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Abstract The ability to recognise kin has been demon-
strated in several animal species. However, the mechanisms
of kin recognition often remain unknown. The most fre-
quently discussed sensory modalities to recognise kin are
visual, olfactory and acoustical cues. Three-spined stickle-
backs (Gasterosteus aculeatus) are able to diVerentiate
between kin and non-kin when presented visual and olfac-
tory cues combined. To elucidate, which cues they use to
recognise kin female sticklebacks were given the choice
between two identical computer animations of courting
stickleback males. Next to one animation, water conditioned
by a brother was added, while near the other, water from an
unrelated male was added. In half of the experiments, the
brother was familiar while in the other half he was unfamil-
iar to the female. Both scenarios were carried out with both
outbred and inbred Wsh. The results showed that the females
adjusted their choice behaviour according to relatedness.
Furthermore, they were able to recognise both familiar as
well as unfamiliar brothers. Inbreeding did not aVect this
ability. Hence, three-spined sticklebacks are able to recog-
nise their relatives using olfactory cues alone. The cognitive
mechanisms underlying this ability were independent from
familiarity and not impaired by inbreeding.
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Introduction

Kin recognition, i.e. the ability to discriminate between
related and unrelated individuals, has been demonstrated
for a whole range of taxa, from social microbes (Dictyoste-
lium purpureum) (Mehdiabadi et al. 2006) to chimpanzees
(Pan troglodytes) (Vokey et al. 2004). Given the number of
studies demonstrating the existence of kin recognition in
various species, it is surprising how little is still known
about the cues animals use to make such discriminations
(see Halpin 1991 for an early review). In general, olfactory,
acoustical or visual cues, alone or in combination, have
been shown to be important. For example, juvenile
zebraWsh (Danio rerio) (Mann et al. 2003) as well as
bluegills (Lepomis macrochirus) (Hain and NeV 2006)
used olfactory cues to identify related individuals during
shoaling decisions. In mate choice, male mice (Mus muscu-
lus) signiWcantly preferred the odour of an unrelated female
to the odour of a sister (Krackow and Matuschak 1991).
Kin recognition using vocal cues was demonstrated in sev-
eral bird species (see Barry and Goth 2006 for an overview)
as well as in lambs (Ovis aries), which responded more fre-
quently to the bleats of their siblings than to those of non-
kin (Ligout et al. 2004). Chimpanzees used similarities in
the faces of related but unfamiliar individuals to recognise
mothers and their sons (Parr and de Waal 1999).

In the context of kin recognition the cognitive mecha-
nisms underlying the receiver’s response to cues produced
by the sender within a communicative interchange often
remain unknown (see Mateo 2004 for an overview). When
siblings remain together for part of their life, familiarity is a
reliable measure of kinship (for a review see Pusey and
Wolf 1996; Lieberman et al. 2007). When, on the other
hand, individuals do not live in family groups, it becomes
important to recognise unfamiliar kin. Holmes and Sherman
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(1982) suggested that such recognition might be based on
“phenotype matching”, in which an individual builds a
template based on cues from familiar, related conspeciWcs,
then uses that template to evaluate the relatedness of an
unknown conspeciWc. Such a mechanism has been demon-
strated for example in golden hamsters (Mesocricetus
auratus) (Heth et al. 1998) and an African cichlid (Pelvi-
cachromis taeniatus) (Thünken et al. 2007). “Self-referent
phenotype matching” (Hauber et al. 2000; Mateo and John-
ston 2000) is a special case of phenotype matching (see
Hare et al. 2003; Mateo and Johnston 2003 for discussion).
In this situation, the individual uses its own cues to build
the recognition template. The use of these diVerent mecha-
nisms of kin recognition may be context-dependent (Mateo
2004; Hain and NeV 2006) and may depend upon the
genetic make-up of the receiver. So, for example in some
situations, inbred animals may lose the ability to recognise
kin because of inbreeding degeneration concerning the
recognition mechanisms (Frommen et al. 2007c). In other
cases, such individuals may show a more pronounced
recognition of kin than their outbred counterparts because it
may be easier for a genetically homogeneous phenotype to
recognise a “like” individual than it is for a heterogeneous
phenotype. Furthermore, selection should be stronger on
inbred individuals to avoid inbreeding since a further
reduction of heterozygosity will produce even stronger
inbreeding depression (Mazzi et al. 2004).

The circumstances in which individuals respond diVer-
ently on the basis of kinship are as diverse as the groups of
organisms, which show the ability to recognise kin (Hepper
1991). In general, situations in which kin recognition is of
importance can be divided into two groups: (1) social inter-
actions like shoaling behaviour, territoriality and aggres-
sion or brood-care, and (2) mating behaviour and the
avoidance of inbreeding. Close inbreeding is known to be
disadvantageous in many animal taxa (e.g. Crnokrak and
RoV 1999; Armbruster and Reed 2005; Kempenaers 2007).
Such “inbreeding depression” has been documented fre-
quently (for a summary of the Wsh database, see Waldman
and McKinnon 1993). One way to avoid inbreeding would
be to recognise relatives and reject them as mates (e.g.
Mateo 2004). Although this mechanism has only been stud-
ied in a handful of vertebrate taxa thus far, the results are
intriguing (for a review see Pusey and Wolf 1996).

