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1  | INTRODUC TION

Intense sexual selection drives the evolution of alternative mat‐
ing strategies through the simple but powerful process of creating 
variance in reproductive success among males (Shuster & Wade, 
2003). Variation in reproductive success arises whenever a male 
gains a mating or fertilization at the expense of another male; thus, 

sexual selection intensifies as fewer males acquire a larger share 
of the available reproductive opportunities. As sexual selection 
on conventional males (i.e., guarder, bourgeois, dominant or major 
males), who tend to aggressively defend groups of receptive fe‐
males or breeding resources, becomes stronger, a “mating niche” 
develops in which other unconventional males (i.e., sneaker, sat‐
ellite, subordinate or minor males) can invade and attempt to steal 
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Abstract
In many animal species, variation in reproductive success among individuals has led 
to the evolution of alternative mating strategies, which in the case of insects can 
often be correlated with developmental trajectories. In the Wellington tree weta, 
Hemideina crassidens, males can mature at the 8th, 9th or 10th instar, while females 
mature at the 10th instar only. A number of morphological attributes including male 
head and mandible size correlate with final instar number, and as these attributes 
represent a form of weaponry, they are often used in mate/site guarding and male–
male competition. Tenth instar males have larger head/mandible/body sizes and 
show a conventional (guarder) reproductive strategy, whereas smaller 8th instar 
males typically show an unconventional (sneaker) strategy. In contrast, 9th instar 
males are predicted to adopt a “jack‐of‐all‐trades” strategy whereby they can fight or 
sneak depending context. Here, we tested whether alternative reproductive morphs 
exhibit strategy‐specific differences in risk‐taking associated with refuge emergence, 
activity and antipredator behaviour and further, whether these traits correlate to 
form a behavioural syndrome. We found that tree weta show consistent and repeat‐
able differences in activity and refuge use at the individual level; however, behav‐
ioural covariances suggest that only 8th instar males exhibit a behavioural syndrome. 
That 9th instar males show high plasticity and variance in their gallery‐related behav‐
iours supports the hypothesis that these males are a “jack‐of‐all‐trades.” Contrary to 
our predictions, antipredator behaviour was not correlated with other traits, and dif‐
ferences in behaviour overall were consistently more pronounced between individu‐
als rather than between male morphs or sexes.
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mating opportunities using alternative reproductive behaviours 
(Oliveira, Taborsky, & Brockmann, 2008; Shuster, 2008; Shuster 
& Wade, 2003).

The broad and general categories of “guarder” and “sneaker,” 
however, comprise several traits that act in concert to achieve 
mating success in a specialized and particular fashion across taxa 
(Brockmann, Oliveira, & Taborsky, 2008). For example, guarder 
males are typically larger, more aggressive, territorial and less risk 
averse than “sneaker” males who are typically smaller, more timid 
in terms of engaging in agonistic encounters and actively attempt 
to steal mating opportunities through subterfuge, including behav‐
ing similarly to, and in some cases, mimicking the physical appear‐
ance of females to cuckold guard males (e.g., Gross, 1982; Hanlon, 
Naud, Shaw, & Havenhand, 2005; Kodric‐Brown, 1986; Küpper 
et al., 2016). While these intra‐sexual differences in reproductive 
tactics have been studied for some time in terms of ecology and 
evolution (see Taborsky & Brockmann, 2010; Taborsky, Oliveira, & 
Brockmann, 2008), it is surprising that, as yet, comparatively little 
effort has been made to consider these differences in the con‐
text of animal personality [consistency in behaviour over time and 
across situations (Réale, Reader, Sol, McDougall, & Dingemanse, 
2007)], particularly when inter‐sexual differences in personality 
traits are common (Schuett, Tregenza, & Dall, 2010). Moreover, if 
alternative morphotypes consistently exhibit particular behaviours 
as part of a suite of strategy‐specific traits acting in concert to 
improve or accrue mating success, then we would expect morph‐
specific behavioural types or syndromes to evolve (Brockmann, 
2008; Sih, Bell, Johnson, & Ziemba, 2004). Behavioural types 
represent a manner by which to categorize individuals according 
to their behaviour along a given axis of personality (e.g., more or 
less bold), and by definition, behavioural syndromes are suites of 
correlated behaviours across multiple observations either within 
a given axis (boldness) or more holistically across axes (boldness, 
activity, exploration, aggression or sociability) (Sih et al., 2004). 
Though behavioural syndromes have been documented in a wide 
range of animals (Binder et al., 2016; Bókony, Kulcsár, Tóth, & Liker, 
2012; Carter, Goldizen, & Tromp, 2010; Dingemanse et al., 2007; 
Wilson & Krause, 2012; Wilson et al., 2010, 2017), comparisons 
of syndromes between the sexes are sparse (but see Chapman, 
Hegg, & Ljungberg, 2013; Michelangeli, Chapple, & Wong, 2016), 
and to our knowledge, neither behavioural types nor syndromes 
have as yet been quantified within intra‐sexual alternative mating 
strategies.

