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Abstract 

Sexual selection is thought to be the main driver for the evolution of pre-copulatory traits 

(e.g., weapons and ornaments) used to gain access to mates, and post-copulatory traits 

(e.g., sperm form and function) used to maximize fertilisation success. Individuals that 

have a greater ability to acquire resources from their environment may be able to invest 

in both types of traits equally, and therefore may have a competitive advantage during 

mate acquisition and sperm competition. For males that are competitively inferior, they 

may choose to invest more into one type of trait, resulting in a trade-off between the 

investment in one trait over another.  The New Zealand giraffe weevil, Lasiorhynchus 

barbicornis, provides an ideal study system to explore size-dependent investment in 

sexual traits. Males show extreme size variability, leading to differences in mating 

success between males of different body sizes. Large males are better at acquiring 

mates and winning fights and as a result, small males have adopted a sneaking tactic to 

avoid pre-copulatory competition with larger rivals. Therefore, small males may choose 

to invest more into their post-copulatory traits. Further, giraffe weevils form large 

aggregations on host trees during the summer months, making them an ideal subject to 

explore how demographic factors can influence the mating success of males. In giraffe 

weevils, how body size and population density interact to influence mating success is 

not well understood. In this study, I used an experimental behavioural assay and 

morphometrics to investigate how males of different body sizes may be investing into 

their pre- and post-copulatory traits to engage or avoid sperm competition.  I found that 

small males may be investing more into post-copulatory traits than large males. 

However, I found no evidence of a phenotypic trade-off between pre- and post-

copulatory traits. I also used an observational dataset collected from a natural population 

to explore how population density, among other demographic factors, interact with body 

size to influence male mating success. I found that male giraffe weevils have density-

dependent mating success, with small males doing best at high densities, and large 

males at low densities. My research will contribute to a growing body of work looking at 

how sexual selection can shape the life-history traits of insects.   



 

ii 

Acknowledgements 

First, I would like to thank my supervisor, Chrissie. I absolutely idolise you as a woman 

and mother in STEM and you are an incredible role model. I feel so privileged to have 

been able to work with you and learn from you. You have been awesome to work with 

and your knowledge and guidance throughout my thesis has been extraordinary. Thank 

you for always being kind and helping me with my problems, big or small, academic-

related or not. Most of all, thank you for fostering my interest in the natural world, I’ve 

never had someone who inspired me to have questions about everything and anything 

in nature. Because of you, giraffe weevils hold a very special place in my heart, and I 

can honestly say I’ve come out of this study with more questions than answers! Thank 

you.  

I would also like to thank my advisor, Dr Zac Wylde (University of Western Sydney), for 

his insane statistical and problem-solving skills while Chrissie was on maternity leave. 

You have been absolutely amazing to work with Zac and I guarantee this thesis would 

not have come together so easily if you had not been around. I know you were swamped 

with your own work at the time of my thesis, so all your help was most gratefully 

appreciated. You were a more than satisfactory temporary Chrissie!!! 

I would like to acknowledge Ummat Somjee (Smithsonian Tropical Research Institute), 

for all his support and expertise for my allometry chapter. I appreciate your time and help 

as I know you are very busy! Also our lab technician, Bruce Patty, for always having 

everything stocked up, making my work relatively stress-free! Next, I would like to thank 

mana whenua, Ngāti Koroki Kahukura, for allowing me to collect giraffe weevils from the 

wild to make this research possible. Thank you to Sanctuary Mountain Maungatautari for 

being so accommodating and granting me access to the beautiful maunga to collect the 

weevils.  

To my family, thank you. Thank you for helping me financially to make this research 

possible and for encouraging me to pursue my interests. Dad, thank you for always 

being there for me when I needed help, just a phone call away. Mum, thank you for 

keeping me level-headed when the tough got going and reminding me what was 

important. And Garrid, thank you for being an amazing brother who does not question 

my weird interests, but instead marvels at them with me. I would not have succeeded as 

well in my studies without my family there to support me. I am so grateful to you all! 



 

iii 

One of my biggest thanks goes out to my friends and the Painting lab group and EcoDiv 

lab group. Brody, Jack, Grace, Lara, and René, you guys are all just wonderful. It has 

been awesome having many of you complete your master’s research at the same time, 

meaning we could organise cocktail nights or board game nights and rant about what is 

going right or wrong! I feel I have made friends for life with you all, and I will never forget 

how much you helped me push through to see the light at the end of the tunnel. So 

much love for all of you.  

Last, but definitely not the least, to my partner Jaden. Thank you for encouraging me to 

keep on going even when things felt tough and unachievable. You have been my rock 

through my studies and I am so grateful for you. Thank you for letting me chew your ear 

off about whatever weird ‘sciencey’ facts I learnt and for also encouraging me to cultivate 

my interests in weird and whacky things. Having you beside me during my studies has 

been amazing and your support does not go unnoticed, I cannot thank you enough. Oh, 

and of course thank you for letting me drag you out to the maunga to help me weevil-

hunt! I love you and I look forward to our many adventures to come. 

A special thank you to my dog Neo who has grown with me throughout my master’s 

research. Of course, you cannot read this… but you have been a significant light during 

my time studying. You force me to get outside and get fresh air, and you make me laugh 

even when days seem dull! You’re the best.   



 

iv 

Table Of Contents 

Abstract .............................................................................................................................. i 

Acknowledgements ........................................................................................................... ii 

Table Of Contents ............................................................................................................ iv 

List Of Figures ..................................................................................................................vii 

List Of Tables .................................................................................................................... x 

1 General Introduction  ................................................................................................... 1 

Sexual selection as a driver of phenotypic diversity in animals.......................................... 2 

Polyandry as a driver of pre- and post-copulatory selection .............................................. 3 

Pre- and post-copulatory selection in the context of sperm competition ............................ 4 

How sperm competition shapes the use of alternative reproductive tactics ....................... 5 

The effect of population density and sex ratio on mating dynamics ................................... 6 

Studies on sexual selection in the wild on non-model species........................................... 8 

The New Zealand giraffe weevil (Lasiorhynchus barbicornis) ............................................ 9 

Brentidae ................................................................................................................... 10 

Ecology ..................................................................................................................... 10 

Morphology ............................................................................................................... 10 

Behaviour .................................................................................................................. 13 

Study sites ....................................................................................................................... 14 

Maungatautari Mountain ............................................................................................ 14 

Matuku Reserve ........................................................................................................ 15 

Thesis outline .................................................................................................................. 16 

2 Allometry and trade-offs of pre- and post-copulatory traits in the New Zealand 
giraffe weevil  ................................................................................................................. 19 

Abstract ........................................................................................................................... 20 

Introduction ..................................................................................................................... 21 

Materials and methods .................................................................................................... 26 

Specimen collecting .................................................................................................. 26 



 

v 

Morphological measurements ................................................................................... 27 

Statistical analysis ..................................................................................................... 29 

Results ............................................................................................................................ 30 

Scaling relationships of pre- and post-copulatory traits ............................................. 30 

Trade-offs between pre- and post-copulatory traits ................................................... 33 

Discussion ....................................................................................................................... 35 

3 Investigating the effects of population density and sex ratio on male mating 
success .......................................................................................................................... 43 

Abstract ........................................................................................................................... 44 

Introduction ..................................................................................................................... 45 

Materials and Methods .................................................................................................... 50 

Laboratory experiment .............................................................................................. 50 

Field study ................................................................................................................. 52 

Data analysis ............................................................................................................. 53 

Results ............................................................................................................................ 56 

Experimental assay ................................................................................................... 56 

Observational data .................................................................................................... 57 

Discussion ....................................................................................................................... 78 

4 General Discussion .................................................................................................... 87 

How are males of different body sizes investing into their pre- and post-copulatory traits?

 ........................................................................................................................................ 88 

How do population dynamics affect the mating success of males of different body sizes?

 ........................................................................................................................................ 89 

Studying behaviour in the wild ......................................................................................... 90 

Limitations of my research ............................................................................................... 91 

Future directions .............................................................................................................. 92 

Implications for behavioural ecology research on the New Zealand giraffe weevil .......... 93 

References ...................................................................................................................... 95 

 



 

vi 

  



 

vii 

List Of Figures 

Figure 1.1. A male (top) and female (bottom) New Zealand giraffe weevil. Note 
the position of the antennae which is further down the rostrum on the 
female to allow her to drill into the wood to lay her egg. Photos by M 
Lambert. .................................................................................................... 12 

Figure 1.2. A comparison of female and male morphology and size variation in 
the New Zealand giraffe weevil, Lasiorhynchus barbicornis. Females are 
presented on the left, males on the right. These images are true to size, 
with the females being 12mm and 50mm, respectively, and the males 
14mm and 90mm, respectively. Drawings by M Lambert. ......................... 13 

Figure 1.3. Field site, Maungatautari (red pin), south east of Hamilton (red dot) in 
the Waikato, North Island, New Zealand. Images taken from Google 
Earth. ........................................................................................................ 15 

Figure 1.4. Field site, Matuku Reserve (yellow pin), west of Auckland city (green 
pin) in the North Island, New Zealand. Images taken from Google Earth. 16 

Figure 2.1. Photos showing the aedeagus, tegmen, testes, and sperm of male 
Lasiorhynchus barbicornis. Top left shows the aedeagus (measured 
between the black arrows), and the tegmen (measured between the red 
arrows) at 0.6x magnification. Bottom left photo shows the testes at 0.6x 
magnification. Right photo shows the sperm at 20x magnification, note 
the tail has become uncoiled. .................................................................... 29 

Figure 2.2. The allometric slope of each trait against body size with a confidence 
interval of 95%. Each black point represents a male New Zealand giraffe 
weevil.  Red lines are a slope line of 1. Note that sperm length is mean-
centred as the sperm length and pronotum width were on such different 
magnitudes of scale they could not be accurately plotted against each 
other. ......................................................................................................... 33 

Figure 2.3. Relative trait size in relation to relative rostrum length for male 
Lasiorhynchus barbicornis. Relative trait size was calculated by taking 
the residuals of A) sperm length, B) sperm concentration, C) testes 
diameter, and D) testes weight from the best fit regression model of the 
trait against pronotum width. The line of best fit was added for any 
slopes that were significant (p < 0.05). ...................................................... 35 

Figure 3.1. Total copulation duration plotted against total guard duration. Solid 
black points represent each individual male, and the blue error ribbon 
represents a 95% confidence interval. ...................................................... 57 

Figure 3.2. Variation in population density of both male (blue) and female (red) 
giraffe weevils over the four sampling periods (November 2011 – 
April/May 2012). Each translucent point signifies the sum of observed 
males and females seen on that day across all trees. The bold points 
are the means from that month and the vertical lines represent Standard 
Errors of the Mean (SEM). ........................................................................ 58 



 

viii 

Figure 3.3. Changes in log body length of female (red) and male (blue) giraffe 
weevils over the four sampling periods (November 2011 – April/May 
2012). * : p <= 0.05, ** : p <= 0.01, *** : p <= 0.001, **** : p <= 0.0001. 
Significance was determined using the Kruskal-Wallis test. ...................... 60 

Figure 3.4. Percentage of males (blue) and females (red) over the four sampling 
periods (November 2011 – April/May 2012), expressed as a percentage. 61 

Figure 3.5. The effect size plot for the generalized linear model of mating 
duration. The black points represent the estimate value, and the solid 
black lines represent 95% confidence intervals. ....................................... 63 

Figure 3.6. The interactive effects of number of females and male mating 
frequency on predictions of average male mating duration. The solid, 
coloured lines represent the population-level estimates of average male 
mating duration across different levels of mating frequency and the 
number of females. Shaded coloured areas represent 95% confidence 
intervals. .................................................................................................... 64 

Figure 3.7.  The effect size plot for the generalized linear model of male mating 
frequency. The black points represent the estimate value, and the solid 
black lines represent 95% confidence intervals. ....................................... 66 

Figure 3.8. Mating frequency grouped by male body size rank at differing 
densities. Female density is on the left, and male density is on the right. 
Each point represents the mean, and the error bars represent Standard 
Errors of the Mean (SEM). ........................................................................ 68 

Figure 3.9. The interaction between number of males, and number of females and 
its effect on male mating frequency. The solid, coloured lines represent 
population-level estimates of male mating frequency across different 
levels of female density and the number of males. Shaded coloured 
areas represent 95% confidence intervals. ............................................... 69 

Figure 3.10. The effect size of factors that influence the number of unique 
females a male mates with. The thick and thin lines describe the 50% 
and 95% credible intervals (CI) of each parameter, respectively. The 
small transparent dots are the median of the posterior distribution. .......... 71 

Figure 3.11. The relationship between male body size rank and the number of 
unique females a male mated with. The solid points represent the mean, 
and the error bars represent Standard Errors of the Mean (SEM). ........... 72 

Figure 3.12. Interaction between number of males and male body size rank on 
the number of unique females a male mates with. Lines represent the 
posterior fits from Bayesian generalized linear mixed models. Shaded 
areas represent the lower and upper bounds of 95% uncertainty interval 
of the response. ........................................................................................ 73 

Figure 3.13. The effect size plot for the Bayesian model for guarding duration. 
The thick and thin lines describe the 50% and 95% credible intervals 
(CI) of each parameter, respectively. The small transparent dots are the 
median of the posterior distribution ........................................................... 75 



 

ix 

Figure 3.14. The relationship between mean guarding duration, and mean mating 
duration. The solid line represents the line of best fit, and the shaded 
area represents the upper and lower bounds of a 95% confidence 
interval. ..................................................................................................... 76 

Figure 3.15. Interaction between mean number of males and female density on 
mean guarding duration. Lines represent the posterior fits from Bayesian 
generalized linear mixed models. Shaded areas represent the lower and 
upper bounds of 95% uncertainty interval of the response. ...................... 77 

Figure 3.16. The interaction between mean male body size and mating duration 
on mean guarding duration. Lines represent the posterior fits from 
Bayesian generalized linear mixed models. Shaded areas represent the 
lower and upper bounds of 95% uncertainty interval of the response. ...... 78 

 

  



 

x 

List Of Tables 

Table 2.1. Means, standard errors and ranges of trait size for male 
Lasioryhynchus barbicornis. ...................................................................... 31 

Table 2.2. Allometric values and confidence intervals for each trait (log 
transformed) regressed against log pronotum width. Significant p values 
indicate that the slope differs from isometry (slope of 1). .......................... 31 

Table 2.3. Multiple regression outputs with rostrum length as the explanatory 
variable and each post-copulatory trait as the response variable. Each 
post-copulatory trait is log-transformed. .................................................... 34 

Table 3.1. The number of individual observation days at each tree for each 
sampling period. ........................................................................................ 53 

Table 3.2. Summary statistics for the linear model estimates of density treatment, 
mating duration, and male body size......................................................... 56 

Table 3.3. Summary statistics for the generalised linear model estimates of log 
male body length, log female body length and sampling period. ............... 59 

Table 3.4. Summary statistics from the generalised linear model estimates of sex 
ratio and sampling period. ......................................................................... 61 

Table 3.5. Summary statistics for the generalized linear model estimates of 
mating duration using the dataset that only contained males that mated. . 62 

Table 3.6. Summary statistics for the generalized linear model estimates of 
mating frequency using the dataset that contained both males that 
mated and did not mate. ........................................................................... 65 

Table 3.7. Variation in unique female matings by male Lasiorhynchus barbicornis. 
I present fixed (β) and random (σ2) effects with 95% confidence intervals. 
These values are median estimates of the posterior distribution. pd is 
the probability of direction representing the certainty associated with the 
most probable direction (Makowski et al., 2019). ...................................... 70 

Table 3.8. Variation in guarding duration in male Lasiorhynchus barbicornis for the 
best fitting model; I present fixed (β) and random (σ2) effects with 95% 
confidence intervals. pd is the probability of direction representing the 
certainty associated with the most probable direction (Makowski et al., 
2019). ........................................................................................................ 74 

 

 



 

1 

 

1  
General Introduction 

  



 

2 

Sexual selection as a driver of phenotypic diversity in animals 

Sexual selection has been the subject of debate and extensive research since it was first 

described by Darwin (1871). It is described as a form of selection that drives the adaptation 

and evolution of traits which increase an individual’s reproductive success, and thus, 

fitness (Andersson, 1994). Sexual selection is a key driver of the incredible diversity of 

phenotypic traits in the animal kingdom such as weapons, used in contests, and 

ornaments, used in courtship displays (Bateman, 1948; Kodric-Brown & Brown, 1984; 

Zahavi, 1975). Common examples include the tail of peacocks, which are used in 

courtship displays (Loyau et al., 2005); or the eye stalks of male stalk-eyed flies 

(Diopsidae), used in male-male competition for access to females (Burkhardt & de la 

Motte, 1983; Panhuis & Wilkinson, 1999). One of the most well-studied exaggerated traits 

are the large horns borne by dung beetles (Scarabaeinae) and rhinoceros beetles 

(Dynastinae), used as weapons in male contests for access to females (Emlen et al., 2005, 

2007;  Emlen, 2008; Kawano, 1995; Ohde et al., 2018; Pomfret & Knell, 2008). Sexual 

selection typically acts more strongly on the more abundant sex, which is most commonly 

males (Kirkpatrick, 1987; Lande, 1980; Zahavi, 1975). Thus, diverse, and often bizarre 

traits are almost exclusively found in males, and as a result, sexual dimorphism is seen in 

many taxa (Kirkpatrick, 1982; Lande, 1980; Zahavi, 1975). For example, male fiddler crabs 

of the genus Uca, possess a small feeding claw, and an extremely enlarged claw that can 

comprise half their total body mass in some species, compared to females that have two 

normal claws used for feeding (Crane, 2015). Males use this enlarged claw in a visual 

courtship display, but also in aggressive contests with other males for access to females 

(Christy, 1983; Pope, 2000). Males with larger claws are more attractive to females, and 

thus they continue to persist in populations, despite being costly to maintain (Christy, 

1983; Jennions & Blackwell, 1998; Pratt et al., 2003). The type of cost (e.g., locomotory, 

metabolic, developmental) and magnitude of cost is variable among taxa (McCullough et 

al., 2012; McCullough & Emlen, 2013; McCullough & Tobalske, 2013). That elaborate 

traits continue to persist despite the costs demonstrates how strongly sexual selection can 

act on a species. 

Exaggerated sexually selected traits are expected to be condition-dependent where the 

benefits of an exaggerated display or ornament in terms of mating success are thought to 

be balanced by the costs of producing and/or carrying the trait (Zahavi, 1975). Generally 

speaking it is thought that stronger sexual selection has led to higher condition-

dependence in these traits (Bonduriansky & Rowe, 2005; Cotton et al., 2004; Johnstone 
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et al., 2009). Males often invest a significant amount of resources into the exaggeration of 

weapons to gain access to females, resulting in variation in both shape and size within 

populations (Emlen et al., 2007). Indeed, many sexually selected traits are extremely large 

relative to the individual bearing them, exhibiting positive allometry (Eberhard et al., 2018). 

Positive allometry has been interpreted as evidence of sexual selection as it leads to 

variation in mating success between individuals (Andersson, 1994; Bonduriansky, 2007; 

Kodric-Brown et al., 2006), and larger weapons have been associated with increased 

mating success (Andersson, 1994). For example, male tree wētā (Hemideima crassidens) 

with larger mandibles, which are used as a weapon during contests, have increased 

success in male contests and access to female harems, therefore increasing their mating 

opportunities (Kelly, 2005, 2006). Furthermore, male snapping shrimp (Alpheidae) with 

the largest body and weapon are more likely to win contests for burrows used by females 

(Hughes, 1996). Thus, exaggerated traits are typically associated with increased mating 

success, and as a result, maintains exaggeration of the trait within the population. 

Polyandry as a driver of pre- and post-copulatory selection 

Polyandry is a common occurrence in the animal kingdom and is defined as multiple 

mating by females (Parker & Birkhead, 2013). Multiple mating by females therefore means 

that multiple ejaculates co-occur at the site of fertilisation. Because paternity is not 

guaranteed, males have evolved traits to give them a competitive advantage over their 

male counterparts, allowing them to increase their reproductive success (Andersson, 

1994). Bateman (1948) argued that male reproductive success is not limited by sperm 

production, but rather the number of available females, whereas female reproductive 

success is limited by the number of eggs she can produce. Because multiple mating 

requires time and energy (Huchard et al., 2012), risks exposure to disease (Thrall et al., 

2000), predation (Rowe, 1994) and injury (Arnqvist et al., 2005), females should only mate 

once or a few times to ensure fertilization (Simmons, 2005). However, polyandry is a 

ubiquitous phenomenon across many taxa (Arnqvist & Nilsson, 2000; Gowaty, 2013; 

Simmons, 2005). A review of Bateman’s principle has since shown that his theory was 

controversial, and females actually benefit from mating multiple times (Parker & Birkhead, 

2013; Simmons, 2005). For example, a direct benefit may be receiving nuptial gifts from 

multiple males, which can increase female egg production by up to 85%, despite an 

increased risk of disease (Knell & Webberley, 2004; Rowe, 1994). On the other hand, 

increasing offspring quality may be an indirect benefit of polyandry, allowing females to 

select the fittest males following copulation (McCullough et al., 2017). Therefore, both pre- 
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and post-copulatory choice by females are expected to shape the indirect and direct 

benefits of polyandry, likely influencing its ubiquity in the animal kingdom (Simmons, 

Beveridge, et al., 2007). 

Pre- and post-copulatory selection in the context of sperm competition 

While polyandry has been demonstrated to offer benefits to females, it also creates the 

opportunity for sexual selection on males to occur both before and after mating. Like many 

of the classical traits involved in male contests, it has become apparent that post-

copulatory traits such as sperm can also be greatly influenced by sexual selection. For 

example, some Drosophila species have evolved giant sperm that are now thought to be 

one of the most extreme ornaments, even when compared to antlers or peacock feathers 

(Lüpold et al., 2016). Post-copulatory sexual selection operates after mating and is driven 

by the process of sperm competition. Sperm competition occurs when the sperm of two 

or more males co-occur at the site of fertilisation, resulting in competition between sperm 

for fertilisation of the female ova (Simmons, 2005). In contrast, pre-copulatory selection 

operates before mating through male-male competition for access to mates. Males may 

avoid sperm competition through male-male competition, and often the males that are 

endowed with the most exaggerated of weapons and ornaments experience a 

disproportionately high mating success when compared to males who bear smaller traits 

(Andersson, 1994; Emberts et al., 2018; Parker, 1974b). Further, to avoid sperm 

competition through post-copulatory selection, males may evolve genitalia that impose 

harm on females to prevent them from remating (Hotzy & Arnqvist, 2009; Kyogoku & Sota, 

2015), or evolve structures on their genitalia for the removal of rival sperm (Córdoba-

Aguilar et al., 2003; Waage, 2008). For example, damselflies (Odonata) have evolved 

genital structures that allow them to remove rival sperm before transferring their own 

(Waage, 1979). Therefore, sperm competition has resulted in the evolution of diverse traits 

and strategies that allow males to avoid post-copulatory competition.  

Males can also engage in sperm competition through post-copulatory selection on traits 

such as testes or sperm length, quality, or number. Sperm competition favours traits that 

maximize competitive fertilisation success. A common evolutionary response to an 

increase in sperm competition is an increase in testes size (Hosken, 1997; Hosken & 

Ward, 2001; Moller, 1991; Stockley et al., 1997), which has shown to be correlated with 

sperm production (Amann, 1970; De Reviers & Williams, 1984; Møller, 1988). Theory 

predicts that with increasing sperm competition, males should allocate more resources to 

sperm production (Parker, 1970), and there is growing evidence for this in the literature 
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(Kelly & Jennions, 2011; Simmons & Emlen, 2006; Wedell et al., 2002). For example, in a 

comparative study using the Australian Maluridae, sperm concentration was positively 

correlated with sperm competition level, suggesting males increase sperm production in 

response to sperm competition risk (Rowe & Pruett-Jones, 2011). Furthermore, in the 

dung beetle Onthophagus taurus, males from polygamous lines had larger testes than 

those from monogamous lines (Simmons & García‐González, 2008). 

Sperm competition models predict that males have a limited resource pool and therefore 

may experience a trade-off between mate acquisition (e.g., mate searching, male-male 

competition), and ejaculate expenditure (e.g., sperm number, testes size) (Lüpold et al., 

2014; Parker & Pizzari, 2010; Simmons, 2001). Where males compete in contests for 

direct access to females, these models predict that expenditure on weapons should 

increase and expenditure on ejaculates should decrease (Parker & Pizzari, 2010; 

Simmons & Buzatto, 2014). This has been shown in the dung beetle Onthophagus taurus, 

where under high levels of competition, large horned (major) males allocated more 

resources to body size (Simmons & Buzatto, 2014). Because pre-copulatory traits (e.g., 

antlers) influence a male’s access to mates, and post-copulatory traits (e.g, sperm size) 

can affect fertilisation success, overall reproductive success is determined by how much 

a male invests into both pre- and post-copulatory traits (Andersson & Simmons, 2006; 

Kvarnemo & Simmons, 2013). Similar to pre-copulatory traits, there is evidence to suggest 

that post-copulatory traits are condition-dependent (Bonduriansky & Rowe, 2005; Perry & 

Rowe, 2010;  Rowe & Houle, 1996; Wigby et al., 2016). For example, Wylde et al. (2019) 

found that condition-dependence and male-male competition interact to influence 

ejaculate investment in the neriid fly, Telostylinus angusticollis. High condition males had 

lower latency to mate and increased ejaculate expenditure but only when they were 

second to mate, suggesting strategic allocation of ejaculates (Wylde et al., 2019). Despite 

this, how male condition, and therefore body size influences expenditure on pre- and post-

copulatory traits is poorly understood. 

How sperm competition shapes the use of alternative reproductive tactics  

Polyandry, and therefore the risk and intensity of sperm competition, can influence the 

mating behaviour of males of different body sizes. Large males typically have higher 

mating success due to competitively excluding smaller males in pre-copulatory 

competition. This disparity in mating success between small and large individuals has led 

to the evolution of alternative reproductive tactics (ARTs) (Shuster & Wade, 2003). 