Fish are still underrepresented in cognitive research
despite their high potential to answer questions concerning
a wide array of cognitive abilities (Bshary et al. 2002). In
this study three-spined sticklebacks (Gasterosteus aculea-
tus) were used as study species. They are an excellent sys-
tem to study the mechanism of kin recognition for several
reasons: Their use of both visual (e.g. McLennan and
McPhail 1990; Bakker and Milinski 1993; Baube et al.
1995) and olfactory cues (McLennan 2003; Milinski 2006;

RaVerty and Boughman 2006) in mating decisions has been
well documented, as has the importance of olfactory cues to
social recognition (Ward et al. 2004, 2005) and foraging
(Webster et al. 2007). Outbred sticklebacks are able to use
the distinction between either familiar or unfamiliar kin and
non-kin to make shoaling decisions (Frommen and Bakker
2004; Frommen et al. 2007c). The ability to recognise
unfamiliar kin in a shoaling context was lost in inbred Wsh
(Frommen et al. 2007c). Furthermore, outbred as well as
inbred females avoided mating with familiar brothers when
both visual and olfactory cues were presented, although it is
currently unclear whether this result was based on familiar-
ity or on kinship (Frommen and Bakker 2006). Finally,
sticklebacks from the population used in this study indeed
suVer from inbreeding depression. Inbred Wsh had reduced
fertilisation success, egg survival, and fry survival to adult-
hood (Frommen et al. 2008). They also displayed a higher
rate of morphological asymmetries (Mazzi et al. 2002),
which may eVect both brood-caring behaviour (Künzler
and Bakker 2000) and mate choice (Mazzi et al. 2003).

Given the preceding data, this study aimed to answer the
following three questions: (1) do female sticklebacks
recognise kin based solely on olfactory cues? (2) do they
recognise kin independent from direct familiarity? and (3)
if the answer is yes to either one or both of these questions,
does inbreeding inXuence the female’s ability to recognise
kin? The experiments were conducted using olfactory cues
of a familiar/unfamiliar brother and an unfamiliar unrelated
male in combination with two identical computer anima-
tions as visual stimuli (Künzler and Bakker 1998).

Materials and methods

Experimental subjects

Fish from an anadromous, genetically heterogeneous popu-
lation (Heckel et al. 2002) were caught during their spring
migration in April 2002, 2003 and 2004 on the island of
Texel, the Netherlands. Test Wsh were outbred and one or
two generation inbred descendents of these wild-caught
ancestors. Outbred Wsh were the F1 of haphazardly crossed
Wsh. Inbred Wsh were produced through one or two genera-
tions of brother–sister matings. Thus, one generation inbred
Wsh were the F2, and two generation inbred Wsh the F3,
progeny of wild caught Wsh (see Frommen et al. 2008 for
details). Outbred eggs were laid in April and May 2004,
inbred eggs in December 2004 and January 2005. Clutches
were taken out of the nests directly after fertilisation and
divided into two sub-groups that were reared separately,
producing familiar and unfamiliar kin for each of the sib
group. At two months post hatching, group sizes were
reduced to 20 full sibs in each tank (see Frommen et al.
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2007b for details). The holding tanks measured
50 £ 30 £ 30 cm and were separated from each other by
grey opaque partitions. Water in the tanks was cleaned and
aerated through an internal Wlter, and a third of the water
volume was replenished with tap water once a week. Fish
were kept in an air-conditioned room under standardised
winter light-regime (day length 8L:16D, temperature
17 § 1°C). For simulating the start of the breeding season
the light regime was changed to summer-conditions
(16L:8D, 17 § 1°C) 4 weeks before the experiments started
(Borg et al. 2004). During the experiments Wsh were fed
daily on frozen Chironomus spp. larvae.

Computer animation

Stickleback males show multiple traits that make them
attractive to females (Künzler and Bakker 2001; Candolin
2003), such as blue eyes and red throat colouration, body
symmetry, body size and courtship behaviour. It is thus
diYcult to test the inXuence of a single trait on female’s
mating preferences. The use of computer animations in
mate choice helps to eliminate this problem (Künzler and
Bakker 1998; Baldauf et al. 2008), because the researcher
can focus on a single trait while keeping all other factors
constant. In sticklebacks, computer animations are well-
established and worked in diverse studies (e.g. McKinnon
and McPhail 1996; Bakker et al. 1999; Künzler and Bakker
2001; Mazzi et al. 2003, 2004; Zbinden et al. 2003, 2004).
The computer animation used in the present study was a
modiWed version of the one described in detail by Künzler
and Bakker (1998). It consisted of a reoccurring 133 s
sequences of a pale-coloured, courting stickleback male
that was zig-zagging towards the test female and fanning at
his nest (Fig. 1a, b). After each sequence, the computer-
animated male left the arena for 9 s and then reappeared.