In this study, we use the Wellington tree weta, Hemideina cras-
sidens (Orthoptera: Tettigonioidea: Anostostomatidae Blanchard, 
1851), to test the hypothesis that alternative reproductive morphs 
exhibit strategy‐specific personality traits (as behavioural types) 
and that these traits correlate to form a behavioural syndrome (in 
the context of risk‐taking associated with refuge use, site vigilance 
and antipredator behaviour). The Wellington tree weta is a large, 
flightless and nocturnal insect endemic to New Zealand (Gibbs, 
1998, 2001). Hemideina crassidens seeks protection from preda‐
tors by refuging in tree cavities (hereafter galleries). Galleries can 

be limiting in nature, thus several females will refuge in a given 
gallery at the same time. This increases the environmental poten‐
tial for polygyny and causes males to fight for control of larger 
galleries. Males sporting larger mandibular weaponry tend to con‐
trol access to galleries housing more females. This intense sexual 
selection has led to the evolution of irreversible alternative mating 
strategies: males mature at either the 8th, 9th or 10th instar (fe‐
males mature at the 10th instar only) with weapon size positively 
correlating with instar number (Kelly & Adams, 2010; Spencer, 
1995). Field and laboratory observations suggest that smaller 
males adopt a wandering or sneaking strategy to obtain matings 
either opportunistically within a gallery guarded by larger males, 
with females in the vegetation away from a gallery or by gaining 
access to galleries that have entrance holes that are too small for 
large males (Kelly, 2006b). Larger males appear to accrue matings 
by controlling larger harems (Kelly, 2005a, 2006c, 2008a), likely by 
having superior resource‐holding potential (RHP) relative to rivals 
(Kelly, 2006a), and as such, are rarely observed mating away from 
a gallery.

Here, we investigated inter‐ and intra‐sexual differences in 
three gallery‐related behaviours and two antipredator behaviours. 
We predicted that smaller, 8th instar males would emerge ear‐
lier, would more frequently check their gallery status (entry/exit) 
and show reduced antipredator/aggressive behaviour than larger 
9th and 10th instar males. This conforms to previous observa‐
tions (Kelly, 2006a,2006c; Spencer, 1995) of small males furtively 
searching for females that are outside galleries or occupying un‐
guarded galleries and evidence that larger males show more seden‐
tary guarding behaviour around their gallery. Because 10th instar 
males guard galleries and/or wait for females to arrive at galler‐
ies, we predicted that they would emerge later, spend less time 
outside the gallery and, due to increased gallery vigilance, show 
fewer gallery exits overall to reduce the risk of gallery take‐over by 
rival males (if residency plays a role in maintaining ownership of a 
gallery) or attack by predators (if larger, slow‐moving males expe‐
rience greater predation risks). Similarly, 10th instar males might 
incur greater predation risks and are generally more aggressive than 
other morphs (Kelly, 2006a,2006b,2006c,2006d). We predicted 
that they would exhibit more intense antipredator responses. We 
also predicted that 9th instar males, which are assumed to adopt 
a jack‐of‐all‐trades strategy, would show intermediate and more 
plastic responses such that they would behave like 8th instar males 
in some situations (i.e., higher activity associated with mate search‐
ing) and like 10th instar males in other situations (i.e., increased 
antipredator response compared to 8th instar males). We also ex‐
plored the gallery‐related and antipredator behaviours of females 
and compared them to males. Assuming that female behaviour 
represents the naturally selected optimum (see Lande, 1980), any 
sex difference can be attributed to sexual selection. In addition to 
examining the inter‐ and intra‐sexual differences in ecologically rel‐
evant behaviours, we also examine the repeatability of three gal‐
lery‐related behaviours and whether the behaviours are correlated 
within and between the sexes.
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2  | METHODS

Our study was conducted on Te Pakeka/Maud Island, New Zealand 
(41°02′S, 173°540′E) during Mar–Apr, 2016. Maud Island is a 309‐ha 
scientific reserve free of alien mammalian predators (e.g., Mus and 
Rattus spp.); the primary endemic predator of weta on the island 

is the morepork owl, Ninox novaeseelandiae. We collected approxi‐
mately 10 adult tree weta every 72 hr over 13 separate sampling pe‐
riods. Weta were collected from foliage along the same 2 km walking 
track between 1,900 and 2,100 hr, and within each sampling period; 
individuals from both sexes and each male morph were collected 
(although the ratios changed such that equal sample sizes were ob‐
tained overall.) Only individuals that were found to be complete and 
lacking physical damage (broken or missing limbs) were included in 
the study. We collected a total of N = 32 of each male morph (8th in‐
star: 2.7 ± 0.5 g (body mass), 16.5 ± 1.6 mm (head length); 9th instar: 
4.0 ± 0.7 g, 21.4 ± 1.6 mm; 10th instar: 5.6 ± 0.5 g, 26.5 ± 1.3 mm) 
and N = 32 females (4.8 ± 0.9 g).

