g. boldness to predators) remains
untested.
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