Experimental design

Experiments were conducted between September and
November 2006. Mate choice preferences were tested in a
glass tank measuring 45 £ 40 £ 30 cm. The tank was Wlled
with one-day-old tap water and lit by a 36 W Xuorescent
lamp placed 91 cm above the bottom of the tank. Interac-
tions with the environment were prevented by a black cur-
tain tightened around the tank and by placing grey plastic
plates on all sides. Two small windows (7.5 £ 30 cm) on
opposite sides allowed the test female to see the two com-
puter animations. These were shown using two identical
monitors (Sony, Trinitron, Multiscan 200Ps, 1,024 £ 768
Pixel, 85 Hz) (Baldauf et al. 2008) that were placed at a
distance of 2.5 cm from each side (Fig. 2).

In the experiment, a receptive female was given the
choice between two identical computer-animated males.
Water conditioned by a courting brother was added on one
side, water conditioned by an unrelated, courting male was
added on the other. The conditioned water was released
3 mm under the water surface via a peristaltic pump (Isma-
tec, MS-CA4/640) with a Xow rate of 4 ml/min. This
amount of odour-conditioned water was suYcient to cause
a reaction of the female in preliminary experiments (Mehlis
2007). The side at which the odour of the brother was
added alternated between the trials. In half of the experi-
ments the brother was familiar (N = 19) while in the other
half he was unfamiliar to the test female (N = 19). Both sce-
narios were performed with outbred (N = 22) and inbred
Wsh (N = 16). Thus, the total sample size was 38.

The test started by placing a receptive female in the test
tank for an acclimatisation period of 30 min, during which an
empty landscape was shown on the monitors. After 30 min
the two animations were started and the odour was added
simultaneously. Females’ movements were recorded using a
webcam (Creative, Creative Webcam Live!) that was attached
89 cm above the bottom of the tank and connected to a laptop
behind the curtain. After the experiment, the test female was
allowed to spawn with an unrelated male. One female was
excluded from analysis because she failed to spawn within
24 h after the trial. This criterion ensured that the 38 females
used in the analysis were ready to spawn (Bakker et al. 1999;
Mazzi et al. 2003). After each experiment the test tank was
emptied, the whole set-up was cleaned using a 3% solution of
hydrogen peroxide, rinsed with clear water and the test tank
was reWlled with one-day-old tap water. This ensured that
odours from previous tests would not remain to contaminate
the new test water (McLennan 2004).

Producing the olfactory stimuli

Males that showed breeding colouration in the holding
tanks were isolated in separate tanks (40.5 £ 20.5 £ 25 cm).

Fig. 1 Screenshots of the computer animation (see also Künzler and
Bakker 1998). The computer-animated male had a pale red-coloured
throat and slightly blue eyes. The landscape itself was brownish. a The
fanning male near the nest and b the male in front of the test female
after zig-zagging towards her
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Each tank was equipped with an airstone, 2 g of dark-green
wool for nest-building (Schachenmayr nomotta, polyacryl,
colour-no. 0072) cut into pieces of 30 § 10 mm (Schütz
1980), and a petri-dish (Ø 9 cm) Wlled with washed sand.
Before the experiment started the whole set-up was washed
with a 3% solution of hydrogen peroxide, rinsed with tap
water, Wlled with 15 l of one-day-old tap water and covered
from above with transparent plastic sheets so that the tanks
could not be contaminated by air-borne odours (McLennan
2004). The tanks were isolated from each other with grey,
opaque plastic partitions to avoid visual contact between
the males.

All males built their nest within 6 days after introduc-
tion. Water from tanks in which the nest had been Wnished
for at least 8 days was used in the experiments. Two size-
matched males, a brother of the test female and an unre-
lated male were selected. Both were stimulated for 15 min
with an unrelated, receptive female enclosed in a clear plas-
tic box (10 £ 7 £ 17 cm) placed outside in front of the
stimulus tank (Frommen and Bakker 2006). This was done
to increase the production of odours used in courtship.
After stimulation 200 ml of water was drawn from 1 cm
above the nest using a tube and Wlled in a bottle. The tube
and the bottles had previously been cleaned with a solution
of 3% hydrogen peroxide and rinsed with clear water. The
resulting two bottles were connected to the peristaltic pump
and the trial started immediately. Standard length (SL) and
body mass (M) of the males were measured and their condi-
tion factor (CF = 100 M/SL3) (Bolger and Connolly 1989)
was calculated. Brothers and non-brothers did not diVer sig-
niWcantly in SL, M and CF (paired t tests, N = 38, all t
between ¡0.559 and ¡0.112, all p ¸ 0.579).