Following field collection, tree weta were brought back to 
the laboratory on Maud Island and immediately placed in individ‐
ual 9.6‐L plastic buckets (with perforated lids) containing ad libi‐
tum food (pieces of fresh apple) and a wooden artificial refuge 
(45 × 45 × 220 mm, 19 mm opening; see Figure 1 in Kelly, 2008b). 
The refuges resembled the size and shape of naturally occurring gal‐
leries in the wild and have been shown to be effective substitutes 
in previous field and laboratory studies in this population (Kelly, 
2006b,2006c,2006d, 2008a). Additionally, the galleries, having pre‐
viously been used in the field as galleries for weta on many occasions 
and for long durations, contained chemical cues of both sexes and 
would be similar to those found in naturally occurring vacant galler‐
ies in the area. Individual weta were left in their respective holding 
arenas for approximately 44–48 hr to allow for exploration and fa‐
miliarization with the refuge galleries and were observed daily (at 
0900 hr) to insure gallery use prior to data collection.

At 1,600 hr, approximately 44 hr post‐capture, tree weta and 
galleries were transferred to individual 7‐L transparent plastic are‐
nas (235 mm × 120 mm × 355 mm; Sistema Plastics, New Zealand) 
and placed upright on their short‐end, four abreast on four shelves 
(n = 16 arenas) for behavioural observation. To ensure accurate 
and detailed behavioural measurements, all arenas were video‐re‐
corded simultaneously using an infrared digital recording system 
(SCW 1080P HD Vanguard Series) for two nights between 1,800 
and 0900. A large 2 m window directly opposite and approximately 
2 m away from the experimental holding area provided a natural 
photoperiod.

2.1 | Behavioural metrics

Behavioural attributes analysed from the video recordings included 
(a) time to first emergence from the gallery, (b) total number of gal‐
lery exits (as a measure of activity/vigilance—see below) and (c) total 
time outside of the gallery. Though these measures incorporate ele‐
ments of exploration, we characterize them here as estimates of risk‐
taking and vigilance. This is due to the fact that gallery emergence 
is an inherently risky activity as it increases risk of predation as well 
as increases risk of losing the gallery to competitors, which may re‐
sult in an individual being unable to find a suitable refuge before 
daybreak. In such instances, risk of predation dramatically increases 
due to the number of diurnal avian insectivores on the island (C.D. 

F I G U R E  1   Boxplots showing that (a) male Hemideina crassidens 
had significantly more ectoparasitic mites (Nothotrombicula 
deinacridae) than females (b) and females were in significantly 
better body condition (scaled mass index, SMI) than males. 
Statistical analyses tested differences between the sexes (i.e., all 
male morphs pooled) but male data are shown here for each morph. 
The box represents the lower (25%) and upper (75%) quartiles, the 
solid dark horizontal line is the median and the whiskers indicate 
1.5 times the size of the hinge, that is the 75% minus 25% quartiles. 
Samples sizes are N = 32 for females and each male morph
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Kelly, personal observation). Vigilance in this context refers both to 
watchfulness for potential predators as well as for potential compet‐
ing males (in terms of optimal gallery protection) as well as females. 
Latency to first emergence was standardized to account for changes 
in diurnal photoperiod of individuals over the course of the overall 
experiment by adjusting the time of first gallery exit to 1 hr before 
sunset (i.e., minute 0) each day. A gallery exit was defined as an in‐
dividual emerging from an entrance hole with at least 95% of their 
total body length exposed. It is important to note that latency to first 
exit and total number of exits are functionally different in that they 
represent different elements of this species’ daily behavioural reper‐
toire (risky refuge emergence and active vigilance/gallery‐checking 
for mates/competition) and are not auto‐correlated. For example, in‐
dividuals can exit early in the evening and sit motionless while guard‐
ing outside of the gallery, or enter and exit the galleries many times 
over the course of the night or perhaps only within the last hour.

At the completion of the trial (0900 hr, Day 4), weta were manu‐
ally removed from their galleries and subjected to two assessments 
of antipredator behaviour. The first assessment involved measuring 
(a) the intensity and (b) duration of response to the application of 
light pressure to the thoracic region between an observer's thumb 
and forefinger (same observer for all trials). Antipredator responses 
were scored in ascending order of intensity: (a) elevation of a single 
hind leg, (b) elevation of both hind legs and (c) elevation of hind legs/
mandible flare/spitting. Raising the hind legs is a documented anti‐
predator response of tree weta (Field & Glasgow, 2001). Duration 
of response was measured as the time required for the noted anti‐
predator responses to end and normal movement or body position‐
ing to resume (i.e., contact of the tarsus of both hind legs with the 
substrate). Following this first test, a second antipredator test quan‐
tified individual willingness to autotomize (shed or discard) a limb to 
escape predation threat. This measure involved firmly grasping the 
femur of the left hind leg with forceps and recording the time to leg 
autotomy for a maximum of 120 s. However, due to few successful 
events overall, this behaviour was not included in our analyses.