Alternative reproductive tactics allow smaller males to engage in copulations without a 
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pre-copulatory fight  (Taborsky et al., 2008). Most commonly two or three morphs of males 

are selected for; a large, dominant male, which possesses an exaggerated trait, and one 

or two smaller, subordinate male morphs that sneak, mimic females, or act as satellites 

(Emlen, 1997; Okada et al., 2008; Rowland & Emlen, 2009; Shuster, 1987). For example, 

the yellow dung fly (Scathophaga stercoraria) uses size-specific ARTs (Parker, 1970; 

Pitnick et al., 2009; Tomkins & Simmons, 2002). Large males compete in aggressive 

contests for gravid females on dung, but smaller males search for females at foraging 

sites and as a result, have higher mating success (Gress et al., 2014; Pitnick et al., 2009). 

Therefore, although sexual selection typically acts on large males with exaggerated traits, 

if individuals can gain reproductive opportunities using alternative phenotypes, these 

phenotypes can continue to persist within the population (Gross, 1996). 

Differential allocation of resources into pre- and post-copulatory traits are likely to be more 

common in species with alternative mating tactics (Simmons & Emlen, 2006). Within a 

population, fighter and sneaker male morphs are exposed to varying levels of both sperm 

competition risk and intensity, ultimately influencing their relative fitness. Sneaker males 

typically face higher levels of sperm competition than fighter males as they are more likely 

to mate after the dominant males (Parker, 1990b). Therefore, theory predicts that sneaker 

males should invest more into testes size or sperm characteristics that allow them to 

overcome the competitive disparity and increase their reproductive success (Parker, 

1990b; Vahed & Parker, 2012). This is seen in the dung beetle genus Onthophagus, where 

minor (sneaker) males have greater testes size than major (fighter) males (Simmons et 

al., 2007). However, a review of 29 species across five taxonomic classes by Kustra and 

Alonzo (2020) found no significant differences in ejaculate traits between sneaker and 

fighter males. Thus, there is contrasting evidence for this theory and the exact 

mechanisms explaining why there is a difference in resource allocation are poorly 

understood. Understanding how males using different alternative mating tactics invest 

resources into their pre- and post-copulatory traits can provide a deeper understanding of 

the interaction between developmental trade-offs of sexually selected traits. 

The effect of population density and sex ratio on mating dynamics 

Pre- and post-copulatory selection will be subject to variation based on the number of 

individuals in a population and the ratio of sexually receptive males to females (operational 

sex ratio [OSR]). However, little is known about the mechanisms underlying how 

population density and the OSR may affect sexual selection and the mating success of an 

individual. Increasing the number of competing males and the number of females available 
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to mate will increase competition for access to mates, and may also increase the intensity 

of sperm competition. For example, when population density increases, males are likely 

to have more mating opportunities as their encounter rate with female increases (Kokko 

& Rankin, 2006). However, with a greater number of males competing for access to 

females, the efficiency of competition and monopolisation of females reduces as 

encounter rates with other males have increased (Cai et al., 2019; Knell, 2009). Similarly, 

the OSR can have a strong influence on the intensity of competition for mates which is 

typically thought to correlate with the strength of intrasexual selection (Weir et al., 2011). 

It is predicted that as the OSR becomes increasingly more male-biased, male aggression 

and competition increases and females becomes more choosy (Emlen & Oring, 1977). On 

the other hand, as the OSR becomes more female-biased, male aggression and 

competition is expected to decrease, and females are expected to be less choosy (Emlen 

& Oring, 1977). The effects of population density and OSR are closely intertwined and 

therefore it can be difficult to resolve the effects of these individual parameters on sexual 

selection (Head et al., 2008). 

Population density is predicted to influence mating behaviours such as mating frequency 

and duration. For example, male water striders (Aquarius remigis) invest more effort into 

mate acquisition (Lauer et al., 1996), but have lower mating success at high densities (Sih 

& Krupa, 1995). Furthermore, in the seed bug Nysius huttoni, males increase mating 

duration in response to high population density (Wang et al., 2008). The exact functions 

behind increasing mating duration in response to population density is currently unknown, 

although it is predicted that males expend more resources on ejaculate in response to 

sperm competition (Simmons, 2001). Indeed, this is what sperm competition theory 

predicts, that males should maximize post-copulatory expenditure to secure as many 

fertilisations as possible when facing sperm competition from other males (Parker et al., 

2013a). However, there is some empirical evidence that brings the generality of this 

theoretical prediction into question. For example, in the Australian polydesmidan millipede 

(Gigantowales chisholmi), males decrease mating duration in response to increasing 

density, suggesting mate acquisition is more important than securing fertilisations and 

ensuring paternity in this species (Holwell et al., 2016). However, this may be due to the 

mating system this species employs, showing an adaptive response to population density 

by changing mating tactics. 

Similarly, the OSR is another aspect of the population known to influence mating success. 

When the OSR becomes more male-biased the intensification of male competition for 
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mating opportunities is expected to increase as well as the opportunities for females to 

exercise mate choice (Emlen & Oring, 1977; Smith, 2007). Therefore, male mating 

success is likely to vary with a male-biased OSR because some males (e.g., large, fighter 

males) will be able to exclude others (e.g., small, sneaker males) from securing 

fertilisations (Smith, 2007). For example, in the European bitterling, Rhodeus sericeus, a 

male-biased OSR changed the mating tactic of large males, and they competed against 

small males to release sperm when females spawned. Large males managed to 

competitively exclude smaller males, obtaining 66% of sperm releases compared to 6% 

in smaller males (Mills & Reynolds, 2003). This is expected under sexual selection theory, 

particularly Bateman’s principles which suggest that reproductive success in males is 

primarily based on access to mates (Bateman, 1948). Others, however, have suggested 

more nuanced relationships between the OSR, Batemans gradient, and sexual selection 

(Kokko et al., 2012). Furthermore, the OSR can influence mating duration and frequency. 

In the walnut fly (Rhagoletis juglandis), a male-biased sex ratio led to males having low 

mating frequencies with short mating durations (Alonso-Pimentel & Papaj, 1996). 

However, the opposite was seen in the beetle Menochilus sexmaculatus, where mating 

duration increased under extremely male-biased sex ratios (Saxena et al., 2020). 

Increasing mating duration in response to a male-biased OSR is consistent with the theory 

of Parker et al. (2013a), which suggests that males should maximize post-copulatory 

expenditure to secure as many fertilisations as possible when facing sperm competition 

from other males. There is no denying that the OSR influences male mating success. 

However, how it interacts with population density to influence net male fitness is poorly 

understood. 

Studies on sexual selection in the wild on non-model species 

Insects are not often studied in the field as they can be difficult to observe and track in 

their wild populations (LeGrice et al., 2019; Rodriguez-Munoz et al., 2010). Conducting 

behavioural ecology research in the wild is advantageous because it allows individuals to 

interact without manipulation and therefore produces a complex and dynamic 

understanding of variation in natural populations that would otherwise not be seen (Fisher 

et al., 2015; Le Grice, 2015). However, a wild environment can introduce uncontrolled 

variation to the dataset and this should be taken into consideration when trying to decipher 

relationships between variables (Kawasaki et al., 2008; Lande & Arnold, 1983; Roulston 

& Goodell, 2011). Furthermore, it is often difficult to monitor the behavioural variation of 

an individual or population due to the labour required to accurately track and monitor the 



 

9 

species in their natural habitat (Fisher et al., 2015; Herborn et al., 2010). In contrast, 

conducting research on insects in the laboratory is a more typical approach as insects are 

often easy to rear and observe in captive populations. However, laboratory environments 

can confound behavioural measurements (Archard & Braithwaite, 2010; Bonduriansky & 

Brassil, 2005; Bretman & Tregenza, 2005; Kawasaki et al., 2008). There has been some 

support for behavioural traits seen both in the wild and laboratory environments (Herborn 

et al., 2010; Šlipogor et al., 2021; Yuen et al., 2016). However, repeated measures of the 

same behavioural trait are needed to provide an accurate depiction of the effect of both 

wild and laboratory environments (Fisher et al., 2015). Recently, a study by Osborn and 

Briffa (2017) measured the behaviour of beadlet sea anemones (Actinia equina) in the 

wild and the laboratory. Despite repeatability of behavioural measurements between the 

wild and laboratory environments, startle responses differed between environments. 

Anemones in the wild had shorter startle responses (i.e., less risk averse) compared to 

those in the laboratory. Therefore, using both wild and laboratory measurements is ideal 

to gain an accurate understanding of variation in an individual’s behaviour and the 

variables that may be affecting it.  

Behavioural research is typically conducted using model organisms (e.g., Drosophila, 

honey bees, crickets) to formulate and test hypotheses (Zuk et al., 2014). Using model 

organisms has its advantages. They are usually easy to rear, observe, and experimentally 

manipulate. Furthermore, they allow knowledge to be built up rapidly because any 

confounding factors are known and can be controlled for in future research. However, 

using model organisms to generalize findings can be problematic. Many aspects of 

ecology and evolutionary biology are concerned with individual variation and how this 

influences fundamental processes such as speciation (Zuk et al., 2014). Therefore, 

research should choose organisms based on the question at hand and the behaviours 

sought to explain. More studies on wild populations using non-model species are required 

to understand the true extent of how sexual selection acts based on individual variation in 

a species. 

The New Zealand giraffe weevil (Lasiorhynchus barbicornis) 

The New Zealand giraffe weevil, Lasiorhynchus barbicornis (Fabricius), (Coleoptera: 

Brentidae) is endemic to New Zealand (Kuschel, 2003) and is found across the North 

Island and the north western regions of the South Island. This species has become a 

useful model for research on sexual selection and the evolution of exaggerated traits. 
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Brentidae 

Brentidae are a diverse beetle family that consists of 1690 species with over 290 genera, 

most of which are commonly found in tropical rainforests (Sforzi & Bartolozzi, 2004). 

Weevils within the family Brentidae are commonly called straight-nosed weevils as unlike 

other families within the Curculionoidea which bear a curved rostrum, brentids have 

straight rostrums. The rostrum of male brentids are often exaggerated, resulting in size 

dimorphism (Sforzi & Bartolozzi, 2004). In addition, intrasexual size variation and 

competition between males has been reported for several species, including the New 

Zealand giraffe weevil (García-Cambronero, 1989; Johnson, 1982, 1983; Painting & 

Holwell, 2014a). 

Ecology 

Giraffe weevils are commonly found aggregating on dying standing, or fallen trees such 

as karaka (Corynocarpus laevigatus), māhoe (Melicytus ramiflorus), rangiora 

(Brachyglottis repanda), tarata (Pittosporum eugenioides), whau (Entelea arborescens), 

and tawa (Beilschmiedia tawa) (Meads, 1976; Painting & Holwell, 2014b). Females search 

for a suitable oviposition site where they will drill into the dying wood and deposit a single 

egg. While a female drills an oviposition hole, males congregate and attempt to copulate 

with them, often forming large aggregations (Meads, 1976; Painting & Holwell, 2014b).  

Adult giraffe weevils have been observed consuming tree sap, and flower nectar, further 

reinforcing their attraction to dying or wounded trees (Meads, 1976; Painting & Holwell, 

2014b). Mating and egg laying occur in warmer months between October and April, 

followed by at least a two-year wood-boring larval stage before the adults emerge (Meads, 

1976; Painting & Holwell, 2014b). Peak population density occurs late summer (February) 

before the adults to die off in autumn (April/May) (Painting et al., 2014). After emerging, 

giraffe weevils live for several weeks, although large males and females have been 

observed to have an increased lifespan (LeGrice et al., 2019). Lastly, giraffe weevils are 

diurnal, retreating to the canopy when it gets dark and remaining on the underside of the 

leaves until dusk (Painting & Holwell, 2014b). 

Morphology 

Originally, male and female giraffe weevils were described as separate species due to the 

high level of sexual dimorphism (Kuschel, 2003). Male giraffe weevils possess an 

extremely elongated rostrum, which can be over half their total body length (Figure 1.1, 

Kuschel, 2003). Females use their rostrum to drill into dying wood to make an oviposition 
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site, whereas males use their rostrum as a weapon in intense male-male competition for 

access to females (Meads, 1976; Painting & Holwell, 2014a). In males, the rostrum shows 

a positive allometric relationship with body size, suggesting that large males invest 

disproportionately more resources into their rostrum compared to their smaller male 

counterparts (Painting & Holwell, 2013). However, the wings, antennae, and legs showed 

positive correlations with rostrum length, suggesting males are compensating for their 

increased rostrum length (and possibly increased locomotory costs) (Painting & Holwell, 

2013). Previous research exploring trade-offs between rostrum size and testes size in 

male giraffe weevils found no evidence of a trade-off (Painting & Holwell, 2013). However, 

there has been no research yet looking into if, and how, male giraffe weevils invest 

resources into other post-copulatory traits such as sperm length and concentration. 

Furthermore, there has only been  one study (Painting & Holwell, 2013) exploring 

differences in investment between pre- and post-copulatory traits with respect to male 

body size.   
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Figure 1.1. A male (top) and female (bottom) New Zealand giraffe weevil. Note the 
position of the antennae which is further down the rostrum on the female to allow her to 
drill into the wood to lay her egg. Photos by M Lambert.  
 

Furthermore, giraffe weevils show both extreme intra- and intersexual size variation, with 

males varying between 14-90 mm and females between 12-50 mm in total body length 

(Figure 1.2, Painting & Holwell, 2014b). This extreme size variability is likely to have 

driven the evolution of size-dependent alternative reproductive tactics (ARTs) in males. 

Males may employ either a fight and guard strategy, or sneaking strategy, for access to 

females (Painting & Holwell, 2014b). However, this ART is flexible in that small males can 
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switch between sneaking and fighting  based on the relative size of their opponents 

(Painting & Holwell, 2014). In addition, females do not appear to show any pre-copulatory 

preference for small or large males, and both sexes of various sizes have been found 

copulating (Meads, 1976). 

 

 

 

 

 

 

Figure 1.2. A comparison of female and male morphology and size variation in the New 
Zealand giraffe weevil, Lasiorhynchus barbicornis. Females are presented on the left, 
males on the right. These images are true to size, with the females being 12mm and 
50mm, respectively, and the males 14mm and 90mm, respectively. Drawings by M 
Lambert.  
 

Behaviour 

Male giraffe weevils use their elongated rostrums in male-male competition for access to 

females (Painting & Holwell, 2014a). The use of the rostrum during intense competition 

highlights the importance of its use as a weapon, and suggests it may be under sexual 

selection (Painting & Holwell, 2013). Research by Painting and Holwell (2014b) found no 

evidence of directional or stabilising selection on rostrum length, suggesting that rostrum 
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length has no influence over male mating success. However, a more recent study by Le 

Grice et al., (2019) found that larger males with longer rostrums have increased mating 

frequency and mate with larger (more fecund) females. Despite these studies, little is 

known about how body size interacts with population density to influence mating success 

in the New Zealand giraffe weevil. A study by Fisher et al., (2021) found that social 

selection was density-dependent for both males and females. Further, they found that 

small male mating success was influenced by the body size of their rivals but only when 

larger males were around and population density was high. However, they suggested 

further research with higher numbers of high-density populations was necessary to 

explore the interaction between body size and population density on mating success.  

Study sites 

Maungatautari Mountain  

Male giraffe weevils were collected from Maungatautari (38°03'19.8"S, 175°33'38.5"E), a 

mainland ecological island that is a forested, extinct volcano surrounded by farmland in 

the Waikato, North Island, New Zealand (Figure 1.3). It is predominantly dense, podocarp-

broadleaved native forest, covering approximately 3,400 ha (8,400 acres) (Speedy et al., 

2007). It is significant in that is surrounded by a 47 km long predator-proof fence. Two 

smaller enclosures were set up as a pilot for the larger mountain, the northern (35 ha) and 

southern (65 ha) (Watts et al., 2020). The predator proof fence excludes introduced 

mammalian predators, including, but not limited to, brushtail possums (Trichosurus 

vulpecula), rats (Rattus spp.), mustelids (Mustelidae), and in the southern enclosure, mice 

(Mus musculus) (Watts et al., 2020). This field site is ideal for collecting and observing 

giraffe weevils as there is an abundance of native hardwood trees such as tawa 

(Beilschmiedia tawa) and māhoe (Melicytus ramiflorus), where they are known to 

aggregate over the summer period (Painting et al., 2014; Painting & Holwell, 2014c). 
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Figure 1.3. Field site, Maungatautari (red pin), south east of Hamilton (red dot) in the 
Waikato, North Island, New Zealand. Images taken from Google Earth. 
 

Matuku Reserve 

Behavioural observations were conducted at Matuku Reserve (36°51.92′S, 174°28.32′E), 

west of Auckland city in Waitakere Valley (Figure 1.4). Matuku Reserve is owned by the 

Royal Forest and Bird Protection Society and comprises 120ha of native coastal broadleaf 

forest (Staniland, 2009). This study site is ideal for carrying out observations on wild 

populations of giraffe weevils as they are found here in high densities during the warmer 

months, aggregating on trees suitable for oviposition (Painting et al., 2014; Painting & 

Holwell, 2014c). Aggregations of giraffe weevils have been found on a number of tree 

species, but most commonly found on karaka (Corynocarpus laevigatus) and māhoe 

(Melicytus ramiflorus), which are abundant at Matuku Reserve (Painting & Holwell, 

2014c).  
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Figure 1.4. Field site, Matuku Reserve (yellow pin), west of Auckland city (green pin) in 
the North Island, New Zealand. Images taken from Google Earth. 
 

Thesis outline 

In this thesis, I aim to determine how sexually selected traits scale with body size, and if 

there are any trade-offs between such traits, as well as how demographic factors may 

influence male mating success. This thesis provides an extension of recent work on giraffe 

weevils that looked at how weapon size scaled with body size, along with other work that 

investigated the effect of body size on mating success. My research will contribute to a 

growing body of work exploring how sexual selection drives investment in traits that 

increase male mating success. Similarly, this research will also shed light on the 

reproductive ecology of natural populations, providing insight into how sexual selection 
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acts on male New Zealand giraffe weevils. I present two studies on giraffe weevil 

morphology and behaviour to address my overall thesis aim. 

In Chapter Two, I use allometric morphometrics and laboratory techniques to examine 

the relationship between body size and investment in pre- and post-copulatory traits. I use 

these results to discuss how males of different body and weapon sizes invest into pre- 

and post-copulatory traits, and if there are any trade-offs between these two types of traits. 

My findings in this chapter are novel, and address important implications that this research 

will have for understanding how sexually selected traits may differ based on the role they 

play to influence an individual’s fitness.  

Chapter Three investigates the interaction between population dynamics (density and 

sex ratio) and body size in relation to male mating duration and frequency. Here, I use two 

datasets: (1) a laboratory-based experimental dataset collected by myself, and (2) an 

observational field dataset collected by Dr Christina J. Painting and Dr Leilani Walker. The 

results from this chapter will allow us to build an understanding of how males of different 

body sizes in polygynous species may adjust their mating strategies in response to 

fluctuations in population density and sex ratio.  

Finally, in Chapter Four, I summarise my findings and draw on these results to discuss 

how sexual selection acts on traits that pertain to male mating success. Additionally, I 

discuss how demographic factors can have complex interactions to influence male mating 

success and consequently, their fitness.  
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2  
Allometry and trade-offs of pre- 

and post-copulatory traits in the 

New Zealand giraffe weevil 
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Abstract 

Sexual selection is an important driver for the evolution of exaggerated traits such as 

weapons (e.g., horns) and ornaments (e.g., bright feathers). These exaggerated traits are 

expected to increase mating success, and consequently, net fitness. The production of 

these traits can come at a cost to other traits through trade-offs in insects that are 

holometabolous where resources are limited. Therefore, resources allocated to pre-

copulatory traits may come at a cost of the development of post-copulatory traits such as 

testes size. Male giraffe weevils (Lasiorhynchus barbicornis) bear an extremely elongated 

rostrum used in competition with rivals for access to females. Here, I characterise the 

scaling relationship between body size and post-copulatory traits to determine their 

allometric relationship. Further, I explore the relationship between rostrum length and 

post-copulatory traits (testes diameter, testes weight, sperm length, sperm concentration, 

aedeagus length, and tegmen length) and the allocation of resources to these traits to 

determine if there are any trade-offs between pre- and post-copulatory traits. I found that 

post-copulatory traits were generally negatively allometric, but sperm concentration 

showed a positively allometric relationship with body size. I found no evidence of a trade-

off between pre- and post-copulatory traits; however, relative testes weight showed a 

positive relationship with relative rostrum length. My results suggest that small males are 

investing relatively more into some post-copulatory traits that assist them during sperm 

competition compared to larger males. However, larger males may experience an 

accumulation of benefits that increase their reproductive success and ultimately, their 

fitness.  
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Introduction 

Sexual selection through male-male competition and female choice is thought to be the 

main force driving the evolution of exaggerated structures such as ornaments and 

weapons (Andersson, 1994; Darwin, 1871). Females often mate with multiple males 

during the reproductive period (polyandry) (Arnqvist & Nilsson, 2000), and have the ability 

to store sperm (Parker & Pizzari, 2015), further extending male-male competition after 

copulation. Consequently, male sperm can compete within the female’s genital tract or 

sperm storage organs for fertilization opportunities (Parker, 1970). In addition, females 

may be selective about which male fertilises her eggs (cryptic female choice, Eberhard, 

1996). Competition for fertilisation success therefore drives post-copulatory selection on 

ejaculate traits such as sperm production and quality as well as seminal fluid (Perry et al., 

2013). Theory predicts that males experiencing intense sperm competition should allocate 

more energy to sperm production, and there is growing evidence that this theory is 

supported (Simmons & Emlen, 2006). For example, Drosophila melanogaster males 

increase sperm number and sperm quality when perceiving the presence of rival males 

(Garbaczewska et al., 2013; Moatt et al., 2014). Similarly, in a comparative study of 

Cataglyphis desert ants, males experiencing greater levels of sperm competition produce 

more sperm (Aron et al., 2016). Female mate choice is the most well-studied area of 

sexual selection and as a consequence, the mechanisms underlying selection through 

male-male competition are poorly understood (McCullough et al., 2016). Furthermore, 

much of the work around male-male competition has focused on pre-copulatory traits such 

as weapons and ornaments and far less attention has been paid to mechanisms of post-

copulation competition (Eberhard, 2009; McCullough et al., 2016; Parker & Birkhead, 

2013).  

Pre- and post-copulatory selection may occur simultaneously (Parker et al., 2013b), and 

although they are often treated as distinct processes, both influence net male fitness 

(Kvarnemo & Simmons, 2013). Producing and maintaining pre-copulatory traits (e.g. 

weapons) and post-copulatory traits (e.g. sperm) can be expensive (Lüpold et al., 2014). 

Sperm competition models predict that males have a limited resource pool, and those who 

allocate more energy to mate acquisition may experience a trade-off with limited 

investment in ejaculate production (Lüpold et al., 2014; Simmons, 2001). Thus, male 

fitness depends on how many resources are allocated to sexually selected traits and 

therefore can be influenced by environmental conditions and the amount of resources 

readily available (Reznick et al., 2000). For example, in the beetle genus Onthophagus, 
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males that invest in horns used as weapons to compete for mating opportunities invest 

less resources in their testes (Simmons & Emlen, 2006). Based on this theory of condition-

dependence, larger males can acquire and allocate more resources and therefore may 

suffer fewer trade-offs than their smaller male counterparts  (van Noordwijk & de Jong, 

1986).  

One way of quantifying how much energy males are allocating resources to sexually 

selected traits is through allometry, the study of how the traits of an animal scale with body 

size (Huxley, 1932; Huxley & Teissier, 1936; Kodric-Brown et al., 2006). Allometry should 

reflect resource allocation trade-offs because initial resources are allocated to 

development, but following this, a fraction of the available resources are allocated to a 

secondary sexual trait (Bonduriansky and Day, 2003). Positive allometries (b > 1 on a log 

scale) suggest that larger males have disproportionately larger traits, whereas isometry (b 

= 1) suggests that traits scale in direct proportion to body size. Comparatively, negative 

allometry (b < 1) suggests that larger males have disproportionately smaller traits than 

smaller males (Kodric-Brown et al., 2006). Therefore, we would expect that larger males 

with disproportionately larger traits (positive allometries) have had access to more 

resources to allocate to sexually selected traits. This is seen in the white-tailed deer 

(Odocoileus virginianus), where males consuming higher quality nutrition allocated more 

to their antler mass compared to those consuming lower quality nutrition (Jones et al., 

2018). Thus, allometry can help uncover size-dependent investment strategies and how 

males differentially allocate to pre- and post-copulatory traits. 

Trade-offs between pre- and post-copulatory traits are commonly seen in species with 

alternative reproductive tactics (ARTs) (Simmons & Emlen, 2006). Alternative 

reproductive tactics are defined as alternative phenotypes such as size, age, condition, 

colour, or behaviour used to increase fertilisation success (Taborsky et al., 2008). They 

evolve due to a competitive disparity among groups of males, whereby one group are 

more successful at monopolizing females (Shuster, 2019). Thus ARTs are used because 

they offer less dominant or males of different body or trait sizes an opportunity to gain 

fitness by engaging in other methods of mate acquisition (Taborsky et al., 2008). ARTs 

may be flexible (condition-dependent), which can be beneficial should conditions change 

during the individual’s lifetime (Taborsky et al., 2008). Body size is an example of a 

condition-dependent ART and is seen in several taxa. For example, in Atlantic salmon 

(Salmo salar), males mature as either small parr males or larger anadromous males and 

use either sneaking or fighting tactics, respectively (Gage et al., 1995). By nature of their 
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mating tactic, sneakers are typically subject to increased sperm competition, whereas 

fighters are subject to sperm competition based on the number of sneakers in the 

population (Parker, 1990b). Because of this, males using different ARTs are under 

different selection pressures to increase their relative mating and fertilisation success. 

Examining the way in which males of different body sizes allocate resources to sexually 

selected traits based on their mating tactics can enable a deeper understanding of the 

interaction between developmental trade-offs and pre- and post-copulatory mechanisms 

of sexual selection. 

