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Abstract

Habituation, or the relatively permanent waning of a response as a result of repeated stimulation,
is a form of behavioural plasticity that allows animals to filter out irrelevant stimuli and to focus
selectively on important stimuli. Individuals that fail to habituate might be at a disadvantage if
they continue to respond to irrelevant stimuli; therefore, habituation can have adaptive
significance. In this study we compared rates of behaviour over time toward three different
ecologically-relevant stimuli (food, a male intruder and a gravid female) in threespine sticklebacks
(Gasterosteus aculeatus). We detected evidence for habituation to the stimuli, and males in this
study were especially aggressive toward both male and female conspecifics. Although there were
some clear temporal patterns that could be detected by looking at average behaviour, not all
individuals behaved in the same ‘average’ way. We detected substantial inter-individual variation
in behaviour toward all three stimuli, inter-individual variation in rates of habituation to both male
and female conspecifics, but no evidence for correlations between behaviours across stimuli
(behavioural syndromes). These results suggest that individual animals vary in rates of
habituation, and prompt hypotheses about the causes and consequences of variation in rates of
habituation.
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1. Introduction

Habituation is the relatively permanent waning of a response as a result of repeated
stimulation (Thorpe, 1956). Habituation has adaptive value in situations where continued
response to a constant stimulus would be energetically costly. For example, an animal
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should not continue to attack food if it is unobtainable (Peeke, 1983), a male should not keep
attacking a neighbour if he can avoid the costs of fighting (‘dear enemy’: Brooks & Falls,
1975), and a male should not continue to court a female if she is not ready to mate
(Hampton, 1984). By habituating, the animal can resume other important activities, and
habituation allows animals to function in a dynamic environment. An animal that fails to
habituate to a nonthreatening stimulus might maintain high levels of behaviour toward the
stimulus, even when it might be adaptive to direct attention elsewhere.

Unlike acclimation, fatigue or sensory adaptation, habituation is an active learning process
that helps animals focus on important information (Raderschall et al., 2011). Previous
studies have suggested that variation in the rate of habituation is biologically meaningful and
can be subject to natural selection (Hinde, 1970). Animals habituate faster to weaker stimuli
(Rankin et al., 2009). For example, male sticklebacks slowly habituate to particularly
attractive mates (Jenkins & Rowland, 2000; Rowland, 2000), and goslings slowly habituate
to especially threatening predators (Canty & Gould, 1995). Intraspecific variation in rates of
habituation is influenced by inherited genetic variation (Glowa & Hansen, 1994; Bolivar et
al., 2000) and by the environment experienced during development: rats that were reared in
more complex environments habituated faster to novelty compared to rats reared in less
complex environments (Zimmermann et al., 2001). Moreover, individual differences in rates
of habituation have been related to consistent individual differences in behaviour
(‘personality’) in humans (O’Gorman, 1977; LaRowe et al., 2006; Anderson et al., 2011)
and nonhuman animals. Calm penguins recover relatively quickly (Ellenberg et al., 2009),
reactive great tits take longer to recover from a startle (Carere & van Oers, 2004) and
exploratory wall lizards habituate faster to predators (Rodriguez-Prieto et al., 2011).

Threespine sticklebacks have been a favourite subject for studies of both habituation and
individual differences in behaviour (Huntingford, 1976; Bell & Stamps, 2004; Bell, 2005,
2007; Dingemanse et al., 2007, 2009; Webster, 2007; Harcourt et al., 2009). Previous
studies have shown that when presented with a rival male (Peeke, 1969; Peeke & Veno,
1973, 1976; Peeke et al., 1979; Peeke & Figler, 1997) or a potential mate (Peeke & Figler,
1997; Rowland, 2000), territorial male sticklebacks have an initially strong response that
wanes over time, and that both males and females habituate to unobtainable food (Peeke,
1983, 1995). Other studies confirmed that habituation in sticklebacks to these stimuli is
stimulus-specific and relatively permanent (Peeke & Veno, 1973; Rowland, 2000). Studies
on sticklebacks (e.g., Peeke, 1982) have supported the dual process theory of habituation
(Groves & Thompson, 1970) which posits that habituation involves two separate processes
in the central nervous system that interact: a habituation process and a sensitization process.
Stimuli elicit both processes and behavioural output reflects a summation of both processes.
The habituation process is decremental and the sensitization process is initially incremental
and then decremental.