We euthanized all tree weta via freezing at −20°C following com‐
pletion of the experimental protocol. We then measured the pro‐
notum length and head length (top of head capsule to tip of right 
mandible) of every male using digital callipers (Fisher Scientific, 
Toronto, Ontario, Canada) (see Kelly, 2005a for detailed protocol) 
and then weighed both males and females to the nearest 0.05 g 
(Fisher Scientific SLF103 field balance). We counted the number of 
ectoparasitic mites (Nothotrombicula deinacridae) following previous 
studies (Kelly, 2005b; Robb, Forbes, & Jamieson, 2004). Each female 
was dissected, and their eggs counted to determine fecundity. Body 
condition was calculated as the scaled mass index (SMI) (Kelly, 2014; 
Peig & Green, 2009, 2010).

2.2 | Statistical analysis

We estimated sources of variation in behaviour within and among in‐
dividuals by using a mixed‐effect modelling framework (Dingemanse 
& Dochtermann, 2013) in which each of three twice‐measured focal 

behaviours (latency to emerge, number of exits and time spent out‐
side gallery) were entered separately in a univariate model (Table 1). 
We partitioned the total variance into that attributable to individual 
and residual by including random intercepts for individual identity. 
We constructed two sets of univariate models: one set investigated 
the effect of sex (factor: male vs. female) and the other investigated 
the effect of male morphotype (factor: 8th vs. 9th vs. 10th instar) 
on mean behavioural expression. All univariate models included the 
fixed effects test sequence (factor: day 1 vs. day 2), number of ec‐
toparasitic mites (covariate) and scaled mass index (SMI, covariate). 
We also estimated individual repeatability as the among‐individ‐
ual variance divided by the total variance which is not attributa‐
ble to fixed effects, thus representing the “adjusted” repeatability 
(Nakagawa & Schielzeth, 2010). We similarly analysed response to 
predation and duration of response but since these behaviours were 
measured once only (at the end of the trial) we did not include indi‐
vidual ID as a random factor in these models nor could we calculate 
their repeatability.

Second, we used multivariate models to assess whether the be‐
haviours were part of a behavioural syndrome by quantifying the 
magnitude and direction of correlations among our five measured 
behaviours for females and each of the male morphs. Behavioural 
syndromes represent among‐individual correlations (Dingemanse, 
Dochtermann, & Nakagawa, 2012) and are ideally investigated by 
partitioning the unpartitioned (i.e., “raw”) phenotypic correlations 
into their among‐ and within‐individual components (Brommer, 
2013; Dingemanse & Dochtermann, 2013; Dingemanse et al., 2012). 
Fixed factors were not included in these models. We ran models for 
65,000 iterations and thinned them by 50 iterations after a burn‐in 
of 10,000 iterations. Posterior distributions were examined to con‐
firm homogeneity of variances (Gelman & Hill, 2007).

We also conducted pairwise comparisons of among‐individual 
behavioural variation for all combinations of sex and morph to further 
explore differences in behavioural syndromes. We accomplished this 
by calculating “difference matrices” (D), which involves subtracting 
one matrix (I) from another (i.e., D8th–9th

 = I8th − I9th); if I matrices are 
identical then D will equal zero (see Houslay, Vierbuchen, Grimmer, 
Young, & Wilson, 2018). We calculated 95% confidence intervals for 
each difference matrix (D).

All statistical analyses were conducted in the R statistical envi‐
ronment with all models run using the MCMCglmm package (Hadfield, 
2010). Our univariate mixed effects analyses modelled “latency to 
emerge” as censored gaussian data (cengaussian), the number of 
exits and response to predation as Poisson, and time outside and 
duration of response as gaussian. All non‐Poisson behavioural re‐
sponse variables were scaled to standard deviation units (calculated 
from all observations across both sexes and all male morphs) prior 
to analysis, which improves effect size comparisons across traits 
and ameliorates multivariate model fitting in MCMCglmm (described 
above). We used the mode of the posterior distribution as a point es‐
timate for a given statistic and used the 95% highest posterior den‐
sity as a measure of the 95% credibility interval. Credibility intervals 
that do not include zero indicate statistical significance.
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2.3 | Ethical note

This research was performed in accordance with the laws guidelines, 
and ethical standards of the country in which they were performed 
(New Zealand). All weta were humanely euthanized following behav‐
ioural trials to permit morphometric measurements and quantifica‐
tion of reproductive status and parasite load.

3  | RESULTS

3.1 | Sex and morphotype differences in body 
condition and parasite load

Females were in significantly better body condition (scaled mass 
index) than males (one‐way ANOVA with Tukey‐transformed SMI: 
F1,126 = 17.93, p < 0.0001); however, condition did not differ 
among the three male morphs (F2,93 = 0.96, p = 0.39) (Figure 1a). 
Females had fewer ectoparasitic mites than males (negative bino‐
mial GLM: z = 2.57, p < 0.001) while smaller males (8th and 9th in‐
star) had higher loads than 10th instar males (8th vs. 10th: z = −3.86, 
p = 0.00012; 9th vs. 10th: z = −2.46, p = 0.014) (Figure 1b). We 
therefore included the number of mites and body condition (SMI) 
as covariates in our exploratory analyses of sources of behavioural 
variation.