Analysis

Recordings were analysed for 30 min after the animations
began. On the monitor, choice zones were marked 10 cm in
front of each stimulus monitor (Fig. 2). The measurement
of female choice started as soon as the head of the test Wsh
had entered both choice zones. If the test female did not

enter both choice zones within 10 min, the experiment was
discarded (Frommen and Bakker 2006) (N = 6). Three
females spontaneously spawned during the experiment and
were discarded. Stimulus males of all discarded experi-
ments were used again in a later trial, but females were
excluded from further testing.

Because previous studies only used computer animations
for short time spans (between 2 and 5 min) (e.g. McKinnon
and McPhail 1996; Bakker et al. 1999; Künzler and Bakker
2001; Mazzi et al. 2003, 2004; Zbinden et al. 2003, 2004),
we investigated the eVects of a prolonged exposure to the
images and scent by subdividing the analysis in six blocks
lasting 5 min. The observer was naïve with respect to the
side where the odour of the test Wsh’s relative was added.

Parametric statistics were used as data did not signiW-
cantly deviate from normal distributions according to
Kolmogorov–Smirnov tests with Lilliefors correction. For
analysis, linear mixed eVect models were conducted using
the “lme” function in the “nlme” library of the R 2.4.1
statistical package. The relative time the test female spent
on each side of the test tank during the experiment was used
as dependent variable. Fixed factors were kinship (brother
or non-brother), familiarity (familiar or unfamiliar), and
breeding regime (inbred or outbred). Furthermore, we
included tank side (right or left) to reduce the impact of
any side eVect. Interactions between kinship £ breeding
regime £ familiarity, kinship £ familiarity and kinship £
breeding regime were included. Non-signiWcant factors and
interactions after Bonferroni correction were removed from
the analysis (Engqvist 2005). Tests of signiWcance were
based on likelihood-ratio tests (“LRT”) that follow a �2-dis-
tribution, hence, degrees of freedom always diVered by one.
The test probabilities are two-tailed throughout. Twelve
families provided the test Wsh twice, once in the familiar
and once in the unfamiliar treatment. Eight families pro-
vided two unrelated males, one male in each treatment. All
stimulus males and test females were used only once to
avoid pseudoreplication. Consequently, the inXuence of the
families on the test Wsh’s behaviour was tested prior to the
analysis. Neither the related nor the unrelated family had a

Fig. 2 Experimental set-up. The test female was allowed to choose
between two identical computer animations. In front of the computer-
animated males water conditioned with the odour of a brother or an

unrelated male was steadily added using a peristaltic pump. Choice
zones of 10 cm in front of the monitors used in the analysis are indi-
cated. For a detailed description see “Materials and methods”
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signiWcant inXuence on the test female’s choice (LRT, all
�2 < 3.729, all P > 0.05). Family was, thus, excluded from
further analysis.

Results

Analysing the Wrst 5 min block of the trial indicated that
females spent signiWcantly more time near the odour of the
unfamiliar, non-kin male than near their brother (Table 1,
Fig. 3). This preference switched gradually over the next
25 min, such that females spent signiWcantly more time
near the odour of their brother in the sixth 5 min block
(Table 1, Fig. 3). These results remained signiWcant after

Bonferroni correction with a Bonferroni adjusted �-level of
0.008. Only the tank side additionally inXuenced female
preferences. Neither familiarity (kinship £ familiarity) nor
inbreeding (kinship £ breeding regime) had a signiWcant
eVect (Table 1). The time females spent in both choice
zones combined did not diVer signiWcantly between the
consecutive 5 min blocks (ANOVA, F5,222 = 0.324,
P = 0.898).

As female preferences switched during the experiment,
analysing the total 30 min revealed no signiWcant prefer-
ence for a certain male (Table 1). Females spent
50.35 § 3.59% (mean § SE) in the choice zone where the
odour of an unrelated male was added and 49.65 § 3.59%
in the choice zone where the odour of a related male was

Table 1 Results of the analysis of female preferences for male odours during the consecutive 5 min blocks and the total 30 min

The models were compared with likelihood-ratio tests (LRT) that follow a �2-distribution. Hence, degrees of freedom always diVered by one. After
Bonferroni correction with an adjusted �-level of 0.008, only the factors “kinship” and “tank side” remained signiWcant: Kinship signiWcantly inXu-
enced female choice during the Wrst and last 5 min block. While test females preferred the unrelated male during the Wrst 5 min, they preferred the
side of their brother at the end of the experiment. SigniWcant results are printed in bold

Factors Time blocks

First 5 min Second 5 min Third 5 min Fourth 5 min Fifth 5 min Sixth 5 min 30 min

�2 P �2 P �2 P �2 P �2 P �2 P �2 P

Kinship £ breeding 
regime £ familiarity

3.166 0.075 1.250 0.264 0.109 0.741 2.056 0.152 2.344 0.126 0.295 0.587 0.348 0.555

Kinship £ breeding regime 0.277 0.599 0.321 0.571 0.809 0.369 0.888 0.346 0.216 0.642 <0.001 0.990 0.020 0.886