There are numerous post-copulatory traits under selection in males due to sperm 

competition and cryptic female choice, including testes size, sperm quality, quantity, size 

and volume. Perhaps the most well-studied post-copulatory trait under selection is testes 

size. This is explained by the mating rate hypothesis, which predicts that larger testes are 

associated with a greater number of ejaculates and therefore males can engage in 

frequent copulations (Vahed & Parker, 2012). Testes size should therefore show a positive 

relationship with increasing levels of polyandry as frequent matings by males often 

demand more ejaculates. This was supported by a study of 21 bush cricket species 

(Tettigoniidae), where testes mass positively correlated with the degree of polyandry 

(Vahed et al., 2011). In contrast, the numerical sperm competition hypothesis suggests 

that larger testes have a higher number of sperm per ejaculate, giving the male an 

advantage during sperm competition (Vahed & Parker, 2012). Because males are under 

intense competition, they must invest into strategic sperm allocation (Birkhead & Pizzari, 

2002). There are several ways they can do this. The first way is by increasing the number 

of sperm in the ejaculate (sperm concentration), commonly seen in crabs (Jivoff & Hines, 

1998), birds (Hunter et al., 2000; Nicholls et al., 2001), insects (Kelly, 2008), and many 

other taxa. However, as sperm competition increases, individual males should invest less 

into each ejaculate because the probability of fertilisation is reduced (Stockley et al., 

1997). For example, in the Australian field cricket (Teleogryllus oceanicus), males adjust 

their ejaculate size based on female mating status (Thomas & Simmons, 2007). Males 

transferred sperm of lower viability to unmated females and females that had mated many 

times, and sperm of higher viability to females that had mated once (Thomas & Simmons, 

2007). Despite this, some taxa have shown the opposite effect and instead increase the 

number of sperm with increasing sperm competition (Aron et al., 2016; Garbaczewska et 

al., 2013).  
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Sperm size and quality also play an important role in strategic ejaculation. Sperm size is 

highly variable among species, ranging from a few micrometers to over 5 cm in length, 

and there is conflicting evidence on how sperm size is linked to increased competitive 

ability for fertilisation success (Snook, 2005). For example, in a study of 21 species of 

passerine birds, longer sperm were selected for under intense sperm competition, 

possibly because longer sperm are associated with increased swimming velocities 

(Briskie et al., 1997). However, in the dung beetle (Onthophagus taurus), shorter sperm 

actually increase fertilisation success, supporting the theory that sperm competition 

should favour the evolution of numerous smaller sperm (García‐González & Simmons, 

2007). Sperm viability is also important in intense sperm competition. Increasing the 

number of viable sperm in an ejaculate will increase the chance of fertilisation success, 

as seen in the cricket Teleogryllus oceanicus (Garcı́a-González & Simmons, 2005). A 

comparative study suggested that promiscuous species produced more viable sperm than 

monogamous species, highlighting the importance of sperm viability in sperm competition 

(Hunter & Birkhead, 2002; Snook, 2005). Compared to pre-copulatory traits, there is much 

less work looking at how selection may drive differences in post-copulatory traits, however 

it is a growing area of study.  

Sexual selection is thought to favour the evolution of positive allometries in pre-copulatory 

traits (Petrie, 1988, 1992; Tomkins & Simmons, 1996), and, in contrast, negative 

allometries are commonly associated with post-copulatory traits (Eberhard et al., 1998). A 

well-known example of this is the exaggerated antlers of the extinct Irish elk (Megaloceros 

giganteus) (Gould, 1974). In contrast to many pre-copulatory traits, the genitalia of insects 

and spiders typically show a negative allometric slope and it is predicted that genitalia 

show lower allometric values than other body parts (Eberhard et al., 1998). This negative 

allometric scaling of genitalia may be explained by the one size fits all hypothesis, 

originally proposed by Eberhard et al. (1998). According to this hypothesis, male genitalia 

are designed to fit the most common size or internal genital structures of females in the 

population. While traits used directly during copulation, such as aedeagus length and 

claspers, are expected to show negative allometry (Eberhard et al., 1998), there is a lack 

of studies exploring the allometry of post-copulatory traits such as testes and sperm size. 

However, one study that explored the allometry of testes in Scathophagidae dung flies 

has shown they exhibit positive allometry (Hosken et al., 2005), while sperm size is likely 

to show negative allometry based on stabilising post-copulatory selection which selects 

for less variable sperm (Fitzpatrick & Baer, 2011). Some studies have shown that genitalia 

such as the gonopodium may show positive allometry (Kelly et al., 2000; Lüpold et al., 
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2004), and such variation in allometry may suggest functional differences of male 

genitalia. This variation provides the opportunity to compare the allometry of post-

copulatory traits to pre-copulatory traits under sexual selection and how they may differ 

based on their functional significance. Further, more research across species with 

different mating systems is required. 

The New Zealand giraffe weevil, Lasiorhynchus barbicornis (Coleptera: Brentidae) is an 

ideal species to explore the interaction between pre- and post-copulatory sexual selection. 

It shows extreme sexual dimorphism and both sexes are highly variable in size where 

males can vary between 14-90mm, and females between 12-50mm in total body length 

(Painting et al., 2014). Female giraffe weevils use their rostrum to drill holes into dying, 

native trees such as karaka (Corynocarpus laevigatus), where they will oviposit their eggs 

(Meads, 1976). Males bear an extremely elongated rostrum, that comprises approximately 

half their total body length and shows steep positive allometry, which they use as a 

weapon in aggressive contests for access to females for copulation (Painting & Holwell, 

2014a, 2013). Small male giraffe weevils have reduced success in acquiring mates 

compared to their larger male counterparts which mate more frequently over their lifespan 

(LeGrice et al., 2019). This size variation in males is thought to have driven the evolution 

of a conditional strategy in the form of alternative reproductive tactics (ARTs) where males 

use either mate guarding and fighting, or a sneaking tactic based on their absolute body 

size and the size of their opponent (Painting & Holwell, 2014b). Males less than 30 mm in 

size generally employ sneaking tactics, where they discreetly engage in copulations with 

females to avoid conflict with larger males. Female giraffe weevils are highly polyandrous 

and can store sperm, driving sperm competition and potentially cryptic female choice 

(LeGrice et al., 2019). While small males are likely always at risk of sperm competition 

because large males mate more frequently, there may be an interesting interplay between 

the level of polyandry and male body size due to size-assortative mating. Large males 

mate with the largest and most polyandrous females, suggesting that they too may suffer 

intense sperm competition (LeGrice et al., 2019). The combination of all of these unique 

traits presents an exciting opportunity to explore sperm competition in a promiscuous 

highly size variable beetle. 

However, although the relationship between pre-copulatory weaponry, body size and 

mating success in the New Zealand giraffe weevil has been well described, the 

relationship between body size and post-copulatory traits that may be important for 

fertilisation success is currently largely unknown. Previous research found no evidence of 

https://www.zotero.org/google-docs/?BzuYv8
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a negative correlation (trade-off) between relative testes diameter and rostrum length 

(Painting & Holwell, 2013), but this method of measuring testes size has been under 

scrutiny (Tomkins & Simmons, 2002). This is because testes diameter can be affected by 

factors other than post-copulatory selection (Calhim et al., 2007). For example, testes size 

can co-vary with sperm depletion risk (Cartar, 1985). Furthermore, not much is known 

about sperm form and function (i.e., sperm concentration, sperm length) within the testes 

and how this may vary with different male body sizes. Therefore, with such a high 

variability in body size among males, there is likely to be different levels of investment in 

pre- and post-copulatory traits.  

Here I use morphological measurements and allometry analysis to examine the interaction 

between pre- and post-copulatory selection on traits in male giraffe weevils. I first ask the 

question, how are body size variation and ARTs linked to investment in pre- and post- 

copulatory traits?  Based on the findings by Voje (2016) and Kodric-Brown et al., (2006), I 

predict that post-copulatory traits (testes size, sperm form and quality) in male New 

Zealand giraffe weevils will be negatively allometric. Specifically, smaller male giraffe 

weevils will invest relatively more into their post-copulatory traits to compensate for their 

comparatively low rate of mate acquisition and increased risk of sperm competition 

compared to large males. Following this question, I explore the potential trade-offs 

between pre- and post-copulatory traits (based on the assumption that there is a limited 

resource pool). I predict that due to limited resource availability, males with larger weapons 

may be limited in the resources they can allocate to post-copulatory traits, suggesting a 

negative relationship between relative weapon and relative trait size. However, larger 

males are predicted to be better at acquiring resources and thus have more to invest 

across all traits (van Noordwijk & de Jong, 1986), which may prevent a trade-off between 

pre- and post-copulatory traits in males with large weapons as they are able to acquire 

enough resources to allocate to both types of traits.  

Materials and methods 

Specimen collecting 

I collected 50 adult males of L. barbicornis between January and March 2021 from a wild 

population at Maungatautari Mountain in Waikato, New Zealand (approximately 

38°03'06.9"S 175°34'08.6"E). Males were euthanised in the freezer at -20°C and stored 

individually in plastic vials.  
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Morphological measurements  

Measurements were made using Rok digital calipers to the nearest 0.01 mm. Pronotum 

width was measured as the width of the pronotum in dorsal view. Weapon size (a pre-

copulatory trait used in contests to acquire mates) was measured as the total length of the 

rostrum from the tip of the mandibles to the base of the head.  

To dissect out internal structures the elytra and hindwings of males were first removed 

using micro-dissecting spring scissors. The abdomen was then carefully cut on each side, 

bearing as close to the outside of the abdomen as possible to prevent any damage to 

internal organs. Males were placed in a plastic vial along with their elytra and wings and 

the vial was filled with 0.9% saline solution. They were left to rehydrate for approximately 

30 minutes before being dissected under an Olympus SZX7 microscope. 

To measure variation in genitalia and sperm traits, I conducted dissections of the testes, 

vas deferens and aedeagus. The aedeagus, two bi-lobed testes and vas deferens were 

removed using micro-dissecting spring scissors and then placed onto a microscope slide 

with a small amount of saline solution to keep them hydrated. The vas deferens was 

carefully dissected from the testes and placed into a polymerase chain reaction (PCR) 0.2 

mL tube along with 30 uL of saline for later use. The testes were then arranged in the 

same orientation on the microscope slide to ensure consistent measurement across 

individuals (Figure 2.1). The aedeagus was placed on the same slide (Figure 2.1). 

Olympus cellSens imaging software was used to take a photo of the testes and aedeagus.  

Image J was used to take measurements of testes diameter and aedeagus length. Testes 

diameter was measured as the short axis of the average diameter of each lobe in ventral 

view. Aedeagus length was measured from the tip of the aedeagus to the end of the 

aedeagus. Tegmen length was also measured, and is shown in Figure 2.1.  

Following this, a disposable pipette was used to carefully remove the remaining saline on 

the slide, avoiding the testes. To prevent any dust particles from contaminating the 

samples, I used gloves to handle them and a 1 L Sistema container for storage. Using 

gloves, foil was cut up into approximately 5 cm x 5 cm squares and stored in an empty 1 

L Sistema container that had been previously wiped with ethanol. All weights were taken 

using a Sartorius Quintix 35-1S balance to the nearest 0.01 mg. Before the testes were 

weighed, the foil number and date was written on the outside of the foil using a permanent 

marker. This was done prior to weighing as such a precise scale can be affected by marker 

fluid. The foil square was then placed onto the scale, and the weight recorded. The two 
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bi-lobed testes were then placed onto the foil square while it was still on the scale, and 

the weight recorded again. Once weighed, the foil was folded carefully around the testes 

and placed into a clean 1 L Sistema container that had been wiped with ethanol. All tissue 

samples were stored in the fridge until I was finished sampling for the day, where they 

were then placed in a drying oven later the same day. To measure testes dry weight, I 

placed the foil packets into a Contherm digital series incubator at 55°C for approximately 

2 days. Once samples had dried, they were transported from the oven to the balance in 

the 1 L Sistema container, handled using gloves, and re-weighed. The final measurement 

was recorded as the total dry weight of both bi-lobed testes combined. 

To measure variation in sperm concentration and sperm length among males, the vas 

deferens (where mature sperm are stored) was carefully placed into a PCR tube with 30 

microlitres uL of 0.9% saline solution, ruptured with tweezers, and then vortexed for 20s 

on a gentle cycle. To measure sperm concentration, 10 uL of the vas deferens solution 

was added to a haemocytometer and then it was placed under an Olympus BX43 

microscope at 40x magnification, using phase contrast. The number of sperm heads per 

square for 5 large squares were counted (16 small squares per 5 large squares = 80 

squares total). Sperm concentration was calculated as (number of sperm counted x 

dilution) divided by (number of squares x 4nL) to produce a final concentration of 

million/mL. To measure sperm length, 5 uL of the vas deferens solution was placed on a 

microscope slide with a cover slip. Ten randomly chosen individual sperm were 

photographed at 40x magnification, under phase contrast using an Olympus DP22 

microscope camera. Sperm length was measured in ImageJ using the segmented line 

tool. Any unused tissue of the males was placed into 70% ethanol and back into a well-

labelled vial in the freezer at -20°C for long term storage. The PCR tubes with the 

aedeagus and remaining vas deferens solution were stored in the vial with the other 

remaining tissue.  
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Figure 2.1. Photos showing the aedeagus, tegmen, testes, and sperm of male 
Lasiorhynchus barbicornis. Top left shows the aedeagus (measured between the black 
arrows), and the tegmen (measured between the red arrows) at 0.6x magnification. 
Bottom left photo shows the testes at 0.6x magnification. Right photo shows the sperm at 
20x magnification, note the tail has become uncoiled. 
 

Statistical analysis 

All statistical analyses were conducted in R 3.6.3 (R Core Team, 2021). Histograms and 

scatterplots were first used to identify any potential outliers and measurement errors in 

the dataset for all traits. Because giraffe weevils have bilobed testes, symmetry was 

determined using paired t-tests to compare both the left and right lobes of each testis for 

each male. Testing for symmetry in the testes was necessary as it determined whether I 

could use just one of the lobes of one of the testes in subsequent analyses. I decided to 

use the average of all four lobes for testes diameter and area because the testes were not 

symmetrical.  
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The allometric relationships between body size (pronotum width) and seven traits (rostrum 

length, sperm concentration, sperm length, aedeagus length, tegmen length, testes 

diameter, and testes weight) were described using ordinary least squares (OLS) 

regression models. All traits were log-transformed prior to analysis. For the OLS 

regression where testes weight was the response variable, pronotum width was logged, 

and then cubed to ensure it was comparable to testes weight. I determined whether a trait 

deviated from isometry based on whether the slope and 95% confidence intervals 

encompassed 1. 

I used two methods to determine possible trade-offs between weapon size (rostrum 

length, a pre-copulatory trait) and post-copulatory traits (testes diameter, testes mass, 

sperm length, sperm concentration). Firstly, I used a series of multiple regression analyses 

with the post-copulatory trait of interest as the response variable (i.e., testes weight, testes 

diameter, sperm length, sperm concentration), and body size (pronotum width) and 

weapon size (rostrum length) as explanatory variables. Due to the high level of correlation 

between pronotum width and rostrum size, I checked for possible collinearity using 

variance inflation factors (VIFs) with the ‘vif’ function in the car package (Fox & Weisberg, 

2019). The VIF returned a result of 31.05 which is higher than the generally acceptable 

level of 10 (A. F. Zuur et al., 2010). Therefore, I also used residual analyses to compare 

relative weapon size to relative post-copulatory trait size (Emlen, 2001). I first conducted 

two OLS regression models using: (1) weapon size (log rostrum length) and body size (log 

pronotum width) and (2) the trait of interest (i.e., log sperm length, log testes diameter, log 

testes weight) and body size (log pronotum width). I then took the residuals from each of 

these models and did a third linear regression to get the relationship between the relative 

trait (i.e., log sperm length, log testes diameter, log testes weight) size and relative weapon 

size. This method, however, is also not without its problems and can lead to biased 

parameter estimates (Freckleton, 2002; Garcia-Berthou, 2001). I therefore present the 

results of both approaches, which found almost identical slope estimates and errors. 

Results 

Scaling relationships of pre- and post-copulatory traits  

The mean, standard errors, and ranges of each trait for male giraffe weevils can be found 

in Table 2.1. The relationship between body size and each trait is presented in Table 2.2 

and Figure 2.2. As found previously (Painting & Holwell, 2013), rostrum length was 

steeply positively allometric. I also found a strong positive relationship between body size 
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and sperm concentration (b = 1.78, df = 48, SE = 0.29, p < 0.0001, R2 = 0.44) with larger 

males showing an estimated 155% increase in sperm per million/mL compared to the 

smallest male measured. However, all other post-copulatory traits (sperm length,  

aedeagus length, tegmen length, testes diameter, and testes weight) showed significant 

negative allometry. While sperm length showed a significant negative allometric 

relationship with body size (b = 0.02, df = 48, SE = 0.007, p < 0.008, R2 = 0.13), the effect 

size was negligible; there was only a 2% predicted difference in sperm length between the 

smallest and largest males measured.  

Table 2.1. Means, standard errors and ranges of trait size for male Lasioryhynchus 
barbicornis. 
     

 Trait Mean 
size  SE Min. size Max. 

size 
Pronotum width (mm) 2.98 0.13 1.61 5.19 
Rostrum length (mm) 24.76 1.61 8.29 44.26 
Total body length (mm) 50.28 2.84 20.23 86.44 
Sperm length (um) 0.21 0.00000053 0.20 0.22 
Sperm concentration (million/ml) 60.24 4.26 1.50 91.5 
Aedeagus length (mm) 2.35 0.056 1.47 3.28 
Tegmen length (mm) 2.11 0.051 1.44 2.98 
Testes diameter (mm) 1.40 0.05 0.72 2.11 
Testes weight (mg) 0.01 0.0042 <0.001 0.12 

 

Table 2.2. Allometric values and confidence intervals for each trait (log transformed) 
regressed against log pronotum width. Significant p values indicate that the slope differs 
from isometry (slope of 1). 

      
Trait Slope (b) lower CI upper CI R2 P 

            
Rostrum length 1.56 1.48 1.65 0.97 <0.001* 
Sperm length 0.02 0.01 0.04 0.14 0.01* 
Aedeagus length 0.41 0.32 0.50 0.64 <0.001* 
Tegmen length 0.49 0.42 0.55 0.84 <0.001* 
Testes diameter 0.65 0.54 0.76 0.75 <0.001* 
Testes weight 0.57 0.45 0.70 0.65 <0.001* 

*indicates significant p value 
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Figure 2.2. The allometric slope of each trait against body size with a confidence interval 
of 95%. Each black point represents a male New Zealand giraffe weevil.  Red lines are a 
slope line of 1. Note that sperm length is mean-centred as the sperm length and pronotum 
width were on such different magnitudes of scale they could not be accurately plotted 
against each other. 
 

Trade-offs between pre- and post-copulatory traits 

There was no evidence of phenotypic trade-offs between weapon size (rostrum length) 

and any of the post-copulatory traits measured. The residual analyses found that relative 

rostrum length did not correlate with relative sperm length (b = 0.0149, df = 48, SE = 0.02, 

p = 0.58, R2 = 0.006), relative sperm concentration (b = 1.6, df = 48, SE = 0.99, p = 0.113, 

R2 = 0.05), or relative testes diameter (b = 0.15, df = 48, SE = 0.19, p = 0.42, R2 = 0.01). 

However, testes dry weight (b = 0.0488, df = 44, SE = 0.02, p = 0.002, R2 = 0.188) showed 

a significant positive relationship with relative rostrum length. The results of the multiple 

regression analyses were almost identical, with no qualitative differences when compared 

to the residual analyses (Table 2.3, Figure 2.3).   
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Table 2.3. Multiple regression outputs with rostrum length as the explanatory variable and 
each post-copulatory trait as the response variable. Each post-copulatory trait is log-
transformed. 

      
Trait  Slope (b) SE t value P 
Sperm length intercept -8.496 0.040 -212.904 0.001* 
 log pronotum width -0.002 0.042 -0.057 0.954 
 log rostrum length  0.010 0.027 0.559 0.579 
Sperm concentration intercept -0.328 1.497 -0.219 0.828 
 log pronotum width -0.718 1.591 -0.451 0.654 
 log rostrum length  1.600 1.001 1.599 0.116 
Testes diameter intercept -0.593 0.287 -2.069 0.044 
 log pronotum width 0.406 0.305 1.332 0.189 
 log rostrum length  0.154 0.192 0.805 0.425 
Testes weight intercept -9.124 0.249 -36.664 0.001* 
 log pronotum width -0.018 0.196 -0.093 0.927 
  log rostrum length  0.049 0.015 3.155 0.003* 

*indicates significant p value 
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Figure 2.3. Relative trait size in relation to relative rostrum length for male Lasiorhynchus 
barbicornis. Relative trait size was calculated by taking the residuals of A) sperm length, 
B) sperm concentration, C) testes diameter, and D) testes weight from the best fit 
regression model of the trait against pronotum width. The line of best fit was added for 
any slopes that were significant (p < 0.05). 
 

Discussion 

My analyses show that rostrum length, a pre-copulatory trait, showed positive allometry 

and post-copulatory traits showed negative allometry. It is unsurprising that rostrum length 

showed a positive relationship with body size as previous research by Painting and Holwell 
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(2013) has found the same result, with large males investing proportionately more into 

their rostrum (weapon). In accordance with previous research (Eberhard et al., 1998; Voje, 

2016), my results support the predictions that post-copulatory traits are generally 

negatively allometric. This suggests that smaller males may invest relatively more into 

post-copulatory traits than large males, possibly due to an increased risk and intensity of 

sperm competition. However, I found a strong positive relationship between sperm 

concentration and body size, which is surprising as sperm competition theory predicts 

small males should invest more into sperm traits as they experience higher levels of sperm 

competition (Parker, 1970, 1990b). This result does not support my prediction, and in fact, 

contradicts it, suggesting larger males have more resources to invest in sperm 

concentration compared to smaller males. Additionally, I found no evidence of a trade-off 

between pre- and post-copulatory traits in the New Zealand giraffe weevil. I found no 

relationship between relative weapon size and relative trait size except for testes weight. 

Testes weight showed a positive correlation with rostrum length, suggesting that males 

with relatively long weapons invest in absolutely larger testes. Thus, it appears that males 

with relatively large weapons have enough resources to invest in both weapons and testes 

weight to gain a reproductive advantage. Additionally, my results suggest that large males 

experience an accumulation of benefits such as more sperm to increase their reproductive 

success and fitness.  

The post-copulatory traits I measured in this study generally showed negative allometry, 

consistent with the literature (Eberhard et al., 1998; Galicia-Mendoza et al., 2021; Voje, 

2016). The one-size-fits-all hypothesis suggests that male genitalia are negatively 

allometric as they need to be able to fit the most common size or internal genital structures 

of females in the population (Eberhard et al., 1998). My results are consistent with this 

theory, whereby the aedeagus and tegmen were negatively allometric. However, this 

theory fails to address the extreme size variation in giraffe weevils, leaving the question 

of “How can males of varying sizes mate with females of varying sizes?”, unanswered. 

Additionally, how testes size scales with body size is largely unknown. A study on dung 

flies, Scathophagidae, found that testes size showed positive allometry (Hosken et al., 

2005). In contrast, my results show that testes size was negatively allometric, suggesting 

smaller males have disproportionately larger testes compared to larger males. This 

supports my prediction that small males invest more into post-copulatory traits that give 

them a competitive advantage when facing a higher risk of sperm competition. Similar 

results were found in Simmons and Emlen (2006), whereby males that had the biggest 

horns (weapons) showed the most shallow, or negative, testes allometry. Traits that are 
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nutrition-sensitive (phenotypically plastic), generally show positive allometry compared to 

traits that are nutrition-insensitive (developmentally canalized) which generally show 

negative allometry (Simmons & Emlen, 2006). Therefore, it is likely that testes are not in 

direct competition for resources with surrounding traits, showing negative allometry. 

Males that experience a competitive disparity are likely to invest more into post-copulatory 

traits according to sperm competition theory (Parker, 1970). Most of the post-copulatory 

traits I measured showed negative allometry, suggesting small males invest more into the 

post-copulatory traits measured, as I predicted. However, I found a positively allometric 

relationship between sperm concentration and male body size, suggesting large males 

have disproportionately higher concentrations of sperm. I expected to see a reduction in 

sperm concentration with increasing body size as smaller males experience higher levels 

of sperm competition (Parker, 1990b), but I found a 155% difference in sperm 

concentration beween the smallest and largest male. Therefore, this result is contrary to 

what theory predicts, that males should transfer more sperm when there is an increased 

risk of sperm competition (Parker et al., 1996, 1997). This finding could be explained if 

sperm production is condition-dependent (Zahavi, 1975). If ejaculate traits are costly to 

produce and maintain, then we would expect them to be condition-dependent (Andersson, 

1994; Bonduriansky & Rowe, 2005; Rowe & Houle, 1996). There is empirical evidence to 

suggest that nutrient availability may affect ejaculate traits (Kahrl & Cox, 2015; Perry & 

Rowe, 2010; Rahman et al., 2013) and subsequently how many resources a male can 

invest into reproduction. High-condition males have been shown to produce larger 

numbers of sperm (Bunning et al., 2015; Perez-Staples et al., 2008), suggesting that this 

particular post-copulatory trait may be condition-dependent. Therefore, with the 

assumption that larger (i.e., higher-condition) males can acquire and allocate more 

resources (van Noordwijk & de Jong, 1986), increasing sperm concentration with body 

size may be an indication of having increased resources to invest into post-copulatory 

traits. Large males may therefore be accumulating more matings during their lifetime, and 

may also be able to engage more effectively in sperm competition for fertilisation 

opportunities compared to small males, making them competitively superior.  

However, although sperm concentration was measured, ejaculate size was not. Ejaculate 

size is worth including in studies examining post-copulatory traits as sperm only 

constitutes a small part, the rest being seminal fluid which contains components that 

influence sperm motility and activity and also substances responsible for several 

behavioural and genetic changes in females (i.e., increased oviposition) (Chapman & 
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Davies, 2004; Poiani, 2006; Reinhardt et al., 2009). Ejaculate traits are usually influenced 

by sperm competition, with evidence to suggest individuals that face increased sperm 

competition transfer bigger ejaculates (Wedell & Cook, 1999; Wylde et al., 2019). 