3.2 | Sources of variation in behaviour

Fixed effects had little overall effect on the expression of behav‐
iour in H. crassidens. We found that the latency to exit the gal‐
lery and the number of gallery exits significantly differed between 
our two sample periods when testing for differences between the 
sexes (Table 1a), whereas the number of gallery exits differed be‐
tween sample periods in the males‐only analysis (Table 1c). There 
was a significant effect of sex on intensity of response to a simu‐
lated predator attack whereby females exhibited a significantly 
more intense response to attack than males (Table 1a). Body con‐
dition had no significant effect on any of the five measured behav‐
iours (Table 1a). The three behaviours that were measured twice 
were significantly repeatable across individuals (r = 0.47–0.53; 
Table 1a).

None of our fixed effects were significantly related to female be‐
haviour (Table 1b). Male morphs did not significantly differ in their 
latency to exit the gallery, number of gallery exits (entrances) or 
duration of antipredator response (Table 1c). However, 10th instar 
males spent more time outside of the gallery than either 8th instar 
(Table 1c) or 9th instar (estimate for 9th vs. 10th instar males: 0.70 
[95% CI, 0.316, 1.1012]) males. Male morphs did not differ in their 
intensity of response to predator attack or in their duration of re‐
sponse (Table 1c). Neither condition nor ectoparasite load affected 
male behaviour (Table 1c).

Morph‐specific analyses (Table 1d–f) revealed no significant ef‐
fect of body condition or ectoparasitic load on behaviour in 8th or 
9th instar males. However, 10th instar males with higher mite loads 

made more gallery exits/entrances and 10th instar males in better 
condition responded more intensely to simulated predator attack 
(Table 1f). Examination of residual variation suggests that 8th in‐
star males exhibit relatively little plasticity in each of the repeatedly 
measured behavioural traits. Ninth instar males, on the other hand, 
showed relatively high residual variation in latency to emerge from a 
gallery and the time spent out of the gallery while 10th instar males 
displayed high variation only in time spent outside the gallery. All 
male morphs exhibited significant repeatabilities in all three repeat‐
edly measured behaviours.

3.3 | Behavioural covariance

Because all our twice‐measured behaviours were significantly 
repeatable (Table 1), they, thus, possessed the potential to har‐
bour significant among‐individual variation (see Dingemanse & 
Dochtermann, 2013). Two pairs of repeatedly measured behav‐
iours were significantly negatively correlated (i.e., latency‐time 
out, latency‐number of exits), and one pair (i.e., number of exits‐
time out) was significantly positively correlated at the unparti‐
tioned phenotypic level when the sexes were pooled (Table 2a). 
Latency to exit was negatively correlated with time out of gallery 
and number of gallery exits, whereas the number of gallery exits 
was positively correlated with time out of gallery (Table 2a). These 
raw correlations were driven by both among‐ and between‐indi‐
vidual correlations.

None of our repeatedly measured behaviours were correlated 
with any of our antipredator behaviours when analysed separately 
in the three male morphs (Table 2b–d) or in females (Table 2e). 
Females and the three morphs were largely concordant at the raw 
phenotypic level and in agreement with the pooled data: latency to 
exit was negatively correlated with time out of gallery and number 
of gallery exits whereas the number of gallery exits was positively 
correlated with time out of gallery (except in 10th instar males and 
females). Because 9th instar males are thought to exhibit a jack‐of‐
all‐trades mating strategy, we expected them to show a high degree 
of behavioural variation (i.e., have significant within‐individual cor‐
relations). We indeed found that each of the three significant raw 
correlations in 9th instar males were driven primarily by significant 
residual correlations (Table 2c); males change their levels of be‐
haviour across tests. On the other hand, the three significant raw 
phenotypic correlations for 8th instar males were driven primarily by 
significant among‐individual correlations (Table 2b); males maintain 
their levels of behaviour across tests. Tenth instar males and females 
exhibited the fewest significant correlations at any level (Table 2d).

Female fecundity was not significantly related to any of the five 
measured behaviours (Table 3).