Kinship £ familiarity 0.160 0.689 0.170 0.680 4.038 0.045 1.043 0.307 0.222 0.638 3.078 0.079 1.709 0.191

Kinship 8.237 0.004 0.273 0.602 0.006 0.939 0.535 0.464 3.492 0.062 7.179 0.007 0.133 0.716

Tank side 14.408 <0.001 13.745 <0.001 3.606 0.058 9.653 0.002 2.410 0.121 8.442 0.004 14.312 <0.001

Fig. 3 Preferences of the females during the respective 5 min blocks,
calculated as relative time spent near non-kin minus relative time spent
near kin. Plotted are mean diVerences and standard errors. Positive val-
ues indicate a preference for the unrelated male. Females spent signiW-
cantly more time near the odour of the unfamiliar non-kin male than

near her brother in the Wrst 5 min. This preference switched during the
following 5 min blocks, so that females spent signiWcantly more time
near the odour of their brother in the sixth 5 min block.** P < 0.01,
(*) P < 0.1, n.s. P > 0.1
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added. Again, familiarity and inbreeding did not signiW-
cantly inXuence female preferences (Table 1). However,
females signiWcantly preferred the right side of the test tank
(Table 1).

Discussion

Inbreeding depression has been shown to reduce individual
Wtness in many animal species (Crnokrak and RoV 1999).
One way to avoid inbreeding is to recognise kin using
information from a variety of cues, then to avoid breeding
with them (e.g. Pusey and Wolf 1996). Previous research in
three-spined sticklebacks demonstrated that both inbred
and outbred females prefer unfamiliar, unrelated males over
familiar brothers when visual and olfactory cues were pro-
vided simultaneously (Frommen and Bakker 2006). How-
ever, the cognitive basis of this ability remained unknown.
The results of the present study showed that females are
capable of recognising both familiar and unfamiliar broth-
ers based on olfactory cues alone. Time spent near a male is
generally accepted as a good indicator of mating preference
in this species (McLennan and McPhail 1990; Milinski
et al. 2005). Given that the female spent a signiWcant pro-
portion of her time near the non-kin male, it appears that, as
expected, she is using olfactory cues to avoid mating with
her brother. Females only showed this preference for the
non-kin male, however, in the Wrst 5 min of the 30 min
trial. As time progressed they moved from no preference to
a signiWcant preference for the scent of brother in minutes
25–30. This time eVect can be interpreted in two diVerent
ways. First, a female may lose interest in the preferred com-
puter-animated male because courtship did not proceed to
completion, and so may have moved to the second, less pre-
ferred male even though it smelled like her brother. Thus
far, stickleback experiments using computer animations
have not lasted longer than 5 min (McKinnon and McPhail
1996; Bakker et al. 1999; Künzler and Bakker 2001; Mazzi
et al. 2003, 2004; Zbinden et al. 2003, 2004), so that this
possibility cannot be excluded. If true, one would expect
that with test durations longer than 30 min, females would
either reverse their preference again or simply show no
preference at all. Second, females may have habituated to
courtship, lost interest in spawning and switched to shoal-
ing behaviour. Male odour accumulated on each side of the
female’s tank over the course of the experiment, which may
eventually have suggested the presence of a Wsh shoal to
her. As sticklebacks prefer to shoal with kin outside a
reproductive context (Frommen and Bakker 2004) shoaling
may also explain female preferences during the last period
of the experiment (but see Steck et al. 1999). However, as a
previous study has shown that outbred Wsh preferred to
shoal with either familiar or unfamiliar kin, but inbred Wsh

only responded to familiar kin (Frommen et al. 2007c), one
might have expected diVerences in the preferences of
inbred and outbred Wsh during the last 5 min block, which
was not the case. Regardless of the explanation for the tem-
poral pattern of response, the results show clearly that
females are able to recognise kin using olfactory cues
alone.