However, there is empirical evidence to suggest larger males produce bigger ejaculates 

(Blanco et al., 2006; Fedina & Lewis, 2004). This is likely due to condition-dependence, 

but how males alter their ejaculate composition or volume in response to sperm 

competition is not well known. We would expect that, because larger males typically have 

higher mating rates (Bonduriansky & Brassil, 2005; LeGrice et al., 2019), they may evolve 

strategic ejaculate allocation strategies to take advantage of frequent matings. On the 

other hand, small males may invest maximally in all matings because their probability of 

mate acquisition is lower, and they do not have the resources to elevate ejaculate 

expenditure when facing increased sperm competition risk (Wylde et al., 2019). Exploring 

the relationship between ejaculate size and body size will provide further information on 

the extent to which male New Zealand giraffe weevils are investing in post-copulatory 

traits. 

My allometric analyses produced contrasting results. For most post-copulatory traits, I 

found negative allometry (e.g., testes size), but sperm concentration showed positive 

allometry. Thus, my results do not show a consistent pattern across males of different 

body sizes and all the traits measured. Small males have bigger testes relative to their 

body size, which may allow them to have bigger ejaculates to combat sperm competition. 

On the other hand, large males have higher numbers of sperm, which will also help them 

during sperm competition. Such differing results mean there is no clear answer as to which 

males will benefit from these traits, but it is interesting to consider that males of different 

body sizes may be engaging in sperm competition in different ways. Future research 

looking at the relationship between ejaculate size, testes size, and ARTs may aid in our 

understanding of how males of different body sizes are engaging in sperm competition. 

Contrary to my prediction that males may trade-off investment between pre- and post-

copulatory traits,  I found that males with relatively larger weapons (irrespective of body 

size) had relatively heavier testes. Larger testes are thought to be indicative of increased 

sperm-producing tissue (Hosken, 1997; Kusano et al., 1991; Lüpold et al., 2009; Møller, 

1988; Schultz, 1938), consistent with my findings where large males have higher 

quantities of sperm. My findings suggest that there was no trade-off between weaponry 

and testes in this study, rather that the expression of the trait is condition-dependent, and 

those that have enough resources can allocate to both types of traits.  
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It is possible that there is indeed a trade-off between pre- and post-copulatory traits, but I 

was unable to detect any in this study as I only looked at phenotypic correlations which 

offer little support for evidence of trade-offs (Simmons et al., 2017). Experimental 

manipulations are a powerful way to test for trade-offs between pre- and post-copulatory 

traits as all other variables are held constant, which prevents environmental factors from 

having an effect (Simmons et al., 2017; Simmons & Emlen, 2006). For example, leaf-

footed bugs, Mictis profana, that drop their weapon grow larger testes in an experimental 

study, however, in the wild, a positive correlation was found between testes size and 

weapons (Somjee et al., 2018). Studies that have tested condition-dependence in traits 

subject to post-copulatory competition have demonstrated that nutrition influences sperm 

quality (Gage & Cook, 1994; Simmons, 2012), ejaculate size (Ferkau & Fischer, 2006; Jia 

et al., 2000; Lewis & Wedell, 2007; Perry & Rowe, 2010), and testes size (Ward & 

Simmons, 1991). However, this result is contradictory to theory which predicts that smaller 

males are under higher sperm competition and thus are likely allocate more resources to 

testes size (Gage, 1994; Hosken, 1997; Møller, 1988; Stockley et al., 1997). Although, not 

all species with small male morphs increase testes size in response to sperm competition, 

which may be explained by variation in the costs of gaining mates (Munguía-Steyer et al., 

2012). Therefore, large males are better at acquiring mates than smaller males, but also 

might have an advantage during sperm competition by having larger testes and producing 

more sperm, contrary to my initial predictions. 

Trade-offs are expected based on the assumption that holometabolous insects have a 

limited resource pool along with adjacent developmental traits which use resources from 

the same pool for growth (Emlen, 2001). Previous research investigating trade-offs 

between pre- and post-copulatory traits in animals have shown mixed results (Lüpold et 

al., 2015; Simmons & Emlen, 2006), demonstrating that there is no universal trend among 

animals with exaggerated traits. For example, in the Onthophagus dung beetles, males 

that develop without horns grow larger bodies and invest more in testes growth, 

suggesting a trade-off between weapons and testes (Simmons & Emlen, 2006). In 

contrast, a study by Lupold et al. (2015) showed that there was no evidence of a trade-off 

between weaponry and sperm length in five taxa (primates, ungulates, pheasants, stalk-

eyed flies, and dung beetles). Many correlational (Pizzo et al., 2012; Simmons, Emlen, et 

al., 2007b; Simmons et al., 1999) and experimental studies manipulating weapon size 

have shown trade-offs with post-copulatory traits such as testes size (Moczek & Nijhout, 

2004; Okada & Miyatake, 2009; Simmons & Emlen, 2006; Somjee et al., 2018; Yamane 

et al., 2010). However, trade-offs are typically only apparent in environmental conditions 
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that evoke stress (e.g., food shortages) (Metcalfe, 2003; van Noordwijk & de Jong, 1986), 

and studies that only examine phenotypic correlations (as I do here) may not be able to 

reveal the extent of trade-offs among traits. 

Sperm length showed a significant positive relationship, but was negatively allometric with 

body size, albeit the effect size was small. There is contrasting evidence in the literature 

regarding sperm length variation in response to sperm competition (Briskie et al., 1997; 

Gage, 1994; Hosken, 1997; Stockley et al., 1997). Several studies have shown that sperm 

length increases in response to sperm competition (Byrne et al., 2003; Fitzpatrick et al., 

2009; Immler & Birkhead, 2007).  Longer sperm is thought to be selectively favoured 

during sperm competition as longer sperm may generate more power and swim faster 

(Birkhead, 1998). For example, in the snail, Viviparus ater, males with the longest sperm 

conferred higher fertilisation success and sired the most offspring (Oppliger et al., 2003). 

Long sperm are also better at displacing shorter sperm from the site of fertilisation, 

suggesting a competitive advantage (Colegrave et al., 1995; Pattarini et al., 2006). In 

contrast to fewer, longer sperm, sperm competition theory predicts that tiny, numerous 

sperm are favoured (Parker, 1982), and this is supported by numerous studies (García‐

González & Simmons, 2007; Moatt et al., 2014). For example, in the cricket, Gryllus 

bimaculatus, males that produced relatively small sperm and relatively numerous sperm, 

won competitions for fertilisation (Gage & Morrow, 2003). Such variation in sperm length 

in response to sperm competition may be explained by how the benefits of sperm size 

change with sperm density (Immler et al., 2011). A species with a low risk of sperm 

competition may show a positive relationship between sperm competition risk and sperm 

size, whereas a species with a high risk of sperm competition may show little or no 

relationship between sperm competition risk and sperm size (Immler et al., 2011). My 

results show that large male New Zealand giraffe weevils had longer sperm, likely due to 

a decreased risk of sperm competition, consistent with theoretical predictions by Immler 

et al., (2011). Larger males having longer sperm, higher sperm concentration and larger 

testes suggests that large males may be competitively superior in pre-copulatory 

competition and post-copulatory competition. 

Male giraffe weevils had positively allometric pre-copulatory traits, and majority of post-

copulatory traits were negatively allometric. Interestingly, small males invested 

disproportionately more into their post-copulatory traits (e.g., testes weight), except for 

sperm concentration, which was much higher in large males. Therefore, my results 

suggest males of different body sizes may be engaging in sperm competition in different 
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ways.  With exaggerated traits being costly to produce and maintain, it seems sensible to 

assume there may be a trade-off with the investment in and maintenance of other traits. 

However, I did not find evidence of trade-offs between pre- and post-copulatory traits in 

the New Zealand giraffe weevil. Previous research has shown that large male giraffe 

weevils mate more frequently, suggesting large males are likely to be facing a high 

intensity of sperm competition which may result in increased sperm concentration, longer 

sperm, and larger testes (LeGrice et al., 2019). Painting and Holwell (2014) also found 

that larger males won the majority of fights over smaller males and therefore gained 

access to and monopoly of oviposition sites ensuring a relatively high number of mating 

opportunities. However, research by Painting and Holwell (2014b) found that small males 

may mate as frequently as large males. Therefore, further research is needed to quantify 

individual variation in mating success and the factors that may be affecting mating success 

In the New Zealand giraffe weevil, being large may be beneficial due to advantages both 

during mate aquisition and fertlisation, but the reproductive success of different sized 

males is still unclear. Overall, giraffe weevils offer an exciting opportunity to explore the 

interaction between pre- and post-copulatory trais, and how these may affect total 

reproductive success.  
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Abstract 

Population dynamics such as density and sex ratio can strongly affect the intensity of 

competition for mates and consequently, the opportunity for sexual selection to occur. 

Perceived differences in the density of competitors and available mates, and thus sperm 

competition, may result in changes to a male’s reproductive strategy and success. Whilst 

several studies have examined the effects of population density and sex ratio on sexual 

selection in a controlled laboratory environment, few have attempted to quantify its effects 

in natural populations, particularly in insects. Here, I use the endemic New Zealand giraffe 

weevil (Lasiorhynchus barbicornis), a highly polyandrous and sexually dimorphic beetle, 

to examine how population density and sex ratio can influence male mating behaviour and 

sexual selection, both experimentally and in the wild. I find that temporal fluctuations in 

population density, sex ratio, and body size can have an important influence on the mating 

dynamics of the giraffe weevil in a natural population. Male giraffe weevils had density-

dependent mating success, with small males doing best at high densities, and large males 

at low densities. Further, my laboratory-controlled behavioural assays also show that 

males employ a reproductive allocation strategy where increased investment in copulation 

is associated with lower levels of mate-guarding. These findings suggest that male giraffe 

weevils have evolved several adaptive mate strategies that are density-dependent. 

Overall, this work emphasises the importance of using both laboratory and field studies to 

increase our understanding of how sexual selection can shape the life-history of an insect. 
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Introduction 

Sexual selection is a driving evolutionary force, shaping much of the phenotypic diversity 

seen in nature (Rieseberg et al., 2002; Ritchie, 2007; Schluter, 2009; van Doorn et al., 

2009). Sexual selection is dynamic, and can vary in strength (e.g. strong or weak; Hereford 

et al., 2004; Kingsolver et al., 2001), direction (e.g. positive or negative; O’Brien et al., 

2017), form (e.g. linear or nonlinear; Brodie et al., 1995), space (Monteiro & Lyons, 2012; 

Thompson, 2005), and time (Grant & Grant, 2002). Research examining how the 

environment, such as temperature or population dynamics, influences the agents of 

sexual selection — mate choice, sperm competition, cryptic female choice, and male-male 

competition —  is becoming increasingly common (Cornwallis & Uller, 2010; Cotton et al., 

2006; Kasumovic et al., 2008). For example, population density (Jann et al., 2000a; 

Punzalan et al., 2010; Rittschof, 2010), sex ratio (Jann et al., 2000a; Punzalan et al., 2010) 

and the presence of heterospecifics (Rundle et al., 2008) can all change the strength, 

form, and direction of sexual selection (Miller & Svensson, 2014). Despite empirical 

evidence to show that sexual selection is influenced by environmental factors, research 

on sexual selection in insects has been predominantly laboratory based, and therefore 

research surrounding variation of sexual selection in natural populations is lacking 

(Svensson, 2019). 

Sexual selection has the opportunity to influence fitness components such as mating 

success (often through female choice) and survival (costly and damaging interactions 

through male-male competition), both of which are strongly influenced by variation in 

spatial and temporal environmental conditions (Jann et al., 2000a). An important 

demographic factor is population density, which has been shown to have important 

impacts on sexual selection (Aronsen et al., 2013; Evans & Garcia-Gonzalez, 2016). 

However, it is important to recognise that population density is not a distinct environmental 

influence, and interacts with sex ratio and many other population parameters to influence 

total sexual selection (Kokko & Rankin, 2006). Operational sex ratio (OSR), the ratio of 

sexually competing males to sexually receptive females (Emlen & Oring, 1977), increases 

the mate encounter rate for one sex while decreasing the other (Kokko & Rankin, 2006). 

The effects of sex ratio and population density are closely intertwined, thus often making 

it very difficult to resolve the effects of the individual parameters on sexual selection (Head 

et al., 2008). For example, Alonso-Pimentel and Papaj (1996) showed that mating success 

in the walnut fly, Rhagoletis juglandis, was determined by both the density of each sex as 

well as the OSR. However, the interaction between sex ratio and population density are 
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expected to increase the variance in mating and reproductive success (Emlen & Oring, 

1977; Shuster & Wade, 2003).  

Indeed, there is empirical evidence to show that population density and OSR affect both 

male and female mating behaviours (Arnqvist, 1992a; Borgia, 1980; Conner, 1989; Jann 

et al., 2000b; Jirotkul, 1999; Mills & Reynolds, 2003). It is predicted that as the population 

increases, males are more likely to encounter  other males and as a result, male-male 

competition for access to females is likely to increase (Emlen & Oring, 1977; Knell, 2009). 

In these instances, being a large male can confer a significant advantage in male-male 

competition for access to females (Andersson, 1994), and there is evidence that relatively 

large males in a population have increased mating success (Biedermann, 2002; Krishna 

& Hegde, 2003; LeGrice et al., 2019). At high densities, large males may be better at 

monopolising females by excluding smaller males from securing mating opportunities 

(Rittschof, 2010). In contrast, at high densities, large males may be unable to successfully 

guard females or valuable resources (i.e., oviposition sites), resulting in scramble 

competition (Conner, 1989; Herberstein et al., 2017; McLain, 1992). When population 

density is low and females are widely dispersed, however, the frequency of male-male 

competition is likely to decrease (Legrand & Morse, 2000) eroding the benefits that large 

body size may confer (Bertin & Cézilly, 2005). Therefore, small males may have an 

advantage whereby they can find mates more quickly (Conner, 1989; McLain, 1992), and 

efficiently (Fairbairn, 2007). Determining the threshold of mating success at different 

population densities can provide information about how selection favours different 

behaviours, or in this case, body sizes, as density changes (Knell, 2009).  

Two major agents of sexual selection, female mate choice and male-male competition are 

expected to be density-dependent. For females, the opportunity to exercise preference for 

quality mates is expected to increase as the proportion of males increase in the population 

(Kokko & Rankin, 2006; Shelly & Bailey, 1992). For example, in the katydid, Xederra 

charactus, females rejected male mating attempts more often in high population densities 

(29% of copulations) than in low densities (8% of copulations) (Lehmann, 2007). On the 

other hand, male-male competition is also expected to be density-dependent as 

harassment and aggression increases with increasing numbers of males in the population 

(Knell, 2009; Smith & Sargent, 2006). Therefore, variation in population density is likely 

driving traits that enhance male reproductive success. For example, male earwigs 

(Forficula auricularia) compete in intense contests for access to females, and at high 

densities, male fighter morphologies are more common (Tomkins & Brown, 2004).  This 
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supports the theory that increasing population density increases the opportunity, and 

intensity of, sexual selection on female choice and male-male competition (Darwin, 1871; 

Jann et al., 2000a; Sutherland, 1987; Wilkinson, 1987).  

Similarly, a bias in the sex ratio can lead to intense competition between individuals of the 

sex in excess (Kokko & Rankin, 2006; Kvarnemo & Ahnesjo, 1996). A male-biased sex 

ratio is expected to increase competition and aggression between males (Smith & 

Sargent, 2006; Weir et al., 2011), influence the use of alternative mating tactics (Zamudio 

& Chan, 2008), and decrease mating success (Arnqvist, 1992b). Alternatively, a female-

biased sex ratio is expected to decrease male-male competition and as a result, males 

are more likely to be choosier in mate selection (Painting et al., 2014). Furthermore, with 

fewer competitors, males are more likely to achieve full paternity and therefore should 

invest more into mating multiple times rather than guarding females (Berger-Tal & Lubin, 

2011). There is some empirical evidence to support these predictions (Jirotkul, 1999; 

Kvarnemo & Ahnesjo, 1996), however the fitness consequences of such interactions are 

still not well known, especially in insects where it is often difficult to observe and track their 

behaviours in the wild (Rodriguez-Munoz et al 2010). 

Variation in several mating behaviours such as copulation duration and mating frequency 

is likely to be strongly influenced by the OSR and density of a population. Several models 

have assumed that a male-biased sex ratio leads to an increase in copulation duration 

(Parker, 1970; Parker & Simmons, 1994; Simmons, 2001), and there is empirical evidence 

to support this assumption (Alonso-Pimentel & Papaj, 1996; Barbosa, 2011; Bretman et 

al., 2010; Horton, 2013; Klemme & Firman, 2013; Lizé et al., 2012; Wang et al., 2008). 

Increasing copulation duration is thought to increase the probability of successful egg 

fertilisations which could be due to the transfer of more sperm, decreasing receptivity of 

the mated female to future males by the transfer of seminal fluid proteins (Wigby et al., 

2009), and the deposition of a mating plug to prevent females from remating  (Eberhard, 

1996; Simmons, 2001). Based on this, increasing male density elevates perceived sperm 

competition risk to influence reproductive allocation strategies. Several theories have 

attempted to explain the adaptive significance of increased copulation duration. The in-

copula guarding hypothesis suggests that increasing copulation duration is a form of post-

insemination mate guarding to reduce or avoid sperm competition with future ejaculates 

(Alcock, 1994). For example, in the bug, Triatoma brasiliensis, males extended their 

copulation duration only in the presence of other males, suggesting a postinsemination 

mate guarding strategy (Vitta & Lorenzo, 2009). Similarly, the sperm loading hypothesis 
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suggests that copulation duration is associated with sperm transfer and the longer a male 

copulates the more sperm he transfers (Parker, 1990b). Empirical evidence to support the 

sperm loading hypothesis has been observed in the milkweed beetle, Labidomera 

clivicollis, where males sired more offspring by increasing copulation duration and 

transferring more sperm to delay females from mating with other males (Dickinson, 1986). 

However, there is also evidence that increasing density does not result in increased 

copulation duration. For example, in the Australian polydesmidan millipede, Gigantowales 

chisholmi, males decreased copulation duration when male density was higher due to 

scramble competition (Holwell et al., 2016). Most studies exploring the adaptive 

significance of copulation duration in response to density are laboratory-based, however 

there is still a lack of empirical evidence exploring this in wild populations.  

Males that encounter a disparity in their ability to acquire mates may employ alternative 

reproductive tactics (ARTs), a type of phenotypically plastic mating strategy (Oliveira et 

al., 2008; Taborsky et al., 2008). ARTs are often condition-dependent (e.g. body size), 

and can be influenced by  the nutritional environment experienced during development 

(Bonduriansky & Rowe, 2005; Delcourt & Rundle, 2011; Plaistow, 2004; Simmons & 

Kotiaho, 2002). For example, Moczek (1998) found that larval diet quality influences adult 

body size in the dung beetle Onthophagus taurus, determining the presence or absence 

of a horn, and consequently the ART that males employ. Alternative reproductive tactics 

can also be dynamic responding to ephemeral changes in local conditions including  

competitor density,  size of competitors, and body condition (Oliveira et al., 2008; 

Taborsky, 1998). Alternative reproductive tactics usually occur when the population 

density experiences fluctuations over a shorter timescale than the lifespan of the individual 

(Kokko & Rankin, 2006; Schlichting et al., 1998). This  suggests that demographic factors 

play a central role in the evolution and maintenance of ARTs (Oliveira et al., 2008; 

Taborsky, 1998). For example, the red spider mite (Tetranychus urticae) employs three 

ARTs that are context-dependent (chosen based on the number of competitors present) 

to gain access to females - fighting, sneaking, and opportunistic behaviour (Sato et al., 

2013), and as the number of fighter males increases, so does the proportion of sneakers 

(Sato et al., 2014). Similarly, in the European bitterling (Rhodeus sericeus), the number of 

sneak fertilisations has been shown to positively correlate with increasing male density 

(Reichard et al., 2004).  

Insects are underrepresented in studies aiming to understand how sexual selection drives 

evolution in the wild (Rodriguez-Munoz et al., 2010). Given that there is empirical evidence 
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to suggest that population density and sex ratio influence sexual selection in laboratory 

conditions (Alonso-Pimentel & Papaj, 1996; Flay et al., 2009; Wang et al., 2009), it would 

be particularly useful to study this in wild populations where there is natural variation and 

a less likelihood of artefacts from a laboratory setting that may misconstrue how sexual 

selection operates in the wild (Bonduriansky & Brassil, 2005; Kawasaki et al., 2008; Lande 

& Arnold, 1983). A wealth of sexual selection research has been conducted on insects as 

they typically have short generation times, are easy to study in the laboratory, and offer 

potential for large sample sizes (Miller & Svensson, 2014). However, because insects are 

often small-bodied and particularly mobile, conducting research on population density in 

wild populations is often difficult. Studying both natural populations in conjunction with 

laboratory populations will provide a broader understanding of how sexual selection can 

drive variation in insect populations and shape the life-history of an insect. 

The New Zealand giraffe weevil (Lasiorhynchus barbicornis, Coleptera: Brentidae) is an 

ideal species to explore the effect of population density and sex ratio on mating success. 

Both sexes are highly variable in size: males can vary from 14-90 mm, and females 

between 12-50 mm in total body length (Painting et al., 2014). Because of this high size 

variability, males have evolved flexible ARTs, switching between ‘sneaking’ and ‘fighting’ 

tactics depending on their body size and the size of their opponent, to access females and 

gain mating opportunities (Painting & Holwell, 2014a, 2014b). Male giraffe weevils bear 

an extremely elongated rostrum, which can comprise up to half their total body length that 

is used as a weapon in male-male competition (Meads, 1976; Painting & Holwell, 2014a). 

Females use their rostrum to drill holes into dying native trees where they lay their eggs 

(Meads, 1976). Males often aggregate on these trees, mating with and guarding a female 

while she searches for a suitable oviposition site (Meads, 1976; Painting & Holwell, 

2014c). Females are polyandrous and can store sperm, leading to intense pre- and post-

copulatory competition between males (LeGrice et al., 2019). The unique behaviours of 

male giraffe weevils, and their tendency to aggregate, make them particularly useful for 

longitudinal study in the wild. 

Previous research on mating success in the New Zealand giraffe weevil has shown that 

small males that commonly use sneak tactics mate as frequently as larger males (Painting 

& Holwell, 2014b). However, longitudinal research by LeGrice et al., (2019) found that 

large males experience higher average mating frequencies with no apparent trade-off in 

survival; in fact, they live longer than smaller males. A recent study exploring the effect of 

population density and body size on social selection by Fisher et al., (2021) showed that 
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large male giraffe weevils had a negative effect on small males fitness at higher densities. 

My study looked at fluctuations in population dynamics both over a full breeding season 

and also between-tree variation in abundance and sex ratio within a season.  However, 

many of the fine-scale mating behaviours in this species have yet to be examined in detail 

including how demographic factors influence copulation duration and mate guarding.  The 

overall aim of this study was to gain a deeper understanding of how sexual selection acts 

on New Zealand giraffe weevils using (1) an experimental approach with mating assays, 

and (2) an observational dataset collected in the wild. More specifically, my aim was to 

determine how population density, sex ratio and body size effects male mating frequency, 

copulation duration and mate guarding duration. I predict that at low densities, small males 

will be less successful at achieving matings than large males due to large males being 

competitively superior. In contrast, at high densities, small males will likely be more, or 

just as successful at achieving matings due to their sneaking tactics. I also predict that at 

higher densities, males will have reduced mating duration and frequency irrespective of 

body size due to increased pre-copulatory competition. 

Materials and Methods 

Laboratory experiment  

I collected male and female L. barbicornis between January and March 2021 from a wild 

population at Maungatautari Mountain in Waikato, New Zealand (38°03'19.8"S, 

175°33'38.5"E). Males and females were transported in separate 12” insect rearing and 

observation cages (BioQuip Products). All weevils had their total body length, pronotum 

width, and rostrum length measured. Total body length was measured as the tip of the 

mandibles to the end of the elytra. Pronotum width was measured as the width of the 

pronotum in dorsal view, and rostrum length was measured as the total length of the 

rostrum from the tip of the mandibles to the base of the head. Their containers were misted 

every few days so the humidity levels replicated approximately what it was in the wild at 

the time of collection. They were placed in a temperature-controlled room at 22°C on a 

12h light: dark cycle. All weevils were marked with a unique identification number on their 

pronotum using a Sharpie oil-based white paint pen and permanent marker. 

To examine how perceived sperm competition risk and body size may influence ejaculate 

allocation strategies, I used rhodamine B, a non-toxic fluorescent dye that binds to proteins 

in the body (Hayashi & Kamimura, 2002). Male giraffe weevils were fed a 0.1% 

Rhodamine B (Sigma Aldrich, 95% dye content, HPLC) dissolved in sugar water solution 
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(1:10). Rhodamine B was used to stain the male’s ejaculates for analysis after mating to 

compare ejaculates between males housed at different densities. It is a histological stain 

that is commonly used as a biomarker in insects (Beija et al., 2009; P. Fisher, 1999). For 

example, Blanco et al. (2006) used rhodamine B to stain the spermatophores of tobacco 

budworm moths (Heliothis virescens). The rhodamine B solution was soaked in a dental 

swab or cotton ball to make it easy for the weevils to drink. However, females were fed 

regular sugar water (1:10).  

To measure how population density and body size effect ejaculate size and copulation 

duration, I conducted mating trials. To set up conditions where males would perceive 

different levels of sperm competition risk, males were randomly separated into three 

density treatments – low density (1 male, N = 33), medium density (2 males, N = 38), and 

high density (5 males, N = 65) for a minimum of one week before trials commenced. The 

total sample size was 136 males across the three treatments.  

Before the mating trial began, males and females were weighed on a Sartorius Quintix 

35-1S balance to the nearest 0.01 mg. The aim of this was to measure ejaculate size as 

there is thought to be a correlation between male weight loss and female weight gain after 

mating (Edvardsson & Tregenza, 2005). A male was placed in the mating trial arena (1L 

Sistema container) for 10 minutes prior to introducing a randomly chosen female. Between 

three and four trials took place simultaneously and were conducted for two hours or until 

a male had copulated and then stopped copulating for at least one minute. If the male and 

female did not mate, they were returned to their containers to be used at a later date. 