3.4 | Among‐individual behavioural (co)variation 
between sexes and morphs

Difference matrices suggest females expressed significantly greater 
variation in latency to exit the gallery and number of exits than 8th 
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TA B L E  2   Estimates (±95% confidence intervals) for unpartitioned phenotypic (i.e., raw), among‐individual and within‐individual 
correlations (r) between 5 behavioural traits measured in male (n = 96) and female (n = 32) Wellington tree weta

Correlation Unpartitioned phenotypic Among‐individual Within‐individual

(a) Both sexes

Latency‐time out −0.617 (−0.695, −0.529) −0.745 (−0.873, −0.607) −0.477 (−0.623, −0.355)

Latency‐number of exits −0.396 (−0.539, −0.318) −0.615 (−0.791, −0.366) −0.298 (−0.461, −0.142)

Number of exits‐time out 0.224 (0.104, 0.352) 0.495 (0.170, 0.708) 0.026 (−0.107, 0.240)

Latency‐response duration 0.012 (−0.143, 0.150) – –

Latency‐intensity 0.210 (0.027, 0.400) – –

Time out‐response duration 0.032 (−0.070, 0.221) – –

Time out‐intensity −0.079 (−0.322, 0.061) – –

Number of exits‐response duration −0.088 (−0.206, 0.082) – –

Number of exits‐intensity −0.115 (−0.270, 0.015) – –

Intensity‐response duration −0.024 (−0.239, 0.204) – –

(b) 8th males

Latency‐time out −0.560 (−0.721, −0.326) −0.796 (−0.909, −0.467) −0.242 (−0.537, 0.058)

Latency‐number of exits −0.443 (−0.631, −0.171) −0.736 (−0.902, −0.284) −0.214 (−0.492, 0.124)

Number of exits‐time out 0.587 (0.388, 0.749) 0.761 (0.436, 0.921) 0.441 (0.192, 0.678)

Latency‐response duration −0.119 (−0.398, 0.258) – –

Latency‐intensity 0.094 (−0.212, 0.523) – –

Time out‐response duration 0.079 (−0.252, 0.362) – –

Time out‐intensity −0.221 (−0.521, 0.169) – –

Number of exits‐response duration −0.061 (−0.325, 0.275) – –

Number of exits‐intensity −0.154 (−0.469, 0.291) – –

Intensity‐response duration −0.172 (−0.583, 0.234) – –

(c) 9th males

Latency‐time out −0.559 (−0.756, −0.385) −0.532 (−0.841, 0.097) −0.627 (−0.802, −0.423)

Latency‐number of exits −0.502 (−0.667, −0.294) −0.585 (−0.840, 0.022) −0.444 (−0.681, −0.208)

Number of exits‐time out 0.351 (0.090, 0.552) 0.422 (−0.181, 0.785) 0.367 (0.047, 0.581)

Latency‐response duration 0.204 (−0.098, 0.483) – –

Latency‐intensity 0.305 (−0.044, 0.559) – –

Time out‐response duration −0.209 (−0.473, 0.078) – –

Time out‐intensity −0.213 (−0.422, 0.233) – –

Number of exits‐response duration −0.081 (−0.320, 0.252) – –

Number of exits‐intensity −0.188 (−0.469, 0.179) – –

Intensity‐response duration 0.298 (−0.044, 0.658) – –

(d) 10th males

Latency‐time out −0.543 (−0.717, −0.328) −0.648 (−0.867, −0.151) −0.583 (−0.749, −0.331)

Latency‐number of exits −0.350 (−0.544, −0.042) −0.577 (−0.855, −0.111) −0.030 (−0.395, 0.261)

Number of exits‐time out −0.106 (−0.388, 0.159) 0.216 (−0.433, 0.610) −0.289 (−0.579, 0.019)

Latency‐response duration −0.139 (−0.493, 0.105) – –

Latency‐intensity 0.076 (−0.407, 0.385) – –

Time out‐response duration 0.223 (−0.075, 0.473) – –

Time out‐intensity 0.241 (−0.257, 0.497) – –

Number of exits‐response duration −0.095 (−0.319, 0.275) – –

Number of exits‐intensity −0.151 (−0.538, 0.215) – –

Intensity‐response duration −0.136 (−0.516, 0.312) – –

(Continues)
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instar males (Table 3a) while exhibiting significantly less variation in 
time outside the gallery than all male morphs (Table 3a–c). Eighth and 
10th instar males exhibited significantly reduced latency‐number of 
exits covariation than females. Females also expressed significantly 
greater latency‐time outside covariation than 9th and 10th instar 
males (Table 3b,c). Of the three male morphs, females were most 
similar to 9th instar males in terms of their behavioural (co)variation 
(D overlaps zero in three comparisons; Table 3c). Ninth and 10th in‐
star males generally exhibit significantly greater behavioural varia‐
tion than 8th instar males (Table 3d,e), while also having significantly 
reduced covariation between latency‐time out and latency‐number 
of exits than 8th instar males. The covariation in time out‐number of 
exits was significantly greater in 9th and 10th instar than in 8th in‐
star males (Table 3d,e). Ninth and 10th instar males are more similar 
to each other in their behavioural (co)variation than they are to 8th 
instar males (D overlaps zero in three comparisons; Table 3f).

4  | DISCUSSION

Contrary to our predictions, we did not find any consistent behav‐
ioural differences between male morphs or between the sexes in 
Wellington tree weta. However, that 8th instar males appear to ex‐
hibit behavioural syndrome structure and that 9th instar males ap‐
pear to exhibit a jack‐of‐all‐trades strategy lends partial support for 
our hypothesis.