In this study we measured the behaviour of individual adult sticklebacks toward different
stimuli (food, a male intruder, a gravid female) over the course of minutes. Behavioural
plasticity such as habituation over such short time periods is relevant for reproductive adult
sticklebacks because sticklebacks on the breeding grounds are constantly engaged in a
variety of activities, including foraging, mating, and for males, territorial defence and
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parental care. Activities on the breeding grounds are highly dynamic. Territorial males, for
example, are routinely confronted by both rival intruders and potential mates while at the
same time must forage to support the metabolic demands of territoriality and parental care
(Huntingford et al., 2001). Therefore, individuals that quickly modulate behaviour to
different stimuli over relatively short timescales such as minutes might be at an advantage.
For example, habituation to a nonthreatening male might permit a territorial male to redirect
his energies to other activities such as foraging or courtship. Continuous response to a
nonthreatening conspecific is not only energetically wasteful, but might also decrease a
male’s reproductive success if it prevents him from attacking more threatening intruders
(Peeke & Figler, 1997). On the other hand, habituating too quickly to a male stimulus comes
at the risk that the intruder might really be a threat to a male’s nest or to potential mates. If
male—male competition for mates is high and if the energetic and predation costs of
aggression are low, then it might benefit males to be very persistent in territorial aggression,
i.e., to not habituate to territorial intruders (Jenkins & Rowland, 2000).

We measured individual sticklebacks’ responses to unobtainable food, a male intruder and a
gravid female to address three specific aims. First, we characterized the overall shape of
behaviour toward the three different stimuli over time, i.e., we determined whether average
rates of behaviour toward each stimulus increased, decreased or did not change over time,
and whether the shape of behaviour over time was nonlinear (Groves & Thompson, 1970;
Rankin et al., 2009). Second, we asked whether there was consistent individual variation in
behaviour and behavioural plasticity toward each stimulus over time using mixed models.
Finally, we assessed whether individual differences in behaviour were correlated across
stimuli (behavioural syndromes: Sih et al., 2004).

2. Material and methods

Marine threespine sticklebacks were collected from Bodega Harbor in Sonoma County, CA,
USA in June 1999. Fish were transported to the laboratory and maintained on a natural
photoperiod in saltwater holding tanks. They were fed frozen or live brine shrimp ad libitum
daily. Male and female sticklebacks were moved from the holding tanks to individual
saltwater aquaria (60 x 30 x 30 cm) that were fed by fresh saltwater. Water temperature was
maintained at 18 + 2°C and salinity at 32 ppt. Minor fluctuations in temperature might have
contributed to individual differences in behaviour or behavioural plasticity (Biro et al.,
2010), but we did not measure temperature during each behavioural observation; therefore,
we cannot assess this possibility. Each aquarium had a substrate of fine gravel and sand.
Males’ tanks included four stalks of eel grass forming a square in the centre of the tank and
string algae from which the males built their nests. Saltwater was filtered and circulated by
exterior air-driven filters. Behavioural observations of females started at least one week after
they were transferred to the individual aquaria. Only males that had completed nests via
‘creeping through’, a behaviour that marks the onset of the courtship phase of reproduction
(Wootton, 1984), were included in the study. By restricting the study to males with
completed nests that did not contain eggs, all males were in the same stage of the
reproductive cycle at the time of the behavioural observations. All of the males spawned
after the experiment, indicating that they were sexually mature and receptive.
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Nest-building and territoriality in this species are facilitated by visual interactions with
neighbours (Peeke, 1982). Therefore, the fish were allowed visual access to fish in
neighbouring tanks. Males had male neighbours and females had female neighbours in order
to control for differences in behaviour caused by the sex of the neighbour (Peeke, 1983). By
allowing sticklebacks visual access to their neighbours, this ensured that males were
motivated to court females and defend their territory against intruders. Opaque dividers were
inserted between adjacent aquaria one hour prior to each behavioural observation in order to
prevent the behaviour of neighbours from influencing the behaviour of the focal fish during
behavioural observations.