However, if the male mated, he was weighed again and then placed in a freezer at -18°C 

to be euthanised. The female was then placed back into the container to allow the sperm 

to travel from the bursa copulatrix to the spermatheca. After 48 hours the female was 

weighed again and then euthanised. Males were then dissected to remove the testes for 

weighing for morphological measurements in Chapter 2. Females were dissected to 

remove the single, sickle-shaped spermatheca. The spermatheca was placed on a 

concave microscope slide with Prolong Diamond antifade mountant (Life Technologies) 

and placed in a dark drawer to cure for 24 h. After curing, the slide was placed in the 

freezer and analysed within one week. The slide was placed under the Olympus BX43 

confocal microscope using a UV filter to determine the amount of ejaculate deposited by 

the male giraffe weevils. Unfortunately, the spermatheca appeared to auto-fluoresce and 

therefore it was not possible to determine how much the male had ejaculated during 

mating using the reflectance of the Rhodamine B dye. Further, the sperm/accessory 
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glands did not appear to absorb any of the dye either. Therefore, using ejaculate as a 

measure of response to sperm competition level was not useful. Thus, only copulation 

duration was used as a measure of mating investment in response to perceived sperm 

competition risk in the laboratory component of this study.  

Field study  

Study site 

The data was collected at Matuku Reserve (36°51.92'S, 174°28.32'E), west of Auckland 

city, New Zealand. Matuku Reserve is owned by the Royal Forest and Bird Protection 

Society, occupying 120 hectares, and consisting predominantly of coastal lowland 

broadleaf forest. Lasiorhynchus barbicornis are commonly found on sick or dying native 

trees such as karaka (Corynocarpus laevigatus) and māhoe (Melicytus ramiflorus). All 

observations were conducted on standing, dying karaka and mahōe trees and were 

recorded by Dr Christina J. Painting and Dr Leilani Walker between November 2011 and 

May 2012.  During each sampling period, five or six trees were chosen that were currently 

attracting giraffe weevils and used as observation sites. A total of nine trees were used for 

the observations, eight were karaka and one was māhoe. 

Before observations began, all giraffe weevils were removed from the host tree and 

morphological measurements were made to the nearest 0.01 mm using digital calipers 

(Shenzhen Rok Precision Instruments Co., Shenzhen, China). Total body length was 

measured from the tip of the rostrum at the mandibles to the bottom of the elytra. All 

weevils were given an individual number and marked with Queen Bee marking paints 

(Lega SRL, Faenza, Italy) on the pronotum and elytra (as in Painting & Holwell, 2014) and 

returned to their host tree. Any unmarked weevils discovered on subsequent observation 

days were measured and marked before observations began.  

Observations 

There were four sampling periods over the season with approximately 6 weeks between 

each period. The sampling periods were recorded as months (November, January, 

February, April/May). Giraffe weevils are common in the warmer months (November – 

April) and steadily increase in abundance from November, peaking in February before 

declining again. However, the sex ratio is almost always male-biased to varying degrees 

(Painting et al., 2014). Each sampling period was made up of between 20 and 25 individual 

days of observations. The exact number of observations for each tree during each 

sampling period can be seen in Table 3.1. On each day of observations, the total number 
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of males and females present were recorded allowing me to calculate male, female, and 

total abundance, as well as the sex ratio. Sex ratio was calculated as the number of males 

divided by the number of females. 

Continuous scan sampling was used to record mating behaviour as this method allows 

the behaviour of numerous individuals to be recorded simultaneously (Altmann, 1974). All 

male giraffe weevils present on a tree were observed for a 1-hour period between 8:00 

AM and 16:00 PM and the duration and frequency of all mating and guarding behaviours 

were recorded. The start and end times of all mating and guarding behaviours were 

recorded along with the identification number of the male, and any females that the male 

mated or guarded. There was a total of 88 observation days over the whole season (Table 
3.1). Four hundred and thirty-three individual males and 289 females were recorded 

present across the season.  

Table 3.1. The number of individual observation days at each tree for each sampling 
period.  

    Sampling period 
Tree   November January February April/May 
T5  5 5 5 5 
T6  2 0 4 2 
T9  3 1 0 0 
T16  4 5 0 0 
T18  5 5 5 5 
T20  0 0 0 5 
T22  0 0 1 1 
T29  0 3 5 0 
T30   5 6 1 0 
Total  24 25 21 18 
      

 

Data analysis 

Data preparation 

All statistical analyses were conducted using R 4.1.1 (R Core Team, 2021). Firstly, due to 

the nature of collecting observational data in the wild, there was some missing data for 

male body sizes. There was missing body size data for four males (0.92% of the total 

number of observations). This is because some giraffe weevils that were recorded during 

observation days were unmarked and disappeared into the canopy before they could be 

captured, measured, and marked. Often researchers deal with missing data by removing 
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it from the dataset completely. However, this can lead to biased parameter estimates and 

also reduce statistical power (Harrison et al., 2018; Nakagawa & Freckleton, 2011). 

Therefore, I used multiple imputation (MI) as recommended in Nakagawa and Freckleton 

(2011) to increase the accuracy of my model selection procedure. Multiple imputation can 

protect against the mistaken rejection of the null hypothesis (type 1 error) as variation in 

parameter estimates can be incorporated in pooled estimates, accounting for imputation 

uncertainty (McKnight et al., 2007; Noble & Nakagawa, 2018). Male body sizes were 

imputed with mean values using the ‘aregImpute’ function from the Hmisc package in R 

(Harrell Jr et al., 2021).  

Model building procedure 

For the laboratory experimental data, I used simple linear regressions to determine the 

effects of population density on male mating duration and the interaction between mating 

and guarding duration. Mating duration was used as the response variable, and the 

density treatment (low, medium, high) and male body size was used as the predictor 

variable. Then, to test the interaction between mating duration and guarding duration, I 

used a simple linear regression with the guarding duration as the response variable and 

mating duration as the predictor variable.  

For the field-based observational data, I used a model selection procedure to determine 

which predictors and interactions to include in each model. The relative fit of each model 

was determined using the Akaike Information Criterion (AIC) (Akaike, 1973). Models with 

Δ AIC > 7 were considered as fitting the data significantly worse than the best fitting model 

(Burnham et al., 2011). Furthermore, I utilised a simulation approach to check each model 

for misspecification, dispersion, zero-inflation, and autocorrelation using the DHARMa 

package (Hartig, 2021). 

To investigate population density fluctuations over time, I used a generalized linear mixed 

model (GLM) with a Poisson distribution. Two separate models were fit where the number 

of males, and the number of females were used as the response variables, respectively, 

that both included sampling period as the predictor. Using a GLM with a Gaussian 

distribution, I ran another two separate models with male body size and female body size 

as the response variables, respectively, with sampling period as the predictor. Male and 

female body size were logged to reduce skew in the data and approximates a normal 

distribution to avoid violation of model assumptions. Finally, a GLM with a Gaussian 

distribution was used to determine sex ratio changes over each sampling period, with sex 

ratio as the response variable and sampling period as the predictor. The percentage of 
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each sex in the sampling period was calculated as the number of males divided by the 

number of females, then divided by the total abundance, multiplied by 100 to give a 

percentage. 

To investigate the effect of body size and population density on mean male mating 

duration, I fit a linear mixed model using the lmerTest package (Kuznetsova et al., 2017). 

Only males that mated were included in these analyses to avoid problems with zero 

inflation as many males did not mate but were still recorded in the dataset. The mean 

mating duration was calculated as the average mating duration for each individual male 

on the same tree on the same day. Log mean mating duration was used as the response 

variable, and the number of males, number of females, male body size, and male mating 

frequency were used as fixed effects, along with the interaction between the number of 

males and male body size, the number of males and number of females, male body size 

and male mating frequency, and the number of females and male mating frequency. The 

date, observation tree, and male identification were included as random effects.  

To investigate the effect of male body size and population density on total male mating 

frequency, I used a zero-inflated GLMM with a Poisson distribution, in the glmmTMB 

package (Brooks et al., 2017). Both males that mated and did not mate were included in 

these analyses for mating frequency. Mating frequency was defined as the number of 

times a male mated, irrespective of if it was with the same female (i.e. a male could mate 

more than once with the same female during the observation period). Total mating 

frequency was used as the response variable, while the number of males, male body size, 

number of females, mean mating duration and male body size rank were used as fixed 

effects, along with the interactions between number of males and male body size, number 

of males and number of females, male body size and mean mating duration, male body 

size and number of females, number of females and mean mating duration, and male 

body size rank and number of males. Because individual males were observed on 

individual trees, male identification was nested within date and tree to account for this data 

structure as a random effect.  

Due to some issues with multicollinearity and violations of distributional assumptions, 

frequentist methods of regression were found to be unsuitable for models examining the 

number of unique females a male mated with, and guarding duration. Unique females was 

defined as the number of different females a male mated with during an observation 

period. I therefore used a Bayesian approach with the brms package to fit GLMMs 

(Bürkner, 2018). To select the best model for each response, I used the Leave One Out 
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Cross-Validation (LOO-CV) procedure to ascertain the relative weight and fit of each 

model where a difference of < 4 was considered insignificant (Vehtari et al., 2017). I used 

the default student-T priors to fit four parallel MCMC chains each with 6000 iterations and 

2000 burnin that resulted in low autocorrelation between samples for both model 

structures described below. To model the number of unique females a male mated with I 

included male body size, number of males and male body size rank as fixed effects. Body 

size rank was based on males that were present on a tree during a single observation 

period. The ‘cut’ function was used to rank males from smallest to largest body size. The 

best model of male mate guarding duration included the number of males, number of 

females, male body size, copulation duration as predictors, and the interactions between 

the number of females and number of males, male body size and copulation duration. 

Date and tree were used as random effects for both models. 

Results 

Experimental assay 

Mating duration 

Forty-six mating trials were run, but only sixteen resulted in successful copulation. Five of 

these were in the low-density treatment, 6 of these in the medium density treatment, and 

5 in the high-density treatment. Male density was almost significant (p = 0.08), but there 

was no relationship between mating duration and body size (Table 3.2). 

Table 3.2. Summary statistics for the linear model estimates of density treatment, mating 
duration, and male body size. 

          
  Estimate SE t value P 
Intercept 2670.65 873.80 3.06 0.01 
Treatment (low) -1138.88 586.68 -1.94 0.08 
Treatment (medium) 157.62 505.05 0.31 0.76 
Male body size 5.90 14.25 0.41 0.69 
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Guarding duration  

Using the experimental data I collected in the laboratory, I examined the relationship 

between mating duration and guarding duration. I was able to detect a negative 

relationship where males that copulated with females for a longer duration, spent less time 

mate guarding (b = -0.24, df = 14, SE = 0.11, p = 0.04, R2 = 0.25, Figure 3.1).  

 

Figure 3.1. Total copulation duration plotted against total guard duration. Solid black 
points represent each individual male, and the blue error ribbon represents a 95% 
confidence interval. 
 

Observational data 

Population dynamics 

i. Population density 

Male density was higher than female density across all sampling periods (Figure 3.2). For 

both sexes, population density was highest in February (male; b = 0.54, SE = 0.028, z = 

19.44, p < 0.01 and female; b = 0.64, SE = 0.037, z = 17.25, p < 0.01) and January (male; 

b = 0.25, SE = 0.19, z = 8.99, p < 0.01 and female; b = 0.25, SE = 0.039, z = 6.45, p < 

0.01), which are the months considered to be the peak of the mating season.  
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Figure 3.2. Variation in population density of both male (blue) and female (red) giraffe 
weevils over the four sampling periods (November 2011 – April/May 2012). Each 
translucent point signifies the sum of observed males and females seen on that day across 
all trees. The bold points are the means from that month and the vertical lines represent 
Standard Errors of the Mean (SEM).  
 

ii. Body size 

There was significant variation in male and female body size across the season. The 

largest males and females were most common in the sampling period of April/May (Table 
3.3, Figure 3.3).  
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Table 3.3. Summary statistics for the generalised linear model estimates of log male body 
length, log female body length and sampling period. 

 
* indicates significant p value at the 95% level 

 

      
  Sampling period Estimate SE t value P 
log Male body length November -0.06 0.03 -2.30 0.02* 
 January -0.20 0.02 -9.38 <0.01* 
 February -0.05 0.02 -2.60 0.01* 
 April/May (intercept) 3.71 0.02 209.94 <0.01* 
      
log Female body length November 0.02 0.02 1.59 0.11 
 January -0.12 0.01 -9.61 <0.01* 
 February -0.05 0.12 -3.83 <0.01* 
 April/May (intercept) 3.29 0.01 322.47 <0.01* 
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Figure 3.3. Changes in log body length of female (red) and male (blue) giraffe weevils 
over the four sampling periods (November 2011 – April/May 2012). * : p <= 0.05, ** : p <= 
0.01, *** : p <= 0.001, **** : p <= 0.0001. Significance was determined using the Kruskal-
Wallis test. 
 

iii. Sex ratio 

Sex ratio was always male-biased but peaked during January (Figure 3.4). There was a 

significant difference in sex ratio between the sampling period April/May and January 

(Table 3.4, Figure 3.4). 
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Table 3.4. Summary statistics from the generalised linear model estimates of sex ratio 
and sampling period.  

     
Sampling period Estimate SE t value P 
November 0.03 0.13 0.26 0.80 
January 0.38 0.11 3.52 <0.01* 
February -0.11 0.11 -1.00 0.32 
April/May (intercept) 1.96 0.09 22.21 <0.01* 

* indicates significant p value at the 95% level 

 

 

Figure 3.4. Percentage of males (blue) and females (red) over the four sampling periods 
(November 2011 – April/May 2012), expressed as a percentage.  
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Mating dynamics 

i. Mating duration 

Mating duration was significantly affected by the number of males, the number of females, 

mating frequency, and the interaction between the number of females and mating 

frequency (Table 3.5). The number of males and the number of females negatively 

affected the mating duration, therefore with more males or females around, males mated 

for less time. Although the number of males had a significant negative effect on male 

mating duration, the effect size was relatively small when compared to the effect of female 

density (Figure 3.5). Mating frequency was negatively related to mating duration where 

males that mated for less time had higher mating frequency (Figure 3.6). However, as 

female density increases, mating frequency declines as well as mating duration (Figure 
3.6). There was no significant relationship between male body size and mating duration.   

Table 3.5. Summary statistics for the generalized linear model estimates of mating 
duration using the dataset that only contained males that mated. 

     

 Estimate SE t value P 
Intercept (Mating duration) 7.185 0.450 15.956 <0.001* 
Number of males -0.049 0.025 -1.966 0.050* 
Male body size -0.002 0.010 -0.250 0.803 
Number of females -0.120 0.036 -3.336 0.001* 
Mating frequency -0.308 0.104 -2.974 0.003* 
Number of males:Male body size 0.000 0.000 0.415 0.679 
Number of males:Number of females 0.003 0.002 1.783 0.076 
Male body size:Mating frequency 0.003 0.002 1.272 0.204 
Number of females:Mating frequency 0.015 0.005 2.849 0.005* 

* indicates significant p value at the 95% level 
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Figure 3.5. The effect size plot for the generalized linear model of mating duration. The 
black points represent the estimate value, and the solid black lines represent 95% 
confidence intervals. 
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Figure 3.6. The interactive effects of number of females and male mating frequency on 
predictions of average male mating duration. The solid, coloured lines represent the 
population-level estimates of average male mating duration across different levels of 
mating frequency and the number of females. Shaded coloured areas represent 95% 
confidence intervals. 
 
 

ii. Total mating frequency 

Male mating frequency was significantly related to the number of females, average mating 

duration, male body size rank (small), and the interaction between the number of males 

and number of females (i.e., total population density) (Table 3.6). The number of females 

had a strong positive effect on mating frequency (Figure 3.7), where the more females 

that were present, the more times a male mated. Similarly, average mating duration had 

a strong effect on mating frequency (Figure 3.7), where the longer a male mated for, the 

more times he mated. Male body size rank (small) negatively influenced mating frequency, 
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showing that smaller males copulate relatively less than larger males. However, male body 

size did not significantly affect mating frequency. The interaction between the number of 

males and number of females negatively influenced mating frequency.  

 

Table 3.6. Summary statistics for the generalized linear model estimates of mating 
frequency using the dataset that contained both males that mated and did not mate. 

     

 Estimate SE z value P 
Intercept (Male body size rank (large)) -0.279 0.628 -0.444 0.657 
Number of males -0.017 0.039 -0.439 0.660 
Male body size -0.425 0.230 -1.851 0.064 
Number of females 0.228 0.039 5.847 <0.001* 
Average mating duration 0.302 0.057 5.292 <0.001* 
Male body size rank (medium) -0.216 0.507 -0.426 0.670 
Male body size rank (small) -1.482 0.717 -2.069 0.039* 
Number of males:Male body size 0.023 0.014 1.682 0.093 
Number of males:Number of females -0.007 0.002 -3.057 0.002* 
Male body size:Average mating duration 0.004 0.034 0.111 0.912 
Male body size:Number of females -0.006 0.010 -0.604 0.546 
Number of females:Average mating duration -0.010 0.007 -1.419 0.156 
Number of males:Male body size rank (medium) 0.008 0.027 0.283 0.777 
Number of males:Male body size rank (small) 0.071 0.039 1.800 0.072 

* indicates significant p value at the 95% level 



 

66 

 

Figure 3.7.  The effect size plot for the generalized linear model of male mating frequency. 
The black points represent the estimate value, and the solid black lines represent 95% 
confidence intervals. 
 

At low female densities, the smallest ranked males mated less frequently, with the largest 

ranked males showing the greatest variation in mating frequency (Figure 3.8A). However, 

at medium female densities, the smallest ranked males mated most frequently compared 

to the medium ranked males and largest ranked males. The smallest ranked males mated 

almost as frequently as the largest ranked males at high female densities (Figure 3.8A). 

The same relationship was identified when looking at the relationship between male body 

size rank and male density (Figure 3.8B).  
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When the number of males was low, and the number of females was high, mating 

frequency was high (Figure 3.9). However, as the number of males increased, male 

mating frequency declined significantly regardless of the number of females (Figure 3.9).  
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Figure 3.8. Mating frequency grouped by male body size rank at differing densities. 
Female density is on the left, and male density is on the right. Each point represents the 
mean, and the error bars represent Standard Errors of the Mean (SEM). 
 

 

 

A 

B 
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Figure 3.9. The interaction between number of males, and number of females and its 
effect on male mating frequency. The solid, coloured lines represent population-level 
estimates of male mating frequency across different levels of female density and the 
number of males. Shaded coloured areas represent 95% confidence intervals. 
 

iii. Mating frequency with unique females  

The interaction between number of males and male body size rank (medium) has a 

probability of 94.35% [pd] of being positive (Median = 0.04, 95%CI([-0.01, 0.09]). 

However, it is uncertain if it is influencing the number of unique females a male mated with 

(Table 3.7, Figure 3.10). The interaction between male body size and number of males 

has a probability of 93.91% [pd] of being positive (Median = 0.001, 95%CI([-0.000, 0.003]), 

however it is uncertain if it is influencing the number of unique females a male mated with 

according to the pd value (Table 3.7, Figure 3.10).  The number of unique females a male 
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mated with decreased as male body size increased (Figure 3.11). The number of unique 

females a male mates with correlates with male body size rank, and male density. At lower 

densities, the largest ranked males mate with the most unique females (Figure 3.12). 

However, as male density increases, the smallest ranked males mate with the most unique 

females (Figure 3.12).  

 

Table 3.7. Variation in unique female matings by male Lasiorhynchus barbicornis. I 
present fixed (β) and random (σ2) effects with 95% confidence intervals. These values are 
median estimates of the posterior distribution. pd is the probability of direction 
representing the certainty associated with the most probable direction (Makowski et al., 
2019). 

    

Fixed effects β (95% CI) pd (%) 
Intercept 1.99 (-0.27, 4.41) 95.05* 
Male body size -0.01 (-0.05, 0.01) 84.64 
Number of males -0.07 (-0.20, 0.05) 87.99 
Male body size rank (medium) -0.26 (-1.18, 0.69) 70.46 
Male body size rank (small) -0.18 (-1.57, 1.21) 60.40 
Number of males:Male body size rank 
(medium) 0.04 (-0.01, 0.09) 94.35 
Number of males:Male body size rank (small) 0.04 (-0.02, 0.12) 89.10 
Male body size:Number of males 0.001 (-0.000, 0.003) 93.91 

   
Random effects σ2 (95% CI)  
Date 0.14 (0.03, 0.26)  
Tree 0.23 (0.11, 0.47)  

* indicates probability of direction above 95% level 
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Figure 3.10. The effect size of factors that influence the number of unique females a male 
mates with. The thick and thin lines describe the 50% and 95% credible intervals (CI) of 
each parameter, respectively. The small transparent dots are the median of the posterior 
distribution. 
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Figure 3.11. The relationship between male body size rank and the number of unique 
females a male mated with. The solid points represent the mean, and the error bars 
represent Standard Errors of the Mean (SEM). 
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Figure 3.12. Interaction between number of males and male body size rank on the number 
of unique females a male mates with. Lines represent the posterior fits from Bayesian 
generalized linear mixed models. Shaded areas represent the lower and upper bounds of 
95% uncertainty interval of the response. 
 

iv. Guarding duration  

The model examining factors that influence guarding duration showed several interesting 

results. In support of my experimental data, males that guarded for longer, mated for 

shorter durations (Figure 3.14). The number of males has a probability of 96.5% [pd] of 

being positive (Median = -18.54, 95%CI[−40.5, 2.13]), and can be considered to possibly 

influence male guarding duration ( 

 
Table 3.8, Figure 3.13).  Number of females had a probability of 97.57% [pd] of being 

positive (Median = -33.55, 95%CI[-60.76, -5.15]), and can be considered to likely influence 

male guarding duration ( 
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Table 3.8, Figure 3.13). The interaction between number of males and number of females 

has a probability of 99.63% [pd] of being positive (Median = 2.46, 95%CI[0.75, 4.14]), and 

can be considered  to significantly influence male guarding duration ( 

 
Table 3.8, Figure 3.13). Guarding duration increased drastically as the number of males 

increased and female density was high (Figure 3.15). If female density was low, guarding 

duration decreased as the number of males increased (Figure 3.15). As male body size 

increased, male guarding duration increased, regardless of mating duration. However, 

males that mated for less time, guarded for longer and were larger (Figure 3.16). 

 
Table 3.8. Variation in guarding duration in male Lasiorhynchus barbicornis for the best 
fitting model; I present fixed (β) and random (σ2) effects with 95% confidence intervals. pd 
is the probability of direction representing the certainty associated with the most probable 
direction (Makowski et al., 2019). 
    

Fixed effects β (95% CI) pd (%) 

Intercept (Guarding duration) 466.78 (179.97, 
751.36)  100* 

Number of males -18.54 (-40.50, 2.13)  96.5* 
Male body size 2.09 (-1.49, 5.98)  85.13 
Number of females -33.55 (-60.76, -5.15  97.57* 
Mating duration -0.01 (-0.34, 0.30)  56.375 
Number of males:Number of females 2.46 (0.75, 4.14)  99.63* 
Male body size:Mating duration -0.00 (-0.01, 0.01)  53.38 
    

Random effects σ2 (95% CI)  

Date 73.39 (16.53, 144.46) 
Male identification 40.46 (1.81, 104.99) 
Tree 37.05 (1.57, 122.38)   

*indicates the probability of direction above 95% level 
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Figure 3.13. The effect size plot for the Bayesian model for guarding duration. The thick 
and thin lines describe the 50% and 95% credible intervals (CI) of each parameter, 
respectively. The small transparent dots are the median of the posterior distribution 
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Figure 3.14. The relationship between mean guarding duration, and mean mating 
duration. The solid line represents the line of best fit, and the shaded area represents the 
upper and lower bounds of a 95% confidence interval. 
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Figure 3.15. Interaction between mean number of males and female density on mean 
guarding duration. Lines represent the posterior fits from Bayesian generalized linear 
mixed models. Shaded areas represent the lower and upper bounds of 95% uncertainty 
interval of the response. 
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Figure 3.16. The interaction between mean male body size and mating duration on mean 
guarding duration. Lines represent the posterior fits from Bayesian generalized linear 
mixed models. Shaded areas represent the lower and upper bounds of 95% uncertainty 
interval of the response. 
 

Discussion 

In this study, male New Zealand giraffe weevils responded to the dynamics of population 

density by adjusting their copulation duration, mating frequency, and guarding duration. In 

support of my prediction, males mated for shorter periods in response to increasing 

numbers of males in the population. However, a complex interaction between male mating 

duration, mate frequency, and female density suggests that males may be strategically 

allocating their ejaculates in response to the availability of mates (Figure 3.6). In addition, 

mating frequency was significantly affected by population density. With an increase in 

male density, male mating frequency declined, but with an increase in female density, 

male mating frequency increased (Figure 3.9). This study will contribute to our 

understanding of how mating dynamics are affected by changes in demography. Further, 

it will contribute to a growing area of research exploring how sexual selection can influence 

the life-history traits of insects.  
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The presence of competitor males and their effect on mating duration is possibly due to 

interference from rivals removing them from the female (Bretman et al., 2009; Dore et al., 

2021). However, a reduction in mating duration may also be a strategy, whereby males 

are responding to sperm competition intensity instead of sperm competition risk. In highly 

polyandrous species such as L. barbicornis, risk is expected to be less important as 

females will likely have already mated and will regularly re-mate, hence the risk of sperm 

competition is almost guaranteed (Bretman et al., 2009; Engqvist & Reinhold, 2005). On 

the other hand, sperm competition intensity, or the number of males competing for 

fertilisation of the female ova, is likely to be more variable. If males were responding 

primarily to sperm competition risk, we would expect them to increase their mating 

duration as a way of increasing investment (Bretman et al., 2009), but that was not the 

case. Instead, males decreased mating duration, suggesting male giraffe weevils may 

show adaptive mating behaviours based on sperm competition intensity. Additionally, 

males mated for less time but increased their mating frequency in response to increasing 

numbers of females in the population, suggesting a potential trade-off between current 

and future reproductive opportunities (Parker & Pizzari, 2010). This is the opposite of what 

I found in my second model looking at the effect of density on mating frequency, where 

males that mated for longer had higher mating frequency. The cause of this contrast may 

be due to the way the data was prepared or the way the models were specified, with the 

mating duration model using only males that mated, and the mating frequency model using 

both males that mated and males that did not mate. The reason I did not exclude males 

that did not mate from the mating frequency model is because ignoring zeros in ecological 

datasets can lead to biased parameter estimates and overdispersion of the data (Blasco-

Moreno et al., 2019; Martin et al., 2005; A. Zuur et al., 2009). Despite this, the more likely 

result is that males are reducing their copulation duration and increasing their mating 

frequency. This may be evidence of a context-specific male investment strategy (Wedell 

et al., 2002), where males maximise fitness by decreasing copulation duration and 

increasing mate frequency. In this context, a decrease in copulation duration may enable 

males to avoid sperm depletion (Arnqvist & Danielsson, 1999; Berrigan & Locke, 1991; 

Parker & Simmons, 1994) whilst taking advantage of the influx of mating opportunities or 

help to offset the energy expenditure associated in mate searching when females are 

scarce (Kasumovic et al., 2007; Rowe, 2010). This may be particularly important to the 

mating system of L. barbicornis, where the sex ratio is often male biased, female 

distribution is patchy, and oviposition sites are ephemeral (Painting et al., 2014). Mating 

duration does not, however, necessarily correlate with increased sperm transfer or 
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fertilisation (Eady, 1994; Kelly & Jennions, 2011), and therefore at higher densities, it may 

be beneficial for males to invest further into mate searching. On the contrary, my 

experimental data showed no relationship between male density and copulation duration. 