Our results demonstrate that three ecologically relevant be‐
haviours (latency to exit a gallery, time outside a gallery, number 
of gallery exits) are significantly repeatable in male and female 
Wellington tree weta. These three behaviours are significantly cor‐
related at the phenotypic level when the data for both sexes are 
combined, which suggests that, as predicted, the time spent outside 
of the gallery was negatively correlated with latency to first gallery 
exit and positively correlated with total number of exits. Partitioning 
the raw phenotypic correlations revealed that these correlations 

were driven by significant correlations at the within‐ and among‐in‐
dividual levels. We also found that individuals making with longer 
latency to exit a gallery exhibited a more intense response to a sim‐
ulated predator attack.

We found no significant sex differences in any of our three gal‐
lery‐related behaviours. Across the experimental nights, all three 
behaviours involved with gallery use represented by latency to exit 
the gallery, total time spent outside of the gallery and total number 
of exits were highly repeatable and support our initial predictions 
regarding these traits as suitable measures of boldness behavioural 
“types” in tree weta (Kelly, 2006a,2006c; Spencer, 1995). 
Repeatability values (pooled data: 0.47–0.53) were also higher than 
the average repeatability value of 0.37 for behavioural traits calcu‐
lated by Bell, Hankison, and Laskowski (2009).

Contrary to our initial prediction, male morphs did not show con‐
sistent differences across all behaviours. We did find, however, that 
10th instar males spent more time outside the gallery than the other 
morphs. Our observations during data collection showed that 10th 
instar males were largely stationary above the gallery or near the 
gallery entrance when outside. This suggests that 10th instar males 
might sit‐and‐wait for females to enter the gallery to ensure that they 
(the male) enter last. This is in line with field observations that males 
are nearly always found near the cavity entrance inside the gallery 
(C.D. Kelly, personal observation). The observed behaviour of 10th 
instar males might also ensure that they have a better opportunity to 
defend the gallery against rival males or avoid injury associated with 
fighting a rival with greater RHP (Kelly, 2006a,2006d).

Comparison of male morph behaviour reveals that the raw phe‐
notypic correlations between behaviours in 8th instar males are 
driven by among‐male variation. Eighth instar males also exhibited 
the lowest residual variation for repeatedly measured behaviour 
and the greatest repeatability for each behaviour. These findings 
support the hypothesis that 8th instar males have behavioural syn‐
drome structure. On the other hand, raw phenotypic correlations for 
9th instar males appear to be driven by within‐male variation. This 

Correlation Unpartitioned phenotypic Among‐individual Within‐individual

(e) Females

Latency‐time out −0.669 (−0.775, −0.435) −0.823 (−0.940, −0.467) −0.489 (−0.741, −0.256)

Latency‐number of exits −0.444 (−0.647, −0.162) 0.236 (−0.230, 0.649) −0.624 (−0.768, −0.290)

Number of exits‐time out 0.145 (−0.188, 0.400) 0.539 (−0.156, 0.772) −0.035 (−0.405, 0.258)

Latency‐response duration 0.158 (−0.224, 0.363) – –

Latency‐intensity 0.178 (−0.265, 0.462) – –

Time out‐response duration 0.063 (−0.220, 0.401) – –

Time out‐intensity −0.189 (−0.562, 0.259) – –

Number of exits‐response duration 0.102 (−0.342, 0.335) – –

Number of exits‐intensity −0.268 (−0.592, 0.078) – –

Intensity‐response duration −0.274 (−0.534, 0.234) – –

Note. Among‐ and within‐individual estimates are not given for correlations involving antipredator behaviours because these behaviours were meas‐
ured once only. Bold values indicate values where 95% confidence intervals do not overlap zero.

TA B L E  2   (Continued)
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finding suggests that changes in exit/entry behaviour (i.e., latency 
to exit and number of exits) were matched by changes in the dura‐
tion of time spent outside. These males also exhibited high residual 
variation in latency to exit the gallery and the time spent outside the 
gallery (i.e., are more behaviourally plastic) and the lowest repeat‐
ability for each behaviour. However, it is not possible at this time to 
conclude whether the repeatabilities for 9th instar males are simply 
due to behavioural differences (assuming equal plasticity) or reflect 
genuinely greater plasticity (with similar degrees of individual vari‐
ation). Taken together, our results lend support to the hypothesis 
that 9th instar males represent a jack‐of‐all‐trades strategy whereby 
they can fight for access to groups of adult females or sneak/search 
for mates. Tenth instar males showed intermediate levels of residual 
behavioural variation and repeatability, and expressed the fewest 
significant correlations between behaviours. Difference matrices 
suggest that 9th and 10th instar males were similar to each other in 
their covariation between latency‐number of exits as well as in their 
variation in latency and number of exits.