2.1. Experimental design

We observed the behaviour of individual male sticklebacks toward three different stimuli
(food, a male intruder and a gravid female) presented sequentially in a fixed order with at
least 24 h between observations. The response of a focal male to each stimulus was
measured once. We recorded bites per minute toward all three stimuli. Because male
sticklebacks both court females and can be aggressive toward them because females are
often nest predators (Sevenster, 1961; van den Assem, 1967; Wilz, 1972), we recorded both
rates of courtship (zig-zags) and aggression (bites) toward a gravid female stimulus. Focal
females were only measured for their behaviour toward the food stimulus and were non-
gravid.

To measure behaviour toward the food stimulus, 35 active, live Artemia were placed in a
clear glass tube 56 mm in diameter containing saltwater. The Artemia actively swam
throughout the glass tube. The tube was placed in the focal fish’s aquarium as close to the
centre of the tank as possible. The number of times that the focal fish bit at the tube per
minute was recorded for ten minutes after the first bite.

Males’ behavioural reactions to a male intruder was observed at least one day later (mean +
SE =4.62 £ 0.533 days). A stimulus male in nuptial coloration was placed in a clear glass
tube, 15 cm in diameter, containing saltwater. The tube was placed in the focal fish’s
aquarium at least 15 cm from the nest. The number of bites per minute of the focal fish was
recorded for 20 min after the first bite. Although some studies of sticklebacks have used
dummies to measure aggression (Bakker, 1994), we elected to use live animals because
preliminary observations indicated that live stimuli elicited stronger behavioural responses
in the focal animals (see also Dzieweczynski & Forrette, 2011). In order to prevent repeated
stress to the stimulus males, focal males were confronted by one of three randomly-selected
stimulus males. Different stimulus males were used on each day of the experiment. On
average, a stimulus male was used once per day. The maximum number of times a stimulus
male was used on any given day was 3 times. The stimulus males were active throughout the
behavioural observations, swimming up and down the glass tube.

Males’ behavioural reactions toward a gravid female was measured at least one day later
(mean £+ SE = 7.57 + 1.241 days). A gravid female was placed in a clear glass tube, 15 cm in
diameter, containing saltwater. As before, the tube was placed in the focal fish’s aquarium.
Both the number of bites and the number of zig-zags per minute were recorded for twenty
minutes after the first bite. During the behavioural observation males often crept through the
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nest and exhibited other nest-directed activities (not recorded). Each day, three different
gravid stimulus females were used; stimulus females were replaced with new gravid females
at the end of the day. On average, a stimulus female was used once per day. The maximum
number of times a stimulus female was used on any given day was 3 times. The stimulus
females maintained high rates of activity throughout the behavioural observation and often
showed the ‘head up’ display, which indicates sexual receptivity (Rowland, 2000).

In total, we recorded the behaviour of 33 males and 35 females toward the food stimulus, 31
males toward the male intruder stimulus and 24 males toward the gravid female stimulus. 22
males were observed for their behavioural reactions to all three stimuli. The standard length
of a subset of individuals was measured opportunistically (female standard length + SE =
6.54 £ 0.08 cm, N = 18, male standard length £ SE = 6.34 + 0.06 cm, N = 22). The
procedures used in this study were approved by IACUC #8399 University of California,
Davis, CA, USA.

2.2. Goals and data analysis

Our first goal was to characterize the overall shape of behaviour toward the three different
stimuli over time. That is, we wished to determine whether average rates of behaviour
toward each stimulus increased (sensitization), decreased (habituation) or did not change
over time, and whether the shape of behaviour over time was nonlinear (Groves &
Thompson, 1970; Rankin et al., 2009). To address this issue, we built three separate mixed
models in SAS™ version 9.2 (SAS Institute, Cary, NC, USA). The first model considered
bites toward the food as the dependent variable. Because we measured bites toward the food
in both males and females, we included ‘sex’ as a fixed factor. The second model considered
bites toward the male as the dependent variable. Because two behaviours were
simultaneously recorded toward the female stimulus, we analysed them together in a third
mixed multivariate model with two dependent variables (bites and zig-zags) (Snijders &
Boster, 2012). The initial models included linear, squared and cubic fixed effect terms for
‘time’. By including polynomial terms for ‘time’, we could account for nonlinearity of
behaviour over time. The behaviour data were +1 In-transformed to meet model
assumptions. We used an AR1 within-individual covariance structure because preliminary
analyses showed that measurements of behaviour that were closer in time were more tightly
correlated than measures further in time toward a stimulus and using AR1 type covariance
structure consistently improved model fit according to likelihood ratio tests. Models were
tested with type-1 sums of squares and time was centred around its mean in order to remove
potential colinearity between the squared and linear term for time. Nonsignificant terms for
time were sequentially removed, starting with higher-order terms.