However, a different result may have been found if my sample size was larger. 

Similarly, male New Zealand giraffe weevils appeared to have flexible responses of mating 

duration and mating frequency in response to the number of females in the population 

(Figure 3.6). When the number of females was low, mating duration was relatively long 

whereas when the number of females was high, mating duration was relatively low 

regardless of male mating frequency. On the other hand, for successful males who had 

high mating frequency, the decrease in mating duration was negligible, regardless of how 

many females were in the population. This variation could suggest a reproductive tactic 

that is context-dependent. This was evident by the apparent increase in mating duration 

when female density was low. In this context, males that are less likely to encounter or 

attain as many mates may be choosing to maximally invest in their current mate. For the 

more successful males, mating duration was more consistent, suggesting the presence of 

a condition-dependent ejaculate allocation strategy where males of high-condition may 

have lower marginal costs to ejaculate production when compared to low-condition males 

(Perry & Rowe, 2010). Because selection favours judicious ejaculate allocation strategies 

(Wedell et al., 2002), one would expect high-condition males to elevate their ejaculate 

expenditure only when perceiving an increased risk of sperm competition (Wylde et al., 

2019). A previous study found that large male giraffe weevils mate more frequently than 

their smaller male counterparts (LeGrice et al., 2019). Therefore, if large males are a sign 

of high-condition, have reduced variation in mating duration and higher mating frequency, 

then this suggests that large males are able to invest equally into all matings. A study by 

Wylde et al. (2019) found that large male neriid flies, Telostylinus angusticollis, transferred 

greater ejaculate when mating second (i.e., increased sperm competition risk). On the 

other hand, small male neriid flies transferred relatively the same amount of ejaculate 

regardless of sperm competition risk, providing support for the theory that ejaculate 

allocation strategies may be condition-dependent.  However, my finding here that 

increased mating duration is condition-dependent should be treated with some caution 

due to the type of sampling method used. Focal animal sampling was used for 1-hour 

sampling times, neglecting the possibility that at other times of the day, males that were 

unsuccessful during the sampling hour may have been successful when not being 

observed, and vice versa. Similarly, there was likely demographic stochasticity, whereby 

at one point, a small male may have been the largest male in the population and attain 



 

81 

more matings, then at other times he may have been the smallest male in the population 

and competitively excluded. 

As expected, male mating frequency increased with female density. With more females in 

the population, the likelihood of a male obtaining one or more mates increases. Small 

males were able to achieve almost, if not, the same number of matings as large males. 

This may be a case of different life-history strategies, whereby smaller males may achieve 

similar lifetime fitness when compared to larger, more dominant males, but over different 

time scales. For example, large males may have sharper reproductive peaks where they 

accumulate many matings over a short period of time compared to smaller males which 

may have shallower reproductive peaks where they accumulate few matings over an 

extended period of time (Andersson, 1982; Bonduriansky & Brassil, 2005; L. Rowe & 

Houle, 1996). Although previous research suggests large males live for longer than 

smaller males (LeGrice et al., 2019), there is yet to be research exploring the reproductive 

ageing of males of different body sizes. For example, in the neriid fly, Telostylinus 

angusticollis, large males ‘live fast, die young’, reaching their reproductive peak earlier in 

life, however also experiencing accelerated reproductive ageing compared to their smaller 

male counterparts (Hooper et al., 2017). A similar pattern was observed in antler flies, 

Protopiophila litigata, where large males had higher mating rates earlier in life, but aged 

faster than smaller males (Bonduriansky & Brassil, 2005). Thus, despite large male giraffe 

weevils generally living for longer (LeGrice et al., 2019), they may reach their reproductive 

peak earlier in life, and as such may have similar overall reproductive success than smaller 

males.  

When total population density increased, males were less successful at securing mates 

and as a result had lower overall mating frequency. However, small males mated as 

frequently as medium and larger males, but only at higher densities (Figure 3.8). This 

suggests that the benefits of being large are eroded by the presence of smaller males, but 

only when population density is high. Interestingly, previous research on giraffe weevils 

by Fisher et al., (2021) found that large males negatively affected the mating success of 

small males at high densities, the opposite of what I found. At lower densities, large male 

body size can confer a significant advantage when large males are able to competitively 

exclude other males from securing mating opportunities (Rittschof, 2010). However, at 

higher densities, large males may be unable to successfully defend females, resulting in 

a breakdown of resource defence (McLain, 1992). The fact that small giraffe weevil males 

may be mating just as frequently as large males at high densities suggests they are using 
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their sneaking tactic to gain matings. This was observed in the seed bug, Neacoryphys 

bicuris, where at high densities, large males were less likely to monopolize patches of host 

plant where females aggregate (McLain, 1992). Furthermore, at higher densities, males 

of the quacking frog, Crinia georgiana, allocate less time to mate calling and spend more 

time as satellites or searching for mates (Byrne & Roberts, 2004). This suggests that there 

may be thresholds in population density that are a key determinant of which ART an 

individual employs. Additionally, this may be an example of negative frequency-dependent 

selection, where small males, the less common morph, experience higher fitness than 

larger males, the more common morph. If ARTs are maintained by frequency dependent 

selection, then male mating success, and consequently male fitness, will vary based on 

the social environment (e.g., population density) (Bleay et al., 2007). However, 

experimental evidence to suggest ARTs are balanced by negative frequency dependent 

selection is lacking and further research in this area is needed. 

Although male body size did not interact with the number of males to influence male 

mating frequency, it was trending towards significant (p = 0.07), which may be because 

there are so many factors all interacting to influence male mating frequency. This result 

suggests that the determinants of male mating success are complex and are influenced 

not only by body size, but the many other demographic factors I examined in this study. 

Additionally, this may suggest that there is divergent selection for male body size, where 

it is beneficial to be small or large, but not intermediate sized. Interestingly, there was no 

evidence of sexual selection based on mating success driving large body size in male 

giraffe weevils (Painting & Holwell, 2014b). However, research by Le Grice et al. (2019) 

found opposing evidence (albeit with a small effect size), suggesting there is indeed 

directional selection on large male body size based on increased mating frequency and 

survival. Because of such contrasting results, more extensive observations are necessary 

to depict the extent to which selection is acting on male body size with regards to mating 

success.  

Males that mated for longer guarded for less time, with no significant effect of body size. 

This result suggests that extending mating duration is a form of post-insemination mate 

guarding (Alcock, 1994). Post-insemination mate guarding may function to prevent other 

males from mating with the female whilst his sperm fertilises her eggs, however it does 

not necessarily mean the male is investing in more sperm or ejaculate, rather just 

attaching to her for longer (Alcock, 1994). Males who guard lose the opportunity to 

inseminate more females, therefore mate guarding is only beneficial when there is a high 
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probability of losing fertilisations when sperm competition is high (Parker, 1970), or a low 

probability of finding more females if a male chooses to search instead of guard (Parker, 

1974a). In this study, sperm precedence and male mating order was not explored as a 

potential factor contributing to male guarding duration. Previous research on sperm 

precedence in male giraffe weevils showed that 50% of the time, the last male to mate 

with the female was the one to fertilise her eggs (Hockings, 2019). However, because I 

did not analyse mating order, I could not determine if there was a relationship between 

mating order and guarding duration. I would expect, based on the study by Hockings 

(2019), that males who mated last might mate for longer and guard for less time as they 

have a 50% chance of fertilising the females eggs. This represents an interesting avenue 

that should be examined in future studies. However, prolonged copulation accompanied 

by shorter guarding duration may be a sign that males are ‘sperm-loading’. The sperm-

loading hypothesis was originally proposed by Dickinson (1986) and suggests that males 

that mate for extended periods of time benefit by transferring lots of sperm which is likely 

to outcompete rival males during sperm competition. Several studies have shown that 

copulation duration correlates with sperm number (Arnqvist & Danielsson, 1999; Birkhead 

et al., 1995; Dickinson, 1986; Parker et al., 1990). The sperm-loading hypothesis is 

plausible when sperm compete numerically, however it is unknown how male giraffe 

weevils’ sperm compete in the female genital tract and if number, viability, or size are 

better predictors of reproductive success.  

Guarding duration was context-dependent in that it depended on the relative density of 

male competitors, but also on the number of females and consequently, the opportunity 

to mate with multiple females. Classic sexual selection theory and anisogamy suggests 

that male fitness is better optimised by mating with as many females as possible 

(Andersson, 1994; Bateman, 1948; Parker et al., 1972). Because males would do well to 

mate with as many females as possible, at higher densities, there may be a trade-off 

occurring between siring more offspring per mating (by increasing guarding duration), or 

siring less offspring per mating, but more offspring to different females. Such a strategy 

may be termed as bet-hedging (Seger & Brockmann, 1987; Slatkin, 1974; Starrfelt & 

Kokko, 2012). Bet-hedging is typically studied from the females point of view, with the 

theory that polyandry evolved to reduce the risk that all of a females eggs may be sired 

by a single, unsuitable male (Yasui & Garcia-Gonzalez, 2016). However, bet-hedging is 

likely common in males as well, as they may want to reduce the risk of investing all of their 

ejaculate into a single, unsuitable female. Bet-hedging has been explored with respect to 

ARTs in previous models proposed by Parker (1990b) and subsequently extended on by 
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Gage et al., (1995). In the models, if the relative cost of producing sperm is lower for 

sneakers, then they are expected to allocate less sperm per mating and maximise their 

mating opportunities. This was supported by my results, with smaller males mating with 

more unique females than large males. My experimental data also showed that males that 

mated for longer guarded for less time, supporting these predictions. However, although 

the giraffe weevils were kept in the presence of competitors until the mating trials began, 

they did not experience interruptions or conflict from other males as they might in the wild. 

Therefore, I would expect to see this negative relationship because they are able to mate 

for longer without risk of conflict or interruption, and thus will likely guard for less time too. 

In future, an experimental study with a larger sample size and trials conducted with rivals 

present will be beneficial to support the observational data in this study. Experimental 

studies provide the opportunity to control variables that otherwise may not be accounted 

for in observation studies. Therefore, experimental studies may show relationships 

between variables more clearly and allow such relationships to be disentangled. 

Population density varied greatly over the season. Population density was lowest during 

November and highest during February. The sex ratio was almost always male-biased 

throughout each of the four sampling periods. However, the changes in sex ratio are more 

likely attributed to changes in overall abundance rather than there being more of one sex 

present. Both sex ratio and population density can influence a species’ mating system, 

particularly by affecting the relative levels of intrasexual competition. Importantly, in a 

polygynous species such as the New Zealand giraffe weevil, both the OSR and population 

density are likely to affect the intensity and probability of sperm competition (Gage et al., 

1995; Wang et al., 2008). During the peak of the season in February, up to 27 males and 

20 females were found aggregating on the survey trees with females clumped together at 

optimal sites for oviposition. This behaviour displayed by females has likely led to the 

evolution of guarding behaviour in males to maximise their reproductive success, 

particularly because females can mate multiple times (Painting & Holwell, 2014b), and 

therefore there is a high risk of sperm competition. In species where prolonged 

associations occur, or females are a limited resource, higher densities of male competitors 

can influence mating duration and post-copulatory mate guarding (Holwell et al., 2016; 

Kokko & Rankin, 2006).  

Because my study was based on observations of natural populations, it provides a more 

realistic and accurate picture of what actually influences male mating success. However, 

because studying natural populations does not allow for all possible conditions to be 
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controlled, variation is expected, and makes it difficult to determine the complex 

interactions that may drive sexual selection without oversimplifying them. This study used 

an experimental and observational approach to explore my original research question 

which is ideal to gain an accurate understanding of variation in an individual’s behaviour 

and the variable’s that may be affecting it. There were some differences in individual 

behaviour in the observational and experimental data, however many variables in the 

experimental data were not accounted for as they were in the observational data. Artificial 

manipulations can be misleading, and many factors in the laboratory may have been 

affecting male giraffe weevils mating behaviour such as the lighting and surface textures. 

For example, mating trials were conducted in a plastic 1 L Sistema container, but naturally, 

mating events happen on trees. Further, these manipulations are static, whereas in the 

wild, social environments are dynamic and have a large element of stochasticity to them 

that is difficult to replicate in a laboratory environment. Therefore, it would have been 

better to collect a small tree trunk to conduct mating trials on in the lab as this is most 

natural to them. Similarly, the difference in mating duration between observational and 

experimental data may have been due to the difference in female density. The 

observational data showed that female density was important in determining male mating 

success, however this was not manipulated in my experiments as males were only 

exposed to a single female. In future, examining the same variables both in the field and 

the laboratory will provide better estimates of natural variation in male giraffe weevils 

mating behaviour.  

Overall, my study shows that population dynamics can have complex effects on the mating 

behaviours of male Lasiorhynchus barbicornis, that are not captured by manipulative or 

artificial laboratory environments. Additionally, my experimental study shows that mating 

duration can be influenced by perceived sperm competition, but also that mating duration 

appears to trade-off with guarding duration, where the longer a male mated, the less time 

he is likely to guard for. These observations provide us with insight into the maintenance 

of ARTs, behaviour, and how sexual selection operates in male New Zealand giraffe 

weevils. Population density and other demographic factors can influence male mating and 

guarding duration and mating frequency, which are all important in our understanding of 

sexual selection and the mating system of this species.  
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General discussion 
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This thesis demonstrates the importance of body size as a predictor of investment in pre- 

and post-copulatory traits and the implications this has for sperm competition and 

fertilisation success in the New Zealand giraffe weevil. I found that small males may be 

investing more into their post-copulatory traits, possibly to gain a competitive advantage 

in sperm competition (Chapter 2). Additionally, this thesis has shown population dynamics 

have important implications for male mating success and the maintenance of alternative 

reproductive tactics (ARTs) in males of different body sizes. My approach used field and 

laboratory-based methods to answer unique questions pertaining to sexually selected 

traits and male mating success. I found that male New Zealand giraffe weevils responded 

to variation in population density by adjusting their copulation duration, mating frequency 

and guarding duration (Chapter 3). Overall, these findings demonstrate that (1) males of 

different body sizes invest differently into their pre- and post-copulatory traits, and (2) 

sexual selection is likely driving complex interactions between demographic factors and 

male mating success.  

How are males of different body sizes investing into their pre- and post-
copulatory traits? 

Male giraffe weevils show differential investment into their pre- and post-copulatory traits 

based on weapon size. Weapon size can be advantageous for increasing reproductive 

success through male-male competition. However, because competition persists even 

after mating has occurred, males should invest in traits that allow them to compete post-

copulation (Parker et al., 2013a; Parker & Pizzari, 2010). Males that are disadvantaged 

during pre-copulatory competition may invest more into traits that provide them with an 

advantage during post-copulatory competition to ensure they have a chance at fertilising 

the female’s egg(s). In Chapter 2, I found negative allometry for all post-copulatory traits 

except sperm concentration. This suggests that small male giraffe weevils are investing 

disproportionately more into their post-copulatory traits (sperm length, aedeagus length, 

tegmen length, testes diameter, and testes weight) than large males. Investing into post-

copulatory traits is a key way to increase reproductive success (Birkhead & Pizzari, 2002; 

Parker, 1998). For this reason, in species where body size is so variable, and resources 

are limited, investing more into post-copulatory traits is likely most common in smaller 

males.  

Further, I found that males with relatively larger weapons (irrespective of body size) are 

not investing more into their post-copulatory traits, except for testes dry weight. This 

suggests that males with relatively large weapons have larger testes and therefore may 
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have enough resources to allocate to both pre- and post-copulatory traits. It is interesting 

that large males have higher sperm concentration, and males with relatively larger 

weapons have larger testes. Large testes are thought to be indicative of increased sperm-

producing tissue (Hosken, 1997; Kusano et al., 1991; Lüpold et al., 2009). Therefore, it is 

reasonable to assume that large males are experiencing an accumulation of benefits by 

having large testes and more sperm, as well as higher mating success (Le Grice et al 

2019, but see Chapter 3), which may act together to increase their reproductive success.  

How do population dynamics affect the mating success of males of different 
body sizes? 

This study suggests that population density affects male mating success by influencing 

male mating duration, frequency, and guarding duration (Chapter 3). The effect of body 

size on mating success has previously been explored in the New Zealand giraffe weevil 

(LeGrice et al., 2019; Painting & Holwell, 2014b), and how population density and other 

demographic factors affect social selection has also been explored in one study (Fisher et 

al., 2021). Population density and the operational sex ratio has been shown to influence 

male mating success, particularly in species that are highly polyandrous (Bertin & Cézilly, 

2005; Buzatto et al., 2015; Holwell et al., 2016; Niemelä et al., 2021; Rittschof, 2010; Wang 

et al., 2009). In species that are polyandrous, population density is likely to increase sperm 

competition risk and intensity, likely increasing the variation in male fertilisation success 

and consequently, reproductive success. However, it is difficult to base mating success 

solely on population density as both intrinsic (e.g., body size) and other extrinsic factors 

(e.g., sex ratio) interact to influence a male’s mating success. In Chapter 3, I found that 

male mating success was influenced by complex interactions between mating duration, 

mating frequency, population density, and male body size. Interactions between intrinsic 

and extrinsic factors that affect mating success are not uncommon. For example, in the 

walnut fly, Rhagoletis juglandis, mating duration was affected by both the density of each 

sex and the ratio of one to the other (Alonso-Pimentel & Papaj, 1996). Similarly, in the 

pipefish, Syngnathus typhle, population density and sex ratio interact to influence 

selection on body size, a determinant of mating success in both males and females 

(Aronsen et al., 2013). My findings clearly demonstrate that male mating success cannot 

be attributed to a single factor whether it be intrinsic or extrinsic.  

I have shown that mating success can be credited to variation in population density and 

the operational sex ratio. Smaller males can secure as many matings as large males, but 

only when population density is high. This may be because at higher densities, the ability 
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of large males to defend resources (oviposition sites and females) breaks down and they 

can no longer competitively exclude smaller males as efficiently as when population 

density is low (becomes scramble competition). Previous research found that large males 

have higher mating success (measured as mating frequency) than smaller males (LeGrice 

et al., 2019), however my findings suggest that they are likely to have similar mating 

frequencies at higher densities. It is important to incorporate population demography into 

sexual selection studies because it can influence the opportunity for, and strength of, 

sexual selection (Crowley et al., 1991; Emlen & Oring, 1977; Hubbell & Johnson, 1987; 

Kvarnemo & Ahnesjo, 1996). A recent study by Fisher et al., (2021) also found that 

population density affected the interactions between individuals (social selection), with 

social selection becoming more negative at higher densities. My finding was consistent 

with theoretical predictions by Painting and Holwell (2014b), where through the use of 

ARTs, smaller males may engage in equivalent numbers of copulations as large males. 

Furthermore, because smaller males engage in equivalent or higher numbers of 

copulations as large males at high densities, this may suggest that there is negative-

frequency dependent selection maintaining this polymorphism in male body size. 

Studying behaviour in the wild 

Studying behaviour in the wild provides the opportunity to observe unaltered behaviour of 

natural populations. However, studying natural populations means that conditions cannot 

be controlled when trying to understand an aspect of an individual’s behaviour. Therefore, 

some relationships may not be clear due to uncontrolled variation and confounding 

variables (Bell et al., 2009; Kingsolver & Pfennig, 2007; Lambrechts et al., 1999). Studies 

exploring the influence of population density on mating success are predominantly 

conducted in the laboratory (Bretman et al., 2010; De Nardo et al., 2021; Wang et al., 

2009), probably due to convenience. However, observational studies arguably provide 

more accurate representations of the biological variation in behaviour. For example, in 

Chapter 3, I found a large amount of variation between large individuals mating success. 

This variation was likely due to the sampling method used which only encapsulated 1-

hour periods in an individual’s lifetime. I also found some contrasting results between the 

laboratory experiment and observational data, however this is likely due to the small 

sample size in the laboratory experiment. Despite the variation in the data, I believe I was 

still able to draw important conclusions about mating success in the New Zealand giraffe 

weevil. Therefore, I would argue that this observational study provides stronger evidence 
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for a relationship between density and mating success because it was found in a natural 

population where all possible variation is present.  

Limitations of my research 

My research showed some interesting and exciting results that will aid in our 

understanding of how sexual selection acts on males of different body sizes. However, 

there were some limitations to my study that could be addressed in the future to make this 

research more robust. Firstly, in the experimental component of my population density 

study (Chapter 3), my sample size was very limited. Unfortunately, many of the giraffe 

weevils were not willing to mate, although I am not entirely sure of the reason. I suspect it 

may have been due to the plastic container the mating trials were conducted in. In the 

wild, females search for suitable oviposition sites on the host tree before drilling into the 

wood to lay their eggs (Meads, 1976). Perhaps females release pheromones when they 

are searching for suitable oviposition sites which signals to males that she is receptive to 

mate. This has been seen in many spider species, where females release airborne 

pheromones and contact pheromones to stimulate attraction and courtship (Costa et al., 

2000; Gaskett et al., 2004; Herberstein et al., 2002; Kasumovic & Andrade, 2006). Similar 

findings have also been observed in Drosophila (Averhoff & Richardson, 1976; Greenspan 

& Ferveur, 2000; Savarit et al., 1999). Therefore, I propose that future studies address 

this by providing a small piece of wood from one of their host trees for the mating trials to 

take place on. Further, more research on their chemical ecology would aid in our 

understanding of their mating system.  

One of my initial goals for this study was to measure ejaculate size to determine if males 

adjusted their ejaculate based on perceived levels of sperm competition. In my mating 

experiments, I attempted to look at the weight of the individuals before and after mating 

to measure ejaculate size as there is evidence of a correlation between male weight loss 

and female weight gain after mating (Edvardsson & Tregenza, 2005; Rönn et al., 2008). 

However, the amount of ejaculate was so small that it was not detectable despite the 

extremely precise scales (0.01 mg) in our laboratory. Furthermore, I aimed to dye the 

ejaculate in vivo, using Rhodamine B, a procedure used in Wylde et al., (2019), to 

measure ejaculate volume. Rhodamine dye is a thiol-reactive fluorescent dye that emits a 

bright red-orange colour when fluoresced, and has been successfully used in other studies 

to assess mating events (Beija et al., 2009; Blanco et al., 2006; Fisher, 1999; Johnson et 

al., 2017). Unfortunately, the sperm/accessory glands did not absorb the dye. Due to the 

limited time I had to conduct my research and challenges with COVID-19 lockdowns, I had 
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to discontinue this approach. If the sperm absorbed the dye, I would have been able to 

measure how males of different body sizes adjust their ejaculate volume based on 

perceived levels of sperm competition (population density). When analysing the female 

sperm storage organ (spermatheca), I also found that the capsule auto-fluoresces in the 

same spectral range as Rhodamine B making it difficult to determine the volume of sperm 

transferred. Future research should explore different dyes available that would best work 

to dye male sperm and simultaneously overcome the obstacle of the auto-fluorescing 

spermatheca. One method I propose is the dying of ejaculate after the mating event has 

occurred. For example, Triton X-100 (TX) has been used to dye sperm post-copulation to 

measure ejaculate size or sperm in several taxa, including butterflies (Bissoondath & 

Wiklund, 1995), rats (Pattij et al., 2005), and leopards (Tipkantha et al., 2017). However, 

this approach is only useful if there are several colour variations of the dye to measure 

multiple ejaculates, or the females are previously unmated and there is no likelihood of 

previous ejaculates being stored in the spermatheca.  

Future directions 

Because there appears to be so much variation in mating success irrespective of body 

size, I suggest the use of genetic techniques to better understand the predictors of 

paternity share in L. barbicornis. By using genetic techniques such as microsatellite 

markers, patterns of sperm utilization and sperm precedence can be determined 

(McCullough et al., 2017), which is useful for the advancement of sexual selection 

research. Previous research looking at sperm utilization patterns in the New Zealand 

giraffe weevil found that males who mated last sired an egg only 50% of the time, however 

the other 50% were sired by unidentified males who were not observed to mate with the 

female (Hockings, 2019). In addition, there has been no research looking at female choice 

in New Zealand giraffe weevils, and such a high variability of paternity share suggests 

there is potential for cryptic female choice. By extending this area of research, we can 

determine the effect that body size may have on male reproductive success in the New 

Zealand giraffe weevil.  