Females were able to recognise their brothers irrespec-
tive whether they were familiar or not. Using this experi-
mental design, there is no way to determine whether they
recognise their unfamiliar siblings on the basis of earlier
experiences with kin (phenotype matching) or some kind of
self-reference (Mateo 2004). Stickleback fry stay in the nest
for the Wrst days of their life where they live in close associ-
ation with other full-sibs and half-sibs (Wootton 1976).
During this phase, they have the opportunity to become
familiar with the olfactory cues of their kin, which may be
used later in life as a template to recognise relatives. From-
men et al. (2007a) showed that early learning plays a major
role in stickleback’s kin recognition in shoaling decisions,
so phenotype matching might be a plausible mechanism to
explain the Wndings of the recent study. On the other hand,
female sticklebacks use self-reference to optimise their
MHC allele number during mate choice (Aeschlimann et al.
2003), making self-referent phenotype matching a possible
alternative to phenotype matching in this system. A female
stickleback chooses a mate whose MHC complex coupled
with her own produces an intermediate distribution of alle-
les in the oVspring (Reusch et al. 2001; Aeschlimann et al.
2003; Milinski 2006). Strongly heterogeneous females may
thus not avoid, and perhaps even prefer, inbreeding in order
to limit the MHC variability of their young. Given this, we
would have predicted that there should be diVerences in the
mate choice behaviour of inbred and outbred Wsh used in
this study, which was not the case (see also Frommen and
Bakker 2006). Cues other than MHC complement may
have aVected female choice in this experiment. For exam-
ple, previous studies have demonstrated that shoaling deci-
sions are inXuenced by habitat- or diet-based odour cues
(Ward et al. 2004, 2005). This explanation is untenable in
our study because all Wsh in the experiments were main-
tained under the same food and habitat conditions. It is also
possible that the olfactory cue itself may transmit informa-
tion based on diVerences in the individual’s bacterial Xora
(Brown 1995), diVerences that may be smaller in related
individuals. The composition of an individual’s bacterial
Xora is, however, not constant through time, making bacte-
rial-derived cues a highly unpredictable measure of related-
ness (Thom and Hurst 2004). Overall, then, it seems
unlikely that MHC complement, habitat, diet or bacterial
inXuences on the olfactory cue aVected the results of this
study, leaving the composition of the olfactory cue open to
further investigation.
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Inbreeding eVects on mate choice have been investigated
in only a few studies thus far (Kempenaers 2007), with
ambiguous results. Mazzi et al. (2004), for example,
showed that inbred female sticklebacks were choosier dur-
ing mate choice than outbred ones. In contrast, Frommen
and Bakker (2006) found that both inbred and outbred
females equally preferred unfamiliar, unrelated males over
familiar brothers. Similar results were found in the present
study, too. However, Frommen et al. (2007c) showed in a
recent study that inbred and outbred sticklebacks diVered in
their preferences for unfamiliar kin in a shoaling context.
This may imply that sticklebacks use diVerent recognition
mechanisms during shoaling decisions and mate choice, for
example phenotype matching and self-reference, respec-
tively. While the former was aVected by only one genera-
tion of inbreeding the latter was not.

In summary, this study showed that sticklebacks use
olfactory cues to recognise kin. This ability was indepen-
dent from familiarity and not aVected by inbreeding. These
results deepen the knowledge of the cognitive mechanisms
of kin recognition in Wsh.

Acknowledgments We are grateful to the “Bakker”-research-group
for discussion and Leif Engqvist for statistical advice. Timo Thünken,
Deborah McLennan, Tatiana Czeschlik, and two anonymous referees
gave thoughtful comments on an earlier version of the manuscript. We
thank Corinna Luz for rearing, Julia Strelau for caring and Jan Hotten-
tot for catching the sticklebacks. Sebastian Baldauf helped with the use
of the computer animation. Deborah McLennan and Meike Hiermes
are acknowledged for improving our English.

References

Aeschlimann PB, Häberli MA, Reusch TBH, Boehm T, Milinski M
(2003) Female sticklebacks Gasterosteus aculeatus use self-refer-
ence to optimize MHC allele number during mate selection.
Behav Ecol Sociobiol 54:119–126

Armbruster P, Reed DH (2005) Inbreeding depression in benign and
stressful environments. Heredity 95:235–242

Bakker TCM, Künzler R, Mazzi D (1999) Condition-related mate
choice in sticklebacks. Nature 401:234

Bakker TCM, Milinski M (1993) The advantages of being red: sexual
selection in the stickleback. Mar Behav Physiol 23:287–300

Baldauf S, Kullmann H, Bakker TCM (2008) Technical restrictions of
computer-manipulated visual stimuli and display units for study-
ing animal behaviour. Ethology. doi:10.1111/j.1439-0310.2008.
01520.x

Barry KL, Goth A (2006) Call recognition in chicks of the Australian
brush-turkey (Alectura lathami). Anim Cogn 9:47–54

Baube CL, Rowland WJ, Fowler JB (1995) The mechanisms of colour-
based mate choice in female threespine sticklebacks: hue, contrast
and conWgurational cues. Behaviour 132:979–996

Bolger T, Connolly PL (1989) The selection of suitable indices for the
measurement and analysis of Wsh condition. J Fish Biol 34:171–
182

Borg B, Bornestaf C, Hellqvist A, Schmitz M, Mayer I (2004) Mecha-
nisms in the photoperiodic control of reproduction in the stickle-
back. Behaviour 141:1521–1530

Brown RE (1995) What is the role of the immune-system in determin-
ing individually distinct body odors. Int J Immunopharmacol
17:655–661

Bshary R, Wickler W, Fricke H (2002) Fish cognition: a primate’s eye
view. Anim Cogn 5:1–13

Candolin U (2003) The use of multiple cues in mate choice. Biol Rev
78:575–595

Crnokrak P, RoV DA (1999) Inbreeding depression in the wild. Hered-
ity 83:260–270