The second goal was to determine whether there was variation among individuals in
behaviour over time. To answer this question, we used mixed models with random slopes
and intercepts (random regression) (Snijders & Boster, 2012) to quantify individual
‘behavioural reaction norms’ (Dingemanse et al., 2010) toward each stimulus using Proc
Mixed in SAS. This approach is useful for characterizing how behaviour changes along a
gradient, which is ‘time’ in this case (Dingemanse et al., 2010). This approach allowed us to
determine for each stimulus whether individuals consistently differed in behaviour

Behaviour. Author manuscript; available in PMC 2015 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bell and Peeke

Page 6

(intercepts), whether individuals differed in how behaviour changed over time (slopes, i.e.,
behavioural plasticity), and whether these two attributes might be related to one another
(intercept-slope correlation). Because time was centred around its mean, individual
variation in intercepts reflects individual variation in behaviour half-way through the
behavioural observation.

For each stimulus, we tested for the significance of random effects by comparing models
with the final fixed effect structure from Aim 1 in a hierarchical manner. Our general
strategy was to first compare a model with the final fixed effect structure to a model with
random intercepts. Then, we sequentially added random effects terms to the model as
appropriate (see legends to Tables 4-6 for details). The strategy was slightly different for the
model for response to a female stimulus because two behavioural variables were analyzed
simultaneously (bites and zig-zags). For that stimulus, we built sequentially more complex
models which either allowed random variances for the two behaviours to be the same, to
vary or to covary (described further in the legend to Table 6). We used a log-likelihood ratio
test to select the best model for each stimulus (Pinheiro & Bates, 2000). The covariance
structure type was set as unstructured and the covariance matrix was allowed to vary, i.e.,
was not constrained to be positive definite (Martin et al., 2011). Covariances were converted
to correlations to facilitate comparisons with other studies (Martin et al., 2011).

Recent studies have confirmed that random regression is a very data-hungry procedure most
behavioural studies do not have sufficient statistical power to detect covariance between
slopes and intercepts with great accuracy and precision (Martin et al., 2011; van de Pol,
2012), and the slope—intercept covariance tends to be overestimated when the sample size is
small (van de Pol, 2012). Therefore, we are cautious in our interpretation of the covariance
results.

Our third goal was to assess whether individual differences in behaviour were correlated
across stimuli. For each stimulus, the number of behaviours (bites or zig-zags) over the
course of the observation was summed. We tested whether total rates of behaviour were
correlated across stimuli using Spearman rank correlations in SPSS version 19.

Another study showed that exposure to social stimuli can influence subsequent behaviour in
sticklebacks: males that were presented with a male intruder for 5 min immediately
increased rates of courtship after the male intruder was removed (Peeke & Figler, 1997).
Therefore, it is possible that previous exposure to a stimulus might have influenced males’
subsequent behaviour to other stimuli in this study (i.e., a carryover effect: Diaz-Uriarte,
2002). If there was a carryover, we predicted that males that were recently presented with a
stimulus would behave differently compared to males that had longer to recover between
stimuli. Therefore, to test for carryover effects, we examined the relationship between the
number of days that elapsed between exposure to one stimulus and behaviour (total number
of bites or zig-zags) toward the subsequent stimulus using nonparametric Spearman rank
correlations in SPSS version 19.
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3. Results

3.1. Bites at the food stimulus

Initially, average rates of biting toward the food stimulus were high (average + SE 30 £ 2.3
bites during the first minute), but quickly dropped and remained low after the fifth minute
(Figure 1a), consistent with habituation and with previous studies of sticklebacks (Peeke,
1995).