In addition, being able to manipulate the development of giraffe weevils will be useful to 

determine if there are any trade-offs between pre- and post-copulatory traits that I did not 

detect in this study. In my research, I only looked at phenotypic correlations, neglecting 

the possibility that genetic differences may explain some variation in the ability of 

individuals to acquire and allocate resources (Metcalfe, 2003; van Noordwijk & de Jong, 

1986). Furthermore, trade-offs may only be detected during experimental manipulations 
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in which the development of one trait is compromised to determine how this affects the 

development of another trait (Simmons & Emlen, 2006; Somjee et al., 2018). There can 

be high levels of genetic variation in an individual’s ability to acquire resources which can 

lead to differences in resource allocation (Robinson & Beckerman, 2013). Variation in how 

individuals acquire resources can show positive correlations between the size of two 

phenotypic traits. However, this may be due to the ability of larger individuals to acquire 

more resources, therefore having more resources available to allocate to both traits when 

compared to small low-condition individuals (van Noordwijk & de Jong, 1986). This was 

seen in my research, where males with relatively large rostrums had relatively large testes, 

suggesting they had enough resources to allocate to both traits. Furthermore, it is possible 

that trade-offs are only apparent when individuals experience stressful environmental 

conditions, such as food shortage (Messina & Fry, 2003; Simmons & Emlen, 2006). Future 

research manipulating environmental influences such as larval diet will allow us to explain 

how different life-history traits are influenced by body size, environmental, and genetic 

factors.  

Ejaculate size was not measured in this study due to the sperm not absorbing the 

rhodamine dye and weighing inaccuracies. However, ejaculate size is an important 

measure when looking at sperm competition and mating tactics, as it can allow us to see 

whether males of different body sizes (and ARTs) are adjusting their ejaculate size when 

facing different levels of sperm competition. In most situations, males that employ 

sneaking tactics are expected to invest more into their ejaculate than males that employ 

fighter tactics (Engqvist & Taborsky, 2016; Gage et al., 1995; Parker, 1990b). Similarly, 

males in a disfavoured role are expected to invest more than males in a favoured role (Ball 

& Parker, 2003; Parker, 1990a). As the population density increases, large males may 

find themselves in a disfavoured role, where they cannot defend females and oviposition 

sites effectively, and may adjust their ejaculate in response to this. On the other hand, 

small males may choose to invest maximally into all matings. However, further research 

is needed to explore these predictions. Therefore, looking at ejaculate size in male giraffe 

weevils of different body size (and ARTs) will improve our understanding of how sperm 

competition shapes the evolution of ejaculate traits. 

Implications for behavioural ecology research on the New Zealand giraffe 
weevil  

This thesis has extended areas of previous research on giraffe weevils, but has also 

provided a new understanding of how sexual selection may be acting on this species. In 
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Chapter 2, I explored how males adjust their investment into pre- and post-copulatory 

traits which may indicate strategies to increase their mating success. Further, by using an 

observational method, I was able to determine in Chapter 3 how population density, body 

size, and sex ratio interact to affect male mating success. Giraffe weevils present an 

outstanding model organism for studying sexual selection, particularly because of their 

extreme size variation, exaggerated traits, and potential for sperm competition. My 

research will contribute to a growing body of research focusing on how sexual selection 

can shape the life-history of an insect.   



 

95 

References 

Akaike, H. (Ed.). (1973). Information theory and an extension of the maximum likelihood 

principle. Akadémiai Kiadó. 

Alcock, J. (1994). Postinsemination Associations Between Males and Females in Insects: 

The Mate-Guarding Hypothesis. Annual Review of Entomology, 39(1), 1–21. 

https://doi.org/10.1146/annurev.en.39.010194.000245 

Alonso-Pimentel, H., & Papaj, D. R. (1996). Operational sex ratio versus gender density 

as determinants of copulation duration in the walnut fly, Rhagoletis juglandis 

(Diptera: Tephritidae). Behavioral Ecology and Sociobiology, 39(3), 171–180. 

https://doi.org/10.1007/s002650050278 

Altmann, J. (1974). Observational Study of Behavior: Sampling Methods. Behaviour, 

49(3–4), 227–266. https://doi.org/10.1163/156853974X00534 

Amann, R. P. (1970). Sperm production rates. The Testis, 1, 433–482. 

Andersson, M. (1982). Sexual selection, natural selection and quality advertisement. 

Biological Journal of the Linnean Society, 17(4), 375–393. 

https://doi.org/10.1111/j.1095-8312.1982.tb02028.x 

Andersson, M. (1994). Sexual selection (Vol. 72). Princeton University Press. 

Andersson, M., & Simmons, L. W. (2006). Sexual selection and mate choice. Trends in 

Ecology & Evolution, 21(6), 296–302. 

Archard, G. A., & Braithwaite, V. A. (2010). The importance of wild populations in studies 

of animal temperament: Animal temperament in wild populations. Journal of 

Zoology, no-no. https://doi.org/10.1111/j.1469-7998.2010.00714.x 

Arnqvist, G. (1992a). Spatial Variation in Selective Regimes: Sexual Selection in the Water 

Strider, Gerris odontogaster. Evolution, 46(4), 914–929. 

https://doi.org/10.2307/2409746 



 

96 

Arnqvist, G. (1992b). The effects of operational sex ratio on the relative mating success 

of extreme male phenotypes in the water strider Geri-is adantogaster (Zett.) 

Heteroptera. Animal Behaviour, 992, 6Sl-6B3. 

Arnqvist, G., & Danielsson, I. (1999). Postmating sexual selection: The effects of male 

body size and recovery period on paternity and egg production rate in a water 

strider. Behavioral Ecology, 10(4), 358–365. 

https://doi.org/10.1093/beheco/10.4.358 

Arnqvist, G., & Nilsson, T. (2000). The evolution of polyandry: Multiple mating and female 

fitness in insects. Animal Behaviour, 60(2), 145–164. 

https://doi.org/10.1006/anbe.2000.1446 

Arnqvist, G., Nilsson, T., & Katvala, M. (2005). Mating rate and fitness in female bean 

weevils. Behavioral Ecology, 16(1), 123–127. 

https://doi.org/10.1093/beheco/arh119 

Aron, S., Lybaert, P., Baudoux, C., Vandervelden, M., & Fournier, D. (2016). Sperm 

production characteristics vary with level of sperm competition in Cataglyphis 

desert ants. Functional Ecology, 30(4), 614–624. https://doi.org/10.1111/1365-

2435.12533 

Aronsen, T., Berglund, A., Mobley, K. B., Ratikainen, I. I., & Rosenqvist, G. (2013). Sex 

Ratio and Density Affect Sexual Selection in a Sex-Role Reversed Fish. Evolution, 

67(11), 3243–3257. https://doi.org/10.1111/evo.12201 

Averhoff, W. W., & Richardson, R. H. (1976). Multiple pheromone system controlling 

mating in Drosophila melanogaster. Proceedings of the National Academy of 

Sciences, 73(2), 591–593. https://doi.org/10.1073/pnas.73.2.591 

Ball, M. A., & Parker, G. A. (2003). Sperm competition games: Sperm selection by 

females. Journal of Theoretical Biology, 224(1), 27–42. 

https://doi.org/10.1016/S0022-5193(03)00118-8 



 

97 

Barbosa, F. (2011). Copulation duration in the soldier fly: The roles of cryptic male choice 

and sperm competition risk. Behavioral Ecology, 22(6), 1332–1336. 

https://doi.org/10.1093/beheco/arr137 

Bateman, A. J. (1948). Intra-sexual selection in Drosophila. Heredity, 2(3), 349–368. 

Beija, M., Afonso, C. A. M., & Martinho, J. M. G. (2009). Synthesis and applications of 

Rhodamine derivatives as fluorescent probes. Chemical Society Reviews, 38(8), 

2410. https://doi.org/10.1039/b901612k 

Bell, A. M., Hankison, S. J., & Laskowski, K. L. (2009). The repeatability of behaviour: A 

meta-analysis. Animal Behaviour, 77(4), 771–783. 

https://doi.org/10.1016/j.anbehav.2008.12.022 

Berger-Tal, R., & Lubin, Y. (2011). High male mate search costs and a female-biased sex 

ratio shape the male mating strategy in a desert spider. Animal Behaviour, 82(4), 

853–859. https://doi.org/10.1016/j.anbehav.2011.07.021 

Berrigan, D., & Locke, S. J. (1991). Body size and male reproductive performance in the 

flesh fly, Neobellieria bullata. Journal of Insect Physiology, 37(8), 575–581. 

Bertin, A., & Cézilly, F. (2005). Density-dependent influence of male characters on mate-

locating efficiency and pairing success in the waterlouse Asellus aquaticus: An 

experimental study. Journal of Zoology, 265(4), 333–338. 

https://doi.org/10.1017/S0952836905006400 

Biedermann, R. (2002). Mating success in the spittlebug Cercopis sanguinolenta (Scopoli, 

1763) (Homoptera, Cercopidae): The role of body size and mobility. Journal of 

Ethology, 20(1), 13–18. https://doi.org/10.1007/s10164-002-0048-9 

Birkhead, T. R. (1998). Sperm competition in birds. Reviews of Reproduction, 3(2), 123–

129. https://doi.org/10.1530/ror.0.0030123 



 

98 

Birkhead, T. R., Fletcher, F., Pellatt, E. J., & Staples, A. (1995). Ejaculate quality and the 

success of extra-pair copulations in the zebra finch. Nature, 377(6548), 422–423. 

https://doi.org/10.1038/377422a0 

Birkhead, T. R., & Pizzari, T. (2002). Postcopulatory sexual selection. Nature Reviews 

Genetics, 3(4), 262–273. https://doi.org/10.1038/nrg774 

Bissoondath, C. J., & Wiklund, C. (1995). Protein content of spermatophores in relation to 

monandry/polyandry in butterflies. Behavioral Ecology and Sociobiology, 37(6), 

365–371. 

Blanco, C. A., Perera, O., Ray, J. D., Taliercio, E., & Williams, L. (2006). Incorporation of 

rhodamine B into male tobacco budworm moths Heliothis virescens to use as a 

marker for mating studies. Journal of Insect Science, 6(5), 1–10. 

https://doi.org/10.1673/1536-2442(2006)6[1:IORBIM]2.0.CO;2 

Blasco-Moreno, A., Pérez-Casany, M., Puig, P., Morante, M., & Castells, E. (2019). What 

does a zero mean? Understanding false, random and structural zeros in ecology. 

Methods in Ecology and Evolution, 10(7), 949–959. https://doi.org/10.1111/2041-

210X.13185 

Bleay, C., Comendant, T., & Sinervo, B. (2007). An experimental test of frequency-

dependent selection on male mating strategy in the field. Proceedings of the Royal 

Society B: Biological Sciences, 274(1621), 2019–2025. 

https://doi.org/10.1098/rspb.2007.0361 

Bonduriansky, R. (2007). Sexual Selection and Allometry: A Critical Reappraisal of the 

Evidence and Ideas. Evolution, 61(4), 838–849. https://doi.org/10.1111/j.1558-

5646.2007.00081.x 

Bonduriansky, R., & Brassil, C. E. (2005). Reproductive ageing and sexual selection on 

male body size in a wild population of antler flies (Protopiophila litigata): Ageing 



 

99 

and sexual selection. Journal of Evolutionary Biology, 18(5), 1332–1340. 

https://doi.org/10.1111/j.1420-9101.2005.00957.x 

Bonduriansky, R., & Day, T. (2003). The Evolution of Static Allometry in Sexually Selected 

Traits. Evolution, 57(11), 2450–2458. https://doi.org/10.1111/j.0014-

3820.2003.tb01490.x 

Bonduriansky, R., & Rowe, L. (2005). Sexual Selection, Genetic Architecture, and the 

Condition Dependence of Body Shape in the Sexually Dimorphic Fly Prochyliza 

xanthostoma (Piophilidae). Evolution, 59(1), 138–151. 

Borgia, G. (1980). Sexual Competition in Scatophaga stercoraria: Size- and Density-

Related Changes in Male Ability to Capture Females. Behaviour, 75(3/4), 185–206. 

Bretman, A., Fricke, C., & Chapman, T. (2009). Plastic responses of male Drosophila 

melanogaster to the level of sperm competition increase male reproductive fitness. 

Proceedings of the Royal Society B: Biological Sciences, 276(1662), 1705–1711. 

https://doi.org/10.1098/rspb.2008.1878 

Bretman, A., Fricke, C., Hetherington, P., Stone, R., & Chapman, T. (2010). Exposure to 

rivals and plastic responses to sperm competition in Drosophila melanogaster. 

Behavioral Ecology, 21(2), 317–321. https://doi.org/10.1093/beheco/arp189 

Bretman, A., & Tregenza, T. (2005). Measuring polyandry in wild populations: A case 

study using promiscuous crickets. Molecular Ecology, 14(7), 2169–2179. 

https://doi.org/10.1111/j.1365-294X.2005.02556.x 

Briskie, J. V., Montgomerie, R., & Birkhead, T. R. (1997). The evolution of sperm size in 

birds. Evolution, 51(3), 937–945. 

Brodie, E. D., Moore, A. J., & Janzen, F. J. (1995). Visualizing and quantifying natural 

selection. Trends in Ecology & Evolution, 10(8), 313–318. 

https://doi.org/10.1016/S0169-5347(00)89117-X 



 

100 

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, 

A., Skaug, H. J., Maechler, M., & Bolker, B. M. (2017). GlmmTMB balances speed 

and flexibility among packages for zero-inflated generalized linear mixed modeling. 

The R Journal, 9(2), 378–400. 

Bunning, H., Rapkin, J., Belcher, L., Archer, C. R., Jensen, K., & Hunt, J. (2015). Protein 

and carbohydrate intake influence sperm number and fertility in male cockroaches, 

but not sperm viability. Proceedings of the Royal Society B: Biological Sciences, 

282(1802), 20142144. https://doi.org/10.1098/rspb.2014.2144 

Burkhardt, D., & de la Motte, I. (1983). How stalk-eyed flies eye stalk-eyed flies: 

Observations and measurements of the eyes ofCyrtodiopsis whitei (Diopsidae, 

Diptera). Journal of Comparative Physiology, 151(4), 407–421. 

https://doi.org/10.1007/BF00605457 

Bürkner, P.-C. (2018). Advanced Bayesian multilevel modeling with the R package brms. 

The R Journal, 10(1), 395–411. https://doi.org/10.32614/RJ-2018-017 

Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model selection and 

multimodel inference in behavioral ecology: Some background, observations, and 

comparisons. Behavioral Ecology and Sociobiology, 65(1), 23–35. 

https://doi.org/10.1007/s00265-010-1029-6 

Buzatto, B. A., Roberts, J. D., & Simmons, L. W. (2015). Sperm competition and the 

evolution of precopulatory weapons: Increasing male density promotes sperm 

competition and reduces selection on arm strength in a chorusing frog. Evolution, 

69(10), 2613–2624. 

Byrne, P. G., & Roberts, J. D. (2004). Intrasexual selection and group spawning in 

quacking frogs (Crinia georgiana). Behavioral Ecology, 15(5), 872–882. 

https://doi.org/10.1093/beheco/arh100 



 

101 

Byrne, P. G., Simmons, L. W., & Dale Roberts, J. (2003). Sperm competition and the 

evolution of gamete morphology in frogs. Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 270(1528), 2079–2086. 

https://doi.org/10.1098/rspb.2003.2433 

Cai, Y. L., Mai, C. L., Yu, X., & Liao, W. B. (2019). Effect of population density on 

relationship between pre- and postcopulatory sexual traits. Animal Biology, 69(3), 

281–292. https://doi.org/10.1163/15707563-20181057 

Calhim, S., Immler, S., & Birkhead, T. R. (2007). Postcopulatory Sexual Selection Is 

Associated with Reduced Variation in Sperm Morphology. PLoS ONE, 2(5), e413. 

https://doi.org/10.1371/journal.pone.0000413 

Cartar, R. (1985). Testis size in sandpipers: The fertilization frequency hypothesis. 

Naturwissenschaften, 72(3), 157–158. 

Chapman, T., & Davies, S. J. (2004). Functions and analysis of the seminal fluid proteins 

of male Drosophila melanogaster fruit flies. Peptides, 25(9), 1477–1490. 

https://doi.org/10.1016/j.peptides.2003.10.023 

Christy, J. H. (1983). Female choice in the resource-defense mating system of the sand 

fiddler crab, Uca pugilator. Behavioral Ecology and Sociobiology, 12(2), 169–180. 

https://doi.org/10.1007/BF00343209 

Colegrave, N., Birkhead, T. R., & Lessells, C. M. (1995). Sperm Precedence in Zebra 

Finches Does not Require Special Mechanisms of Sperm Competition. 

Proceedings: Biological Sciences, 259(1355), 223–228. 

Conner, J. (1989). Density-Dependent Sexual Selection in the Fungus Beetle, Bolitotherus 

cornutus. Evolution, 43(7), 1378. https://doi.org/10.2307/2409454 

Córdoba-Aguilar, A., Uhía, E., & Rivera, A. C. (2003). Sperm competition in Odonata 

(Insecta): The evolution of female sperm storage and rivals’ sperm displacement. 



 

102 

Journal of Zoology, 261(4), 381–398. 

https://doi.org/10.1017/S0952836903004357 

Cornwallis, C. K., & Uller, T. (2010). Towards an evolutionary ecology of sexual traits. 

Trends in Ecology & Evolution, 25(3), 145–152. 

https://doi.org/10.1016/j.tree.2009.09.008 

Costa, F. G., Viera, C., & Francescoli, G. (2000). A Comparative Study of Sexual Behavior 

in Two Synmorphic Species of the Genus Lycosa (Araneae, Lycosidae) and Their 

Hybrid Progeny. The Journal of Arachnology, 28(2), 237–240. 

Cotton, S., Fowler, K., & Pomiankowski, A. (2004). Do sexual ornaments demonstrate 

heightened condition-dependent expression as predicted by the handicap 

hypothesis? Proceedings of the Royal Society of London. Series B: Biological 

Sciences, 271(1541), 771–783. https://doi.org/10.1098/rspb.2004.2688 

Cotton, S., Small, J., & Pomiankowski, A. (2006). Sexual Selection and Condition-

Dependent Mate Preferences. Current Biology, 16(17), R755–R765. 

https://doi.org/10.1016/j.cub.2006.08.022 

Crane, J. (2015). Fiddler crabs of the world: Ocypodidae: Genus Uca (Vol. 3748). 

Princeton University Press. 

Crowley, P. H., Travers, S. E., Linton, M. C., Cohn, S. L., Sih, A., & Sargent, R. C. (1991). 

Mate Density, Predation Risk, and the Seasonal Sequence of Mate Choices: A 

Dynamic Game. The American Naturalist, 137(4), 567–596. 

https://doi.org/10.1086/285184 

Darwin, C. R. (1871). The Descent of Man and Selection in Relation to Sex (1st Edition, 

Vol. 1). John Murray. 

Darwin, C. R., & Wallace, A. (1858). On the Tendency of Species to form Varieties; and 

on the Perpetuation of Varieties and Species by Natural Means of Selection. 



 

103 

Zoological Journal of the Linnean Society, 3(9), 45–62. 

https://doi.org/10.1111/j.1096-3642.1858.tb02500.x 

De Nardo, A. N., Roy, J., Sbilordo, S. H., & Lüpold, S. (2021). Condition-dependent 

interaction between mating success and competitive fertilization success in 

Drosophila melanogaster*. Evolution, 75(8), 2014–2026. 

https://doi.org/10.1111/evo.14228 

De Reviers, M., & Williams, J. B. (1984). Testis development and production of 

spermatozoa in the cockerel (Gallus domesticus). Reproductive Biology of Poultry, 

183–202. 

Delcourt, M., & Rundle, H. D. (2011). Condition Dependence of a Multicomponent Sexual 

Display Trait in Drosophila serrata. The American Naturalist, 177(6), 812–823. 

https://doi.org/10.1086/659949 

Dickinson, J. L. (1986). Prolonged mating in the milkweed leaf beetle Labidomera 

clivicollis clivicollis (Coleoptera: Chrysomelidae): a test of the “sperm-loading” 

hypothesis. Behavioral Ecology and Sociobiology, 18(5), 331–338. 

https://doi.org/10.1007/BF00299664 

Dore, A. A., Rostant, W. G., Bretman, A., & Chapman, T. (2021). Plastic male mating 

behavior evolves in response to the competitive environment*. Evolution, 75(1), 

101–115. https://doi.org/10.1111/evo.14089 

Eady, P. (1994). Sperm transfer and storage in relation to sperm competition in 

Callosobruchus maculatus. Behavioral Ecology and Sociobiology, 35(2), 123–129. 

Eberhard, W. (1996). Female control: Sexual selection by cryptic female choice (Vol. 69). 

Princeton University Press. 

Eberhard, W. G. (2009). Postcopulatory sexual selection: Darwin’s omission and its 

consequences. Proceedings of the National Academy of Sciences, 

106(Supplement_1), 10025–10032. https://doi.org/10.1073/pnas.0901217106 



 

104 

Eberhard, W. G., Rodríguez, R. L., Huber, B. A., Speck, B., Miller, H., Buzatto, B. A., & 

Machado, G. (2018). Sexual Selection and Static Allometry: The Importance of 

Function. The Quarterly Review of Biology, 93(3), 207–250. 

https://doi.org/10.1086/699410 

Eberhard, W., Huber, B. A., S, R. L. R., Briceño, R. D., Salas, I., & Rodriguez, V. (1998). 

One Size Fits All? Relationships Between the Size and Degree of Variation in 

Genitalia and Other Body Parts in Twenty Species of Insects and Spiders. 

Evolution, 52(2), 415–431. https://doi.org/10.1111/j.1558-5646.1998.tb01642.x 

Edvardsson, M., & Tregenza, T. (2005). Why do male Callosobruchus maculatus harm 

their mates? Behavioral Ecology, 16(4), 788–793. 

https://doi.org/10.1093/beheco/ari055 

Emberts, Z., St. Mary, C. M., Herrington, T. J., & Miller, C. W. (2018). Males missing their 

sexually selected weapon have decreased fighting ability and mating success in a 

competitive environment. Behavioral Ecology and Sociobiology, 72(5), 81. 

https://doi.org/10.1007/s00265-018-2494-6 

Emlen, D. J. (1997). Alternative reproductive tactics and male-dimorphism in the horned 

beetle Onthophagus acuminatus (Coleoptera: Scarabaeidae). Behavioral Ecology 

and Sociobiology, 41(5), 335–341. https://doi.org/10.1007/s002650050393 

Emlen, D. J. (2001). Costs and the Diversification of Exaggerated Animal Structures. 

Science, 291(5508), 1534–1536. https://doi.org/10.1126/science.1056607 

Emlen, D. J. (2008). The Evolution of Animal Weapons. Annual Review of Ecology, 

Evolution, and Systematics, 39(1), 387–413. 

https://doi.org/10.1146/annurev.ecolsys.39.110707.173502 

Emlen, D. J., Corley Lavine, L., & Ewen-Campen, B. (2007). On the origin and evolutionary 

diversification of beetle horns. Proceedings of the National Academy of Sciences, 

104(Supplement 1), 8661–8668. https://doi.org/10.1073/pnas.0701209104 



 

105 

Emlen, D. J., Marangelo, J., Ball, B., & Cunningham, C. W. (2005). Diversity in the 

Weapons of Sexual Selection: Horn Evolution in the Beetle Genus Onthophagus 

(Coleoptera: Scarabaeidae). Evolution, 59(5), 1060–1084. 

Emlen, S. T., & Oring, L. W. (1977). Ecology, Sexual Selection, and the Evolution of 

Mating Systems. Science, 197(4300), 215–223. 

Engqvist, L., & Reinhold, K. (2005). Pitfalls in experiments testing predictions from sperm 

competition theory. Journal of Evolutionary Biology, 18(1), 116–123. 

https://doi.org/10.1111/j.1420-9101.2004.00792.x 

Engqvist, L., & Taborsky, M. (2016). The evolution of genetic and conditional alternative 

reproductive tactics. Proceedings of the Royal Society B: Biological Sciences, 

283(1825), 20152945. https://doi.org/10.1098/rspb.2015.2945 

Evans, J. P., & Garcia-Gonzalez, F. (2016). The total opportunity for sexual selection and 

the integration of pre- and post-mating episodes of sexual selection in a complex 

world. Journal of Evolutionary Biology, 29(12), 2338–2361. 

https://doi.org/10.1111/jeb.12960 

Fairbairn, D. (2007). Introduction: The enigma of sexual size dimorphism. Sex, Size and 

Gender Roles. Evolutionary Studies of Sexual Dimorphism, 1–15. 

Fedina, T. Yu., & Lewis, S. M. (2004). Female influence over offspring paternity in the red 

flour beetle Tribolium castaneum. Proceedings of the Royal Society of London. 

Series B: Biological Sciences, 271(1546), 1393–1399. 

https://doi.org/10.1098/rspb.2004.2731 

Ferkau, C., & Fischer, K. (2006). Costs of Reproduction in Male Bicyclus anynana and 

Pieris napi Butterflies: Effects of Mating History and Food Limitation. Ethology, 

112(11), 1117–1127. https://doi.org/10.1111/j.1439-0310.2006.01266.x 

Fisher, D. N., James, A., Rodríguez-Muñoz, R., & Tregenza, T. (2015). Behaviour in 

captivity predicts some aspects of natural behaviour, but not others, in a wild cricket 



 

106 

population. Proceedings of the Royal Society B: Biological Sciences, 282(1809), 

20150708. https://doi.org/10.1098/rspb.2015.0708 

Fisher, D. N., LeGrice, R. J., & Painting, C. J. (2021). Social selection is density dependent 

but makes little contribution to total selection in New Zealand giraffe weevils. 

Proceedings of the Royal Society B, 8. https://doi.org/10.1098/rspb.2021.0696 

Fisher, P. (1999). Review of Using Rhodamine B as a Marker for Wildlife Studies. Wildlife 

Society Bulletin (1973-2006), 27(2), 318–329. 

Fitzpatrick, J. L., & Baer, B. (2011). Polyandry Reduces Sperm Length Variation in Social 

Insects. Evolution, 65(10), 3006–3012. https://doi.org/10.1111/j.1558-

5646.2011.01343.x 

Fitzpatrick, J. L., Montgomerie, R., Desjardins, J. K., Stiver, K. A., Kolm, N., & Balshine, 

S. (2009). Female promiscuity promotes the evolution of faster sperm in cichlid 

fishes. Proceedings of the National Academy of Sciences, 106(4), 1128–1132. 

https://doi.org/10.1073/pnas.0809990106 

Flay, C. D., He, X. Z., & Wang, Q. (2009). Influence of male density on the courtship and 

mating duration of male rice weevils Sitophilus oryzae. New Zealand Plant 

Protection, 62, 76–79. https://doi.org/10.30843/nzpp.2009.62.4788 

Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd ed.). Sage. 

https://socialsciences.mcmaster.ca/jfox/Books/Companion/ 

Freckleton, R. P. (2002). On the Misuse of Residuals in Ecology: Regression of Residuals 

vs. Multiple Regression. Journal of Animal Ecology, 71(3), 542–545. 