The 8th and 9th instar males are the only morphs to exhibit 
significant raw phenotypic correlations for each pair of repeatedly 

measured behaviours; 10th instar expressed significant covariation 
between latency‐time out and latency‐number of exits only (similar 
to females). Examination of difference matrices suggests that 8th in‐
star males differ from 9th and 10th instar males in behavioural (co)
variation, whereas (no differences overlap zero) 9th and 10th instar 
are more similar (three of six differences overlap zero).

Our assays showed a significant female bias in the intensity of re‐
sponse to predation threat (i.e., degree of leg‐raise). This sex differ‐
ence in antipredator behaviour might reflect inter‐sexual differences 
in antipredator strategies, with males using their enlarged mandibles 
for defence in combination with or in place of leg raises, which rep‐
resents the females’ primary defence mechanism. Surprisingly, body 
condition affected antipredator behaviour in 10th instar males only 
as males in better condition reacted more intensely to attack. There 
is no obvious reason as to why this behaviour should be condition‐
dependent in only one morph. We found no sex difference, or differ‐
ences among morphs, in the time required to resume normal posture 
and behaviour after a predator attack.

We hypothesized that females would exhibit the naturally se‐
lected behavioural optimum and any deviance from this by males 

TA B L E  3   Difference (D) variance–covariance matrices for comparisons of among‐individual behavioural variation between females and 
male morphs

  Latency Time out Number of exits

(a) 8th instar males versus females

Latency 0.253 (0.169, 0.337)    

Time out 0.016 (−0.068, 0.099) −0.239 (−0.323, −0.155)  

No. exits −0.353 (−0.437, −0.269) 0.344 (0.260, 0.427) 0.366 (0.283, 0.450)

(b) 9th instar males versus females

Latency 0.078 (−0.005, 0.162)    

Time out 0.272 (0.189, 0.356) −0.415 (−0.499, −0.332)  

No. exits −0.083 (−0.167, 0.001) 0.002 (−0.081, 0.086) −0.111 (−0.195, −0.027)

(c) 10th instar males versus females

Latency 0.068 (−0.016, 0.151)    

Time out 0.149 (0.065, 0.232) −0.153 (−0.236, −0.069)  

No. exits −0.101 (−0.184, −0.017) −0.084 (−0.168, −0.001) −0.064 (−0.148, 0.020)

(d) 8th versus 9th instar males

Latency 0.175 (0.091, 0.258)    

Time out −0.256 (−0.340, −0.173) 0.176 (0.093, 0.260)  

No. exits −0.270 (−0.354, −0.186) 0.341 (0.258, 0.425) 0.478 (0.394, 0.561)

(e) 8th versus 10th instar males

Latency 0.185 (0.102, 0.269)    

Time out −0.133 (−0.216, −0.049) −0.086 (−0.170, −0.003)  

No. exits −0.252 (−0.336, −0.169) 0.428 (0.345, 0.512) 0.430 (0.347, 0.514)

(f) 9th versus 10th instar males

Latency 0.010 (−0.073, 0.094)    

Time out 0.124 (0.040, 0.207) −0.262 (−0.346, −0.179)  

No. exits 0.018 (−0.066, 0.101) 0.087 (0.003, 0.170) −0.047 (−0.131, 0.036)

Note. Differences (±95% CI) in behavioural variances appear on the diagonals, and differences in behavioural covariances on the off‐diagonal. Bold 
values indicate values where 95% confidence intervals do not overlap zero.
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could be attributed to sexual selection on males (Lande, 1980). 
Contrary to our hypothesis females did not generally differ from 
males in their behaviour. The only consistent difference that we 
detected between females and the different male morphs was 
that females exhibited significantly reduced variation in the time 
spent outside the gallery (Table 3). The raw phenotypic correlations 
in females and 10th instar males appear to be driven by a mix of 
among‐ and within‐individual variation and 9th instar males and fe‐
males exhibit similar levels of residual variation in the latency to exit 
a gallery. Examination of difference matrices suggests that females 
are most similar to 9th instar males (most differences overlap zero) 
and most different from 8th instar males (fewest differences overlap 
zero).

In terms of Wellington tree weta behavioural ecology, we can‐
not say what the purpose or fitness‐relevance of these correlated 
behaviours is or whether the purpose is the same for each sex or 
morph. For example, females might exit the gallery earlier in order to 
search for food, whereas males might search for mates, and females 
that spend longer outside the gallery might be avoiding sexual ha‐
rassment by males, whereas males might be ensuring that rival males 
do not enter their gallery. Given the paucity of current research on 
strategy‐related behavioural syndromes, the current study work 
represents an important first step in terms of identifying individual‐ 
and phenotypic‐level differences in behaviour for the evolution of 
alternative mating systems. Future research on the ultimate mecha‐
nisms underlying these behaviours and the role of context (in terms 
of competition and conspecific density) will be necessary to contex‐
tualize these results, and their importance in terms of the ecology 
and evolution of alternative mating strategies in weta.
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