The rapid drop in bites at the food was nonlinear as indicated by the significant fixed effect
of time3 (Tables 1-3). Males and females did not differ in overall rates of biting at the food
(Tables 1-3), similar to (Peeke, 1995).

Although there were some clear temporal patterns that could be detected by looking at
average behaviour toward the food stimulus, not all individuals behaved in the same
‘average’ way. Individuals consistently differed in behaviour toward the food stimulus, as
evidenced by the final model that included random variation in intercepts (Table 4). We did
not detect evidence for individual variation in behavioural plasticity (slopes) at the food
stimulus (Table 4). The predicted behavioural reaction norms for each individual are in
Figure 2, and examples showing the fit of the predicted reaction norms to the data are given
in Figure Al.

3.2. Bites at the male stimulus

Average bites at the male intruder were also nonlinear over time but showed evidence for
sensitization followed by habituation (Figure 1b, Table 2), consistent with dual process
theory and with other studies of the habituation of aggression toward a rival male in
sticklebacks (Peeke, 1983). The average response to a male intruder was lowest in the first
minute, peaked to 63 + 9.04 bites per minute during the sixth minute and then gradually
declined thereafter, with another minor peak at 12 min (Figure 1b).

There was variation among males in aggression (intercepts) and in how aggression changed
over time (slopes) according to the final model (Table 5, Figure 2b). Some of the individual
variation in rates of aggression toward the male intruder could be explained by body size:
larger males, on average, bit more at the male intruder (Table 7). We did not detect evidence
for covariance between slope and intercepts for bites at the male intruder (Table 5).

3.3. Behaviour toward the gravid female stimulus

3.3.1. Aggression (bites) toward the gravid female stimulus—Males maintained
high rates of aggression (bites) toward the female stimulus throughout the 20-min
observation (approximately 30 bites/min, Figure 1c). On average, males bit at the female
less than they bit at the male, but rates of biting toward the female were as high as 42
bites/min (17th minute).

There was variation among males in overall rates of aggressive behaviour toward the female
stimulus and in how individuals’ aggression changed over time (Figure 2c), as indicated by
the final model which included variation in slopes and intercepts for bites (Table 6). Relative
to the mean slope, a small, negative slope reflects faster exponential decline in aggression,
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which in turn reflects fast habituation. Therefore, the negative COV| s — bites term in Table
3 suggests that males that were especially aggressive toward the female quickly decreased
rates of biting over time.

3.3.2. Courtship (zig-zags) toward the female stimulus—Rates of courtship during
the first minute were 5.4 + 1.56 zig-zags per minute and then declined linearly with time
(Figure 1d), consistent with habituation. Rates of courtship (zig-zags) were variable among
individuals, as indicated by variation among individuals in intercepts (Table 3). There was
also variation among males in rates of habituation (slopes, Table 3), indicating that some
males decreased rates of courtship faster than others (Figure 2d).

The negative COV| 5 — zz termin Table 3 suggests thatmales that courted the female more
(higher intercepts) relatively quickly decreased rates of courtship over time (smaller, more
negative slope) compared to the mean slope, i.e., habituated faster.

3.3.3. Courtship and aggression toward the gravid female—In general, males bit
at the female stimulus more than they courted her (fixed effect of ‘behaviour’ in Table 3,
compare Figure 1c and 1d). The marginally significant Behaviour x Time interaction
suggests that the two behaviours differed in how they changed over time.

The random regression analysis suggested that within individual males, courtship and
aggression toward the female stimulus were mutually inhibitory. Compared to the mean
slope, males that rapidly decreased aggression toward the female quickly increased
courtship behaviour over time, and vice versa, as suggested by the negative COVg g term in
Table 3. According to the final model, the two slopes were perfectly negatively correlated
with each other, which might reflect an overparameterized model. We elected to keep the
covariance terms between behaviours in the final model because they are of biological
interest, and including covariances across the two behaviours improved model fit (Table 6).
To evaluate this pattern further, we constructed separate univariate models for bites and zig-
zags at the gravid female to evaluate their slopes independently of one another, and
inspection of the estimated slopes for bites and zig-zags revealed that there were strongly
negatively correlated (R =—0.779, N = 24, p <0.0001, Figure A2). Therefore, although the
precise estimate of the COVs g term should be treated with caution, we are more confident
in the overall direction of the relationship (negative).