Engqvist L (2005) The mistreatment of covariate interaction terms in
linear model analyses of behavioural and evolutionary ecology
studies. Anim Behav 70:967–971

Frommen JG, Bakker TCM (2004) Adult three-spined sticklebacks
prefer to shoal with familiar kin. Behaviour 141:1401–1409

Frommen JG, Bakker TCM (2006) Inbreeding avoidance through non-
random mating in sticklebacks. Biol Lett 2:232–235

Frommen JG, Luz C, Bakker TCM (2007a) Kin discrimination in
sticklebacks is mediated by social learning rather than innate
recognition. Ethology 113:276–282

Frommen JG, Luz C, Bakker TCM (2007b) Nutritional state inXuences
shoaling preference for familiars. Zoology 110:369–376

Frommen JG, Luz C, Mazzi D, Bakker TCM (2008) Inbreeding
depression aVects fertilization success and survival but not breed-
ing coloration in threespine sticklebacks. Behaviour 145:425–441

Frommen JG, Mehlis M, Brendler C, Bakker TCM (2007c) Shoaling
decisions in three-spined sticklebacks (Gasterosteus aculeatus) -
familiarity, kinship and inbreeding. Behav Ecol Sociobiol
61:533–539

Hain TJA, NeV BD (2006) Promiscuity drives self-referent kin recog-
nition. Curr Biol 16:1807–1811

Halpin ZT (1991) Kin recognition cues of vertebrates. In: Hepper PG
(ed) Kin recognition. Cambridge University Press, Cambridge, pp
221–258

Hare JF, Sealy SG, Underwood TJ, Ellison KS, Stewart RLM (2003)
Evidence of self-referent phenotype matching revisited: airing out
the armpit eVect. Anim Cogn 6:65–68

Hauber ME, Sherman PW, Paprika D (2000) Self-referent phenotype
matching in a brood parasite: the armpit eVect in brown-headed
cowbirds (Molothrus ater). Anim Cogn 3:113–117

Heckel G, Zbinden M, Mazzi D, Kohler A, Reckeweg G, Bakker TCM,
Largiadèr CR (2002) Microsatellite markers for the three-spined
stickleback (Gasterosteus aculeatus L.) and their applicability in
a freshwater and an anadromous population. Conserv Genet 3:79–
81

Hepper PG (1991) Introduction. In: Hepper PG (ed) Kin recognition.
Cambridge University Press, Cambridge, pp 1–5

Heth G, Todrank J, Johnston RE (1998) Kin recognition in golden
hamsters: evidence for phenotype matching. Anim Behav
56:409–417

Holmes WG, Sherman PW (1982) The ontogeny of kin recognition in
two species of ground-squirrels. Am Zool 22:491–517

Kempenaers B (2007) Mate choice and genetic quality: a review of the
heterozygosity theory. Adv Study Behav 37:189–278

Krackow S, Matuschak B (1991) Mate choice for non-siblings in wild
house mice—evidence from a choice test and a reproductive test.
Ethology 88:99–108

Künzler R, Bakker TCM (1998) Computer animations as a tool in the
study of mating preferences. Behaviour 135:1137–1159

Künzler R, Bakker TCM (2000) Pectoral Wns and paternal quality in
sticklebacks. Proc R Soc Lond B 267:999–1004

Künzler R, Bakker TCM (2001) Female preference for single and com-
bined traits in computer animated stickleback males. Behav Ecol
12:681–685

Lieberman D, Tooby J, Cosmides L (2007) The architecture of human
kin detection. Nature 445:727–731
123

http://dx.doi.org/10.1111/j.1439-0310.2008.01520.x
http://dx.doi.org/10.1111/j.1439-0310.2008.01520.x


Anim Cogn
Ligout S, Sebe F, Porter RH (2004) Vocal discrimination of kin and
non-kin agemates among lambs. Behaviour 141:355–369

Mann KD, Turnell ER, Atema J, Gerlach G (2003) Kin recognition in
juvenile zebraWsh (Danio rerio) based on olfactory cues. Biol
Bull 205:224–225

Mateo JM (2004) Recognition systems and biological organization: the
perception component of social recognition. Ann Zool Fenn
41:729–745

Mateo JM, Johnston RE (2000) Kin recognition and the ‘armpit eVect’:
evidence of self-referent phenotype matching. Proc R Soc Lond B
267:695–700

Mateo JM, Johnston RE (2003) Kin recognition by self-referent phe-
notype matching: weighing the evidence. Anim Cogn 6:73–76

Mazzi D, Künzler R, Bakker TCM (2003) Female preference for sym-
metry in computer-animated three-spined sticklebacks, Gasteros-
teus aculeatus. Behav Ecol Sociobiol 54:156–161

Mazzi D, Künzler R, Largiadèr CR, Bakker TCM (2004) Inbreeding
aVects female preference for symmetry in computer-animated
sticklebacks. Behav Genet 34:417–424