The results also suggest that some males might have been generally very active while
interacting with a female. For example, males that were very aggressive toward the female
maintained relatively high levels of courtship behaviour throughout the 20-min observation
period (positive COV| pites, s 7z term in Table 3).

3.4. Correlations across stimuli

When we summed rates of behaviour over time toward each stimulus, e.g., the total number
of bites at the food, total number of bites at the male, etc., we did not detect a relationship
between individual differences in behaviours across stimuli (Table 7). In addition, when
comparing across individuals, there was no relationship between aggression (bites) and
courtship (zig-zags) toward the gravid female (Table 7).
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3.5. Carryover effects

We found no evidence for carryovers across stimuli. There was not a detectable relationship
between the number of days that elapsed between the observation of behaviour toward the
food stimulus and the observation of behaviour toward the male stimulus on levels of
aggressive behaviour (bites) toward the male stimulus (r =—0.032, p = 0.872, N = 28).
Similarly, there was no relationship between the number of days that elapsed between the
observation of behaviour toward the male stimulus and the observation of behaviour toward
the female stimulus on behaviour toward the female stimulus (bites: r =0.027, p =0.912, N
=19; zig-zags: r =-0.008, p = 0.973, N = 19).

4. Discussion

The first goal of this study was to characterize sticklebacks’ responses to different
ecologically-relevant stimuli. We found that different stimuli evoked very different
behavioural responses. In particular, sticklebacks from this population were very aggressive:
rates of aggression to the male intruder were as high as 1 bite per second, which is higher
than published estimates from other populations (Rowland, 1989; Peeke & Figler, 1997).
Unlike other studies of habituation of territorial aggression in sticklebacks that have used
sticklebacks from freshwater or brackish habitats (Rowland, 1989; Peeke & Figler, 1997),
here, we studied sticklebacks from a marine habitat, where sheltered, vegetated areas that
are suitable for nesting territories might be more limited. There might be greater male-male
competition for territories in Bodega Harbor, which might explain the high levels of
aggression observed in this study.

Another striking pattern was the relatively low level of courtship observed in this study
compared to others (Peeke & Figler, 1997; Jenkins & Rowland, 2000), even though all
males were in the ‘courtship phase’ of the breeding cycle (Wootton, 1984) and the females
that were used as stimuli were gravid and appeared to be receptive. In some populations,
male sticklebacks do not zig-zag at all, but instead lead the female directly to the nest
(Foster, 1994). Therefore, it is possible that males from this population use other forms of
courtship to attract females to their nest. It is also conceivable that the high level of
territorial aggressiveness in males from this population inhibits their courtship behaviour.

The second goal of this study was to quantify individual variation in behaviour toward
different stimuli. We detected substantial inter-individual variation in behaviour (variation in
intercepts) toward all three stimuli, and found that some male sticklebacks habituated to
male and female conspecifics faster than others (variation in slopes). This study adds to the
growing body of literature showing that there is intraspecific variation in plasticity
(Brommer et al., 2008; Martin & Reale, 2008; Dingemanse et al., 2009; Martin et al., 2011;
Mathot et al., 2011; Westneat et al., 2011). A recurring theme of these studies is that when
there is variation in plasticity (slopes), the extent of individual differences changes over time
(Montiglio et al., 2010). However, most recent studies of individual variation in behavioural
plasticity have measured behaviour over the course of days (Martin & Reale, 2008;
Rodriguez-Prieto et al., 2010, 2011; Biro, 2012; Stamps et al., 2012) or months
(Dingemanse et al., 2009, 2012b). In contrast, in this study, we measured behaviour over a
relatively short period of time (min), similar to Montiglio et al. (2010) and Dingemanse et
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al. (2012a). Given the dynamic nature of activities on the breeding grounds, variation in
behavioural plasticity over the course of relatively short time periods such as minutes is
likely to be ecologically important for sticklebacks. Nesting males that fail to immediately
habituate to irrelevant stimuli such as unobtainable food might miss out on courtship
opportunities when a school of females suddenly appears. On the other hand, there might be
costs of rapid habituation if it means that a male disregards a stimulus too quickly. For
example, it might benefit males to be persistently aggressive and to maintain high levels of
territorial defence in habitats where male—-male competition is strong. Rates of habituation
are probably shaped by natural selection and variation in rates of habituation among
individuals within populations likely reflects a compromise between the costs and benefits
of habituation.

Analysing behaviour over time offered a number of other insights that we would not have
appreciated if we had simply looked at total rates of behaviour. For example, the total
behavioural response to the food stimulus (total number of bites) was much greater than the
courtship response to the gravid female. However, courtship behaviour took longer to
habituate than foraging behaviour (Figure 1a): zig-zags declined gradually until the 14th
minute, while bites at the food dropped rapidly such that by the 4th minute they were close
to zero (Figure 1a versus 1d). If animals habituate rapidly to non-salient stimuli (Glowa &
Hansen, 1994), this pattern suggests that the female stimulus was more salient to the males
than the food was, even though the total response was much greater to the food.

Another intriguing pattern that was revealed by analysing behaviour over time was the
relationship between courtship and aggression toward the gravid female. For male
sticklebacks, females are both a threat and an opportunity because while females are
potential mates, they also often cannibalize males’ nests (Wootton, 1984). When we looked
at total behavioural responses, there was no relationship between aggression (bites) and
courtship (zig-zags) toward the gravid female (Table 7, similar to Jenkins & Rowland
(2000), but see Dzieweczynski et al. (2009)). But within individual males, courtship and
aggression were negatively correlated over time. That is, we detected significant among-
individual variation in the plasticity of both bites and zig-zags to the female, and negative
covariance between the slopes (Tables 1-3). The analysis suggests that if a male increased
courtship, he became less aggressive over time, and vice versa. In other words, some
individuals increased rates of aggression over time (Figure Alc), and for those males, their
courtship behaviour decreased over time. Other individuals decreased rates of aggression
over time (Figure Alc), and those males simultaneously decreased rates of courtship (Figure
2c and 2d). One possible explanation for this finding is that the two behaviours are mutually
exclusive, i.e., in order to increase rates of biting, a male had to decrease rates of zig-
zagging. Another way to view the pattern is that perhaps males switched from courting the
female to aggressively attempting to chase her out of the territory if they learned that the
female was not receptive or was unobtainable. Another (complementary) explanation is that
courtship and aggression were mutually inhibitory within individual males, consistent with
classic ethological theory that there are multiple ‘motivations’ or ‘drives’ within an
individual that can come into conflict with one another (Sevenster, 1961; van den Assem,
1967; Wilz, 1972). Indeed, studies on other organisms including sticklebacks have shown a
trade-off between sex and aggression when males are presented with a male and female
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simultaneously: the presence of competitors causes males to decrease courtship (Kodric-
Brown & Brown, 1984; Candolin, 1997; Santangelo et al., 2002; Dzieweczynski et al.,
2009).

The third aim of this study was to determine if individual differences in behaviour were
correlated across stimuli. We found no evidence for behavioural syndromes (Sih et al.,
2004) when looking at total behavioural responses to the different stimuli. We did not detect
any relationships between the total number of behaviours (bites or zig-zags) directed at food,
the male intruder or the gravid female, suggesting that behaviour in these different contexts
is independent. However, it would be worthwhile to apply a random regression approach to
a larger sample of animals measured in all three contexts in order to determine whether there
is a relationship between the shape of behaviour over time to different stimuli. In addition,
we found no evidence for behavioural carryovers across contexts. Courtship behaviour was
not influenced by the number of days since the focal male had been confronted by a male
intruder, for example. An earlier study found that male sticklebacks exposed to a male
intruder immediately increased rates of courtship (Peeke & Figler, 1997). Our results
suggest that if there was a behavioural carryover across stimuli, it did not persist after 24 h.