Mazzi D, Largiadèr CR, Bakker TCM (2002) Inbreeding and develop-
mental stability in three-spined sticklebacks (Gasterosteus acule-
atus L.). Heredity 89:293–299

McKinnon JS, McPhail JD (1996) Male aggression and colour in
divergent populations of the threespine stickleback: experiments
with animations. Can J Zool 74:1727–1733

McLennan DA (2003) The importance of olfactory signals in the Gas-
terosteid mating system: sticklebacks go multimodal. Biol J Linn
Soc 80:555–572

McLennan DA (2004) Male brook sticklebacks’ (Culaea inconstans)
response to olfactory cues. Behaviour 141:1411–1424

McLennan DA, McPhail JD (1990) Experimental investigations of the
evolutionary signiWcance of sexually dimorphic nuptial colour-
ation in Gasterosteus aculeatus (L.): the relationship between
male colour and female behaviour. Can J Zool 68:482–492

Mehdiabadi NJ, Jack CN, Farnham TT, Platt TG, Kalla SE, Shaulsky
G, Queller DC, Strassmann JE (2006) Kin preference in a social
microbe - given the right circumstances, even an amoeba chooses
to be altruistic towards its relatives. Nature 442:881–882

Mehlis M (2007) Der EinXuss von Verwandtschaft auf das Fort-
pXanzungsverhalten beim Dreistachligen Stichling (Gasterosteus
aculeatus). Diploma thesis, University of Bonn

Milinski M (2006) The major histocompatibility complex, sexual selec-
tion and mate choice. Annu Rev Ecol Evol Syst 292:159–183

Milinski M, GriYths S, Wegner KM, Reusch TBH, Haas-Assenbaum
A, Boehm T (2005) Mate choice decisions of stickleback females

predictably modiWed by MHC peptide ligands. Proc Natl Acad
Sci USA 102:4414–4418

Parr LA, de Waal FBM (1999) Visual kin recognition in chimpanzees.
Nature 399:647–648

Pusey A, Wolf M (1996) Inbreeding avoidance in animals. Trends Ecol
Evol 11:201–206

RaVerty NE, Boughman JW (2006) Olfactory mate recognition in a
sympatric species pair of three-spined sticklebacks. Behav Ecol
17:965–970

Reusch TBH, Häberli MA, Aeschlimann PB, Milinski M (2001)
Female sticklebacks count alleles in a strategy of sexual selection
explaining MHC polymorphism. Nature 414:300–302

Schütz E (1980) EVect of tank bottom coverage and nesting material
on nest-building behavior of male three-spined stickleback (Gast-
erosteus aculeatus). Behaviour 72:242–317

Steck N, Wedekind C, Milinski M (1999) No sibling odor preference
in juvenile three-spined sticklebacks. Behav Ecol 10:493–497

Thom MD, Hurst JL (2004) Individual recognition by scent. Ann Zool
Fenn 41:765–787

Thünken T, Bakker TCM, Baldauf SA, Kullmann H (2007) Active
inbreeding in a cichlid Wsh and its adaptive signiWcance. Curr Biol
17:225–229

Vokey JR, Rendall D, Tangen JM, Parr LA, de Waal FBM (2004)
Visual kin recognition and family resemblance in chimpanzees
(Pan troglodytes). J Comp Psychol 118:194–199

Waldman B, McKinnon JS (1993) Inbreeding and outbreeding in
Wshes, amphibians and reptiles. In: Thornhill NW (ed) The natural
history of inbreeding and outbreeding: theoretical and empirical
perspectives. University of Chicago Press, Chicago, pp 250–282

Ward AJW, Hart PJB, Krause J (2004) The eVects of habitat- and diet-
based cues on association preferences in three-spined stickle-
backs. Behav Ecol 15:925–929

Ward AJW, Holbrook RI, Krause J, Hart PJB (2005) Social recogni-
tion in sticklebacks: the role of direct experience and habitat cues.
Behav Ecol Sociobiol 57:575–583

Webster MM, Atton N, Ward AJW, Hart PJB (2007) Turbidity and for-
aging rate in threespine sticklebacks: the importance of visual and
chemical prey cues. Behaviour 144:1347–1360

Wootton RJ (1976) The biology of the sticklebacks. Academic Press,
London

Zbinden M, Largiadèr CR, Bakker TCM (2004) Body size of virtual ri-
vals aVects ejaculate size in sticklebacks. Behav Ecol 15:137–140

Zbinden M, Mazzi D, Künzler R, Largiadèr CR, Bakker TCM (2003)
Courting virtual rivals increase ejaculate size in sticklebacks
(Gasterosteus aculeatus). Behav Ecol Sociobiol 54:205–209
123


	Smells like sib spirit: kin recognition in three-spined sticklebacks (Gasterosteus aculeatus) is mediated by olfactory cues
	Abstract
	Introduction
	Materials and methods
	Experimental subjects
	Computer animation
	Experimental design
	Producing the olfactory stimuli
	Analysis

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