In conclusion, we found very different average behavioural responses toward different
stimuli — sticklebacks habituated to conspecifics, and they maintained very high levels of
aggressiveness over time that might have spilled over to influence their courtship behaviour.
However, we detected strong inter-individual variation in rates of habituation: some
individual sticklebacks persistently attended to a stimulus, while other individuals quickly
recovered. Given the adaptive significance of habituation — habituation allows animals to
filter out irrelevant stimuli and to selectively focus on important stimuli — it is likely that
individual variation found in this experiment is biologically meaningful, but future studies
need to quantify its causes and consequences.
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(open circles) for three randomly-selected individuals per behaviour. (A) Bites at the food
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Figure A2. Scatterplot showing the estimated slopes for bites and zig-zags at the gravid
female from the univariate models. Each data point represents a different individual.
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T
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Average behaviour over time. The panels show means + 1 standard error of the In-
transformed data. (a) Average number of bites at the food stimulus over 10 min; (b) average
number of bites at a male intruder over 20 min; (c) average number of bites at a gravid
female over 20 min; (d) average number of zig-zags at the gravid female over 20 min.
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Figure 2.
Individual differences in behaviour over time. Shown are the predicted values for each

individual from the final model as well as the mean (observed) behaviour in bold. (a) Bites
at the food stimulus; (b) bites at a male intruder; (c) bites at a gravid female; (d) zig-zags at
the gravid female.
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Results of the final model for bites at the food showing estimates of fixed effects and covariance parameter

coefficients.
Estimate + SE ty p

Random effects
Intercept 0.4334 +0.0921
Residual 0.4725 + 0.0352

Fixed effects
Intercept 1.7858 +£0.1339  13.34 <0.0001
Sex -0.1423 £0.1751 -0.81 0.4193
Time -0.0271 £ 0.0442 -0.61 0.5409
Time? -0.0249 + 0.0167 -1.48 0.1386
Time3 -0.0056 + 0.0015 -3.64 0.0003

Time refers to the coefficient for the linear term, Time? refers to the coefficient for the squared term and Time3 refers to the coefficient for the
cubed term. The parameter estimates show that there is significant variation among individuals intercepts (1), slopes (S, time) and the covariance

between slopes and intercepts (COV|,S).
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Table 2

Results of the final model for bites at a male intruder showing estimates of fixed effects and covariance
parameter coefficients.

Estimate + SE ty p

Random effects

Intercept 0.5469 + 0.1701

Slope of time 0.0024 +0.0013

Residual 0.6514 + 0.0755
Fixed effects

Intercept 3.6797 £0.1563 23.54 <0.0001

Time 0.0172 £ 0.0132 1.30 0.2018

Time? -0.0064 +0.0015 -4.12 <0.0001

Time refers to the coefficient for the linear term and Time? refers to the coefficient for the squared term.
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Results of the final model for bites and zig-zags at a gravid female showing estimates of fixed effects and

covariance parameter coefficients.

Estimate + SE  Correlation ty p

Random effects

Intercept — bites 0.9239 + 0.3299

Slope — bites 0.0032 £ 0.0013

Intercept — zz 1.0084 + 0.3482

Slope - zz 0.0043 +0.0193

COV, s - hites -0.0313 £ 0.0177 -0.5686

COVs-12z -0.0560 + 0.0193 -0.8520

Cov, -0.5973 + 0.2679 -0.6188

COVss -0.0041 + 0.0193 -1

COV bites, s 22 0.0508 + 0.0193 0.8067

COVs pites, 1 22 0.0559 + 0.0191 0.9731

Residual (bites) 0.5032 +0.0418

Residual (zz) 0.4430 +0.0338
Fixed effects

Intercept 1.0556 + 0.2214 4,77 <0.0001

Time -0.0376 + 0.0150 -249  0.0203

Behaviour 1.7443 £ 0.3792 4.60 0.0001

Time x Behaviour 0.0490 +0.0273 1.79 0.0863

The covariance between slopes and intercepts was converted to a correlation coefficient for ease of comparison with other studies. The fixed effect
‘Behaviour’ tests for differences in rates of zig-zags and bites; the Time x Behaviour term tests whether bites and zig-zags differed in how they
changed over time. Shown are covariance parameter estimates for covariance between intercepts and slopes within each behaviour (e.g., Cov| S -

bites) as well as between the two behaviours (e.g., Cov| hites, S zz2)-
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