Gage, M. J. G. (1994). Associations between Body Size, Mating Pattern, Testis Size and 

Sperm Lengths across Butterflies. Proceedings: Biological Sciences, 258(1353), 

247–254. 

Gage, M. J. G., & Cook, P. A. (1994). Sperm Size or Numbers? Effects of Nutritional 

Stress Upon Eupyrene and Apyrene Sperm Production Strategies in the Moth 



 

107 

Plodia interpunctella (Lepidoptera: Pyralidea). Functional Ecology, 8(5), 594–599. 

https://doi.org/10.2307/2389920 

Gage, M. J. G., & Morrow, E. H. (2003). Experimental Evidence for the Evolution of 

Numerous, Tiny Sperm via Sperm Competition. Current Biology, 13(9), 754–757. 

https://doi.org/10.1016/S0960-9822(03)00282-3 

Gage, M. J. G., Stockley, P., & Parker, G. A. (1995). Effects of Alternative Male Mating 

Strategies on Characteristics of Sperm Production in the Atlantic Salmon (Salmo 

salar): Theoretical and Empirical Investigations. Philosophical Transactions: 

Biological Sciences, 350(1334), 391–399. 

Galicia-Mendoza, D. I., Sanmartín-Villar, I., García-Miranda, Ó., & Cordero-Rivera, A. 

(2021). Territorial damselflies are larger and show negative allometry in their 

genitalia. Biological Journal of the Linnean Society, blab109. 

https://doi.org/10.1093/biolinnean/blab109 

Garbaczewska, M., Billeter, J.-C., & Levine, J. D. (2013). Drosophila melanogaster males 

increase the number of sperm in their ejaculate when perceiving rival males. 

Journal of Insect Physiology, 59(3), 306–310. 

Garcia-Berthou, E. (2001). On the Misuse of Residuals in Ecology: Testing Regression 

Residuals vs. the Analysis of Covariance. Journal of Animal Ecology, 70(4), 708–

711. 

García-Cambronero, J. M. (1989). Courtship and copulation in arrhenodes 

sp.(Coleoptera: Brentidae). Cortejo y copulación en arrhenodes sp.(Coleoptera: 

Brentidae). The Coleopterists Bulletin., 43(4), 313–314. 

García‐González, F., & Simmons, L. W. (2007). Shorter Sperm Confer Higher Competitive 

Fertilization Success. Evolution, 61(4), 816–824. https://doi.org/10.1111/j.1558-

5646.2007.00084.x 



 

108 

Garcı́a-González, F., & Simmons, L. W. (2005). Sperm Viability Matters in Insect Sperm 

Competition. Current Biology, 15(3), 271–275. 

https://doi.org/10.1016/j.cub.2005.01.032 

Gaskett, A. C., Herberstein, M. E., Downes, B. J., & Elgar, M. A. (2004). Changes in Male 

Mate Choice in a Sexually Cannibalistic Orb-Web Spider (Araneae: Araneidae). 

Behaviour, 141(10), 1197–1210. 

Gould, S. J. (1974). The origin and function of’bizarre’structures: Antler size and skull size 

in the’Irish Elk,’Megaloceros giganteus. Evolution, 191–220. 

Gowaty, P. A. (2013). Adaptively flexible polyandry. Animal Behaviour, 86(5), 877–884. 

Grant, P. R., & Grant, B. R. (2002). Unpredictable Evolution in a 30-Year Study of Darwin’s 

Finches. Science, 296(5568), 707–711. 

Greenspan, R. J., & Ferveur, J.-F. (2000). Courtship in Drosophila. Annual Review of 

Genetics, 34(1), 205–232. https://doi.org/10.1146/annurev.genet.34.1.205 

Gress, B. E., Waltzer, R. J., Lüpold, S., Droge-Young, E. M., Manier, M. K., & Pitnick, S. 

(2014). Alternative mating tactics in the yellow dung fly: Resolving mechanisms of 

small-male advantage off pasture. Proceedings of the Royal Society B: Biological 

Sciences, 281(1774), 20132164. https://doi.org/10.1098/rspb.2013.2164 

Gross, M. R. (1996). Alternative reproductive strategies and tactics: Diversity within sexes. 

Trends in Ecology & Evolution, 11(2), 92–98. https://doi.org/10.1016/0169-

5347(96)81050-0 

Harrell Jr, F. E., Dupont,  with contributions from C., & others.,  many. (2021). Hmisc: 

Harrell miscellaneous [Manual]. https://CRAN.R-project.org/package=Hmisc 

Harrison, X. A., Donaldson, L., Correa-Cano, M. E., Evans, J., Fisher, D. N., Goodwin, C. 

E. D., Robinson, B. S., Hodgson, D. J., & Inger, R. (2018). A brief introduction to 

mixed effects modelling and multi-model inference in ecology. PeerJ, 6, e4794. 

https://doi.org/10.7717/peerj.4794 



 

109 

Hartig, F. (2021). DHARMa: Residual diagnostics for hierarchical (multi-level / mixed) 

regression models [Manual]. https://CRAN.R-project.org/package=DHARMa 

Hayashi, F., & Kamimura, Y. (2002). The potential for incorporation of male derived 

proteins into developing eggs in the leafhopper Bothrogonia ferruginea. Journal of 

Insect Physiology, 48(2), 153–159. 

Head, M. L., Lindholm, A. K., & Brooks, R. (2008). Operational Sex Ratio and Density Do 

Not Affect Directional Selection on Male Sexual Ornaments and Behavior. 

Evolution, 62(1), 135–144. 

Herberstein, M. E., Painting, C. J., & Holwell, G. I. (2017). Scramble Competition Polygyny 

in Terrestrial Arthropods. In Advances in the Study of Behavior (Vol. 49, pp. 237–

295). Elsevier. https://doi.org/10.1016/bs.asb.2017.01.001 

Herberstein, M. E., Schneider, J. M., & Elgar, M. (2002). Costs of courtship and mating in 

a sexually cannibalistic orb-web spider: Female mating strategies and their 

consequences for males. Behavioral Ecology and Sociobiology, 51(5), 440–446. 

https://doi.org/10.1007/s00265-002-0460-8 

Herborn, K. A., Macleod, R., Miles, W. T., Schofield, A. N., Alexander, L., & Arnold, K. E. 

(2010). Personality in captivity reflects personality in the wild. Animal Behaviour, 

79(4), 835–843. 

Hereford, J., Hansen, T. F., & Houle, D. (2004). Comparing Strengths of Directional 

Selection: How Strong Is Strong? Evolution, 58(10), 2133–2143. 

Hockings, S. (2019). Investigating the levels of polyandry and sperm competition in the 

new zealand giraffe weevil (Lasiorhynchus barbicornis). University of Auckland. 

Holwell, G., Allen, P., Goudie, F., Duckett, P., & Painting, C. (2016). Male density 

influences mate searching speed and copulation duration in millipedes 

(Polydesmida: Gigantowales chisholmi). Behavioral Ecology and Sociobiology, 

70(8), 1381–1388. 



 

110 

Hooper, A. K., Spagopoulou, F., Wylde, Z., Maklakov, A. A., & Bonduriansky, R. (2017). 

Ontogenetic timing as a condition‐dependent life history trait: High‐condition males 

develop quickly, peak early, and age fast. Evolution, 71(3), 671–685. 

https://doi.org/10.1111/evo.13172 

Horton, D. R. (2013). Previous exposure to other males leads to prolonged copulation by 

a predatory true bug (Hemiptera: Heteroptera: Anthocoridae). The Canadian 

Entomologist, 145(1), 88–93. https://doi.org/10.4039/tce.2012.91 

Hosken, D. J. (1997). Sperm competition in bats. Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 264(1380), 385–392. 

https://doi.org/10.1098/rspb.1997.0055 

Hosken, D. J., Minder, A. M., & Ward, P. I. (2005). Male Genital Allometry in 

Scathophagidae (Diptera). Evolutionary Ecology, 19(5), 501–515. 

https://doi.org/10.1007/s10682-005-1023-z 

Hosken, D. J., & Ward, P. I. (2001). Experimental evidence for testis size evolution via 

sperm competition. Ecology Letters, 4(1), 10–13. https://doi.org/10.1046/j.1461-

0248.2001.00198.x 

Hotzy, C., & Arnqvist, G. (2009). Sperm Competition Favors Harmful Males in Seed 

Beetles. Current Biology, 19(5), 404–407. 

https://doi.org/10.1016/j.cub.2009.01.045 

Hubbell, S. P., & Johnson, L. K. (1987). Environmental Variance in Lifetime Mating 

Success, Mate Choice, and Sexual Selection. The American Naturalist, 130(1), 

91–112. https://doi.org/10.1086/284700 

Huchard, E., Canale, C. I., Le Gros, C., Perret, M., Henry, P.-Y., & Kappeler, P. M. (2012). 

Convenience polyandry or convenience polygyny? Costly sex under female control 

in a promiscuous primate. Proceedings of the Royal Society B: Biological Sciences, 

279(1732), 1371–1379. https://doi.org/10.1098/rspb.2011.1326 



 

111 

Hughes, M. (1996). Size assessment via a visual signal in snapping shrimp. Behavioral 

Ecology and Sociobiology, 38(1), 51–57. https://doi.org/10.1007/s002650050216 

Hunter, F. M., & Birkhead, T. R. (2002). Sperm Viability and Sperm Competition in Insects. 

Current Biology, 12(2), 121–123. https://doi.org/10.1016/S0960-9822(01)00647-9 

Hunter, F. M., Harcourt, R., Wright, M., & Davis, L. S. (2000). Strategic allocation of 

ejaculates by male Adélie penguins. Proceedings of the Royal Society of London. 

Series B: Biological Sciences, 267(1452), 1541–1545. 

https://doi.org/10.1098/rspb.2000.1176 

Huxley, J. (1932). Problems of relative growth. Lincoln MacVeagh, The Dial Press; /z-

wcorg/. 

Huxley, J., & Teissier, G. (1936). Terminology of relative growth. Nature, 137(3471), 780–

781. 

Immler, S., & Birkhead, T. R. (2007). Sperm competition and sperm midpiece size: No 

consistent pattern in passerine birds. Proceedings of the Royal Society B: 

Biological Sciences, 274(1609), 561–568. https://doi.org/10.1098/rspb.2006.3752 

Immler, S., Pitnick, S., Parker, G. A., Durrant, K. L., Lupold, S., Calhim, S., & Birkhead, T. 

R. (2011). Resolving variation in the reproductive tradeoff between sperm size and 

number. Proceedings of the National Academy of Sciences, 108(13), 5325–5330. 

https://doi.org/10.1073/pnas.1009059108 

Jann, P., Blanckenhorn, W. U., & Ward, P. I. (2000a). Temporal and microspatial variation 

in the intensities of natural and sexual selection in the yellow dung fly Scathophaga 

stercoraria. Journal of Evolutionary Biology, 13(6), 927–938. 

https://doi.org/10.1046/j.1420-9101.2000.00230.x 

Jann, P., Blanckenhorn, W. U., & Ward, P. I. (2000b). Temporal and microspatial variation 

in the intensities of natural and sexual selection in the yellow dung fly Scathophaga 



 

112 

stercoraria. Journal of Evolutionary Biology, 13(6), 927–938. 

https://doi.org/10.1046/j.1420-9101.2000.00230.x 

Jennions, M. D., & Blackwell, P. R. Y. (1998). Variation in courtship rate in the fiddler crab 

Uca annulipes: Is it related to male attractiveness? Behavioral Ecology, 9(6), 605–

611. https://doi.org/10.1093/beheco/9.6.605 

Jia, Z., Jiang, Z. H., & Sakaluk, S. K. (2000). Nutritional condition influences investment 

by male katydids in nuptial food gifts. Ecological Entomology, 25(1), 115–118. 

https://doi.org/10.1046/j.1365-2311.2000.00239.x 

Jirotkul, M. (1999). Population density influences male–male competition in guppies. 

Animal Behaviour, 58(6), 1169–1175. https://doi.org/10.1006/anbe.1999.1248 

Jivoff, P., & Hines, A. H. (1998). Female behaviour, sexual competition and mate guarding 

in the blue crab, Callinectes sapidus. Animal Behaviour, 55(3), 589–603. 

Johnson, B. J., Mitchell, S. N., Paton, C. J., Stevenson, J., Staunton, K. M., Snoad, N., 

Beebe, N., White, B. J., & Ritchie, S. A. (2017). Use of rhodamine B to mark the 

body and seminal fluid of male Aedes aegypti for mark-release-recapture 

experiments and estimating efficacy of sterile male releases. PLOS Neglected 

Tropical Diseases, 11(9), e0005902. https://doi.org/10.1371/journal.pntd.0005902 

Johnson, L. K. (1982). Sexual Selection in a Brentid Weevil. Evolution, 36(2), 251–262. 

https://doi.org/10.2307/2408043 

Johnson, L. K. (1983). Reproductive Behavior of Claeoderes Bivittata 

(Coleoptera:Brentidae). Psyche: A Journal of Entomology, 90(1–2), 135–149. 

https://doi.org/10.1155/1983/16756 

Johnstone, R. A., Rands, S. A., & Evans, M. R. (2009). Sexual selection and condition-

dependence. Journal of Evolutionary Biology, 22(12), 2387–2394. 

https://doi.org/10.1111/j.1420-9101.2009.01822.x 



 

113 

Jones, P. d., Strickland, B. k., Demarais, S., Wang, G., & Dacus, C. m. (2018). Nutrition 

and ontogeny influence weapon development in a long-lived mammal. Canadian 

Journal of Zoology, 96(9), 955–962. https://doi.org/10.1139/cjz-2017-0345 

Kahrl, A. F., & Cox, R. M. (2015). Diet affects ejaculate traits in a lizard with condition-

dependent fertilization success. Behavioral Ecology, 26(6), 1502–1511. 

https://doi.org/10.1093/beheco/arv105 

Kasumovic, M. M., & Andrade, M. C. B. (2006). Male development tracks rapidly shifting 

sexual versus natural selection pressures. Current Biology, 16(7), R242–R243. 

https://doi.org/10.1016/j.cub.2006.03.017 

Kasumovic, M. M., Bruce, M. J., Andrade, M. C. B., & Herberstein, M. E. (2008). Spatial 

and Temporal Demographic Variation Drives Within-Season Fluctuations in Sexual 

Selection. Evolution, 62(9), 2316–2325. 

Kasumovic, M. M., Bruce, M. J., Herberstein, M. E., & Andrade, M. C. B. (2007). Risky 

mate search and mate preference in the golden orb-web spider (Nephila plumipes). 

Behavioral Ecology, 18(1), 189–195. https://doi.org/10.1093/beheco/arl072 

Kawano, K. (1995). Horn and wing allometry and male dimorphism in giant rhinoceros 

beetles (coleoptera: Scarabaeidae) of tropical asia and america. Annals of the 

Entomological Society of America, 88(1), 92–99. 

https://doi.org/10.1093/aesa/88.1.92 

Kawasaki, N., Brassil, C. E., Brooks, R. C., & Bonduriansky, R. (2008). Environmental 

effects on the expression of life span and aging: An extreme contrast between wild 

and captive cohorts of Telostylinus angusticollis (Diptera: Neriidae). The American 

Naturalist, 172(3), 346–357. 

Kelly, C. D. (2005). Allometry and sexual selection of male weaponry in Wellington tree 

weta, Hemideina crassidens. Behavioral Ecology, 16(1), 145–152. 



 

114 

Kelly, C. D. (2006). The Relationship Between Resource Control, Association with 

Females and Male Weapon Size in a Male Dominance Insect. Ethology, 112, 362–

369. https://doi.org/10.1111/j.1439-0310.2006.01193.x 

Kelly, C. D. (2008). Sperm investment in relation to weapon size in a male trimorphic 

insect? Behavioral Ecology, 19(5), 1018–1024. 

https://doi.org/10.1093/beheco/arn058 

Kelly, C. D., & Jennions, M. D. (2011). Sexual selection and sperm quantity: Meta-

analyses of strategic ejaculation. Biological Reviews, 86(4), 863–884. 

https://doi.org/10.1111/j.1469-185X.2011.00175.x 

Kelly, C., Godin, J.-G., & Abdallah, G. (2000). Geographic variation in the male intromittent 

organ of the Trinidadian guppy (Poecilia reticulata). Canadian Journal of Zoology, 

78, 1674–1680. https://doi.org/10.1139/cjz-78-9-1674 

Kingsolver, J. G., Hoekstra, H. E., Hoekstra, J. M., Berrigan, D., Vignieri, S. N., Hill, C. E., 

Hoang, A., Gibert, P., & Beerli, P. (2001). The Strength of Phenotypic Selection in 

Natural Populations. 157(3), 17. 

Kingsolver, J. G., & Pfennig, D. W. (2007). Patterns and Power of Phenotypic Selection in 

Nature. BioScience, 57(7), 561–572. https://doi.org/10.1641/B570706 

Kirkpatrick, M. (1982). Sexual selection and the evolution of female choice. Evolution, 1–

12. 

Kirkpatrick, M. (1987). Sexual selection by female choice in polygynous animals. Annual 

Review of Ecology and Systematics, 18(1), 43–70. 

Klemme, I., & Firman, R. C. (2013). Male house mice that have evolved with sperm 

competition have increased mating duration and paternity success. Animal 

Behaviour, 85(4), 751–758. https://doi.org/10.1016/j.anbehav.2013.01.016 

Knell, R. J. (2009). Population density and the evolution of male aggression. Journal of 

Zoology, 278(2), 83–90. https://doi.org/10.1111/j.1469-7998.2009.00566.x 



 

115 

Knell, R. J., & Webberley, K. M. (2004). Sexually transmitted diseases of insects: 

Distribution, evolution, ecology and host behaviour. Biological Reviews, 79(3), 

557–581. https://doi.org/10.1017/S1464793103006365 

Kodric-Brown, A., & Brown, J. H. (1984). Truth in advertising: The kinds of traits favored 

by sexual selection. The American Naturalist, 124(3), 309–323. 

Kodric-Brown, A., Sibly, R. M., & Brown, J. H. (2006). The allometry of ornaments and 

weapons. Proceedings of the National Academy of Sciences, 103(23), 8733–8738. 

https://doi.org/10.1073/pnas.0602994103 

Kokko, H., Klug, H., & Jennions, M. D. (2012). Unifying cornerstones of sexual selection: 

Operational sex ratio, Bateman gradient and the scope for competitive investment. 

Ecology Letters, 15(11), 1340–1351. https://doi.org/10.1111/j.1461-

0248.2012.01859.x 

Kokko, H., & Rankin, D. J. (2006). Lonely hearts or sex in the city? Density-dependent 

effects in mating systems. Philosophical Transactions of the Royal Society B: 

Biological Sciences, 361(1466), 319–334. https://doi.org/10.1098/rstb.2005.1784 

Krishna, M. S., & Hegde, S. N. (2003). Influence of body size in mating success in three 

sympatric species of Drosophila. Italian Journal of Zoology, 70(1), 47–52. 

https://doi.org/10.1080/11250000309356495 

Kusano, T., Toda, M., & Fukuyama, K. (1991). Testes size and breeding systems in 

Japanese annrans with special reference to large testes in the treefrog, 

Rhacophorus arboreus (Amphibia: Rhacophoridae). Behavioral Ecology and 

Sociobiology, 29(1), 27–31. 

Kuschel, G. (2003). Nemonychidae, belidae, brentidae (insecta: Coleoptera: 

Curculionoidea). Fauna of New Zealand, 45. 

Kustra, M. C., & Alonzo, S. H. (2020). Sperm and alternative reproductive tactics: A review 

of existing theory and empirical data. Philosophical Transactions of the Royal 



 

116 

Society B: Biological Sciences, 375(1813), 20200075. 

https://doi.org/10.1098/rstb.2020.0075 

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest package: Tests 

in linear mixed effects models. Journal of Statistical Software, 82(13), 1–26. 

https://doi.org/10.18637/jss.v082.i13 

Kvarnemo, C., & Ahnesjo, I. (1996). The dynamics of operational sex ratios and 

competition for mates. Trends in Ecology & Evolution, 11(10), 404–408. 

Kvarnemo, C., & Simmons, L. W. (2013). Polyandry as a mediator of sexual selection 

before and after mating. Philosophical Transactions of the Royal Society B: 

Biological Sciences, 368(1613), 20120042. https://doi.org/10.1098/rstb.2012.0042 

Kyogoku, D., & Sota, T. (2015). Exaggerated male genitalia intensify interspecific 

reproductive interference by damaging heterospecific female genitalia. Journal of 

Evolutionary Biology, 28(6), 1283–1289. https://doi.org/10.1111/jeb.12646 

Lambrechts, M. M., Perret, P., Maistre, M., & Blondel, J. (1999). Do experiments with 

captive non–domesticated animals make sense without population field studies? A 

case study with blue tits’ breeding time. Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 266(1426), 1311–1315. 

https://doi.org/10.1098/rspb.1999.0780 

Lande, R. (1980). Sexual dimorphism, sexual selection, and adaptation in polygenic 

characters. Evolution, 292–305. 

Lande, R., & Arnold, S. J. (1983). The Measurement of Selection on Correlated 

Characters. Evolution, 37(6), 1210–1226. https://doi.org/10.2307/2408842 

Lauer, M. J., Sih, A., & Krupa, J. J. (1996). Male density, female density and inter-sexual 

conflict in a stream-dwelling insect. Animal Behaviour, 52(5), 929–939. 

https://doi.org/10.1006/anbe.1996.0241 



 

117 

Le Grice, R. (2015). Fighting, survival and mating success in wild New Zealand giraffe 

weevils (Lasiorhynchus barbicornis). ResearchSpace@ Auckland. 

Legrand, R. S., & Morse, D. H. (2000). Factors driving extreme sexual size dimorphism of 

a sit-and-wait predator under low density. Biological Journal of the Linnean Society, 

71(4), 643–664. https://doi.org/10.1111/j.1095-8312.2000.tb01283.x 

LeGrice, R. J., Tezanos‐Pinto, G., Villemereuil, P. de, Holwell, G. I., & Painting, C. J. 

(2019). Directional selection on body size but no apparent survival cost to being 

large in wild New Zealand giraffe weevils. Evolution, 73(4), 762–776. 

https://doi.org/10.1111/evo.13698 

Lehmann, G. U. C. (2007). Density-dependent plasticity of sequential mate choice in a 

bushcricket (Orthoptera:Tettigoniidae). Australian Journal of Zoology, 55(2), 123. 

https://doi.org/10.1071/ZO06105 

Lewis, Z., & Wedell, N. (2007). Effect of Adult Feeding on Male Mating Behaviour in the 

Butterfly, Bicyclus anynana (Lepidoptera: Nymphalidae). Journal of Insect 

Behavior, 20(2), 201–213. https://doi.org/10.1007/s10905-007-9075-2 

Lizé, A., Doff, R. J., Smaller, E. A., Lewis, Z., & Hurst, G. D. D. (2012). Perception of male–

male competition influences Drosophila copulation behaviour even in species 

where females rarely remate. Biology Letters, 8(1), 35–38. 

https://doi.org/10.1098/rsbl.2011.0544 

Loyau, A., Saint Jalme, M., Cagniant, C., & Sorci, G. (2005). Multiple sexual 

advertisements honestly reflect health status in peacocks (Pavo cristatus). 

Behavioral Ecology and Sociobiology, 58(6), 552–557. 

https://doi.org/10.1007/s00265-005-0958-y 

Lüpold, S., Linz, G. M., Rivers, J. W., Westneat, D. F., & Birkhead, T. R. (2009). Sperm 

Competition Selects Beyond Relative Testes Size in Birds. Evolution, 63(2), 391–

402. https://doi.org/10.1111/j.1558-5646.2008.00571.x 



 

118 

Lüpold, S., Mcelligott, A. G., & Hosken, D. J. (2004). Bat genitalia: Allometry, variation and 

good genes: BAT GENITALIA. Biological Journal of the Linnean Society, 83(4), 

497–507. https://doi.org/10.1111/j.1095-8312.2004.00407.x 

Lüpold, S., Simmons, L. W., Tomkins, J. L., & Fitzpatrick, J. L. (2015). No evidence for a 

trade-off between sperm length and male premating weaponry. Journal of 

Evolutionary Biology, 28(12), 2187–2195. https://doi.org/10.1111/jeb.12742 

Lüpold, S., Tomkins, J. L., Simmons, L. W., & Fitzpatrick, J. L. (2014). Female 

monopolization mediates the relationship between pre- and postcopulatory sexual 

traits. Nature Communications, 5(1), 3184. https://doi.org/10.1038/ncomms4184 

Makowski, D., Ben-Shachar, M., & Lüdecke, D. (2019). bayestestR: Describing Effects 

and their Uncertainty, Existence and Significance within the Bayesian Framework. 

Journal of Open Source Software, 4(40), 1541. 

https://doi.org/10.21105/joss.01541 

Martin, T. G., Wintle, B. A., Rhodes, J. R., Kuhnert, P. M., Field, S. A., Low-Choy, S. J., 

Tyre, A. J., & Possingham, H. P. (2005). Zero tolerance ecology: Improving 

ecological inference by modelling the source of zero observations. Ecology Letters, 

8(11), 1235–1246. https://doi.org/10.1111/j.1461-0248.2005.00826.x 

McCullough, E., Buzatto, B., & Simmons, L. (2017). Benefits of polyandry: Molecular 

evidence from field-caught dung beetles. Molecular Ecology, 26. 

https://doi.org/10.1111/mec.14127 

McCullough, E. L., & Emlen, D. J. (2013). Evaluating the costs of a sexually selected 

weapon: Big horns at a small price. Animal Behaviour, 86(5), 977–985. 

https://doi.org/10.1016/j.anbehav.2013.08.017 

McCullough, E. L., Miller, C. W., & Emlen, D. J. (2016). Why Sexually Selected Weapons 

Are Not Ornaments. Trends in Ecology & Evolution, 31(10), 742–751. 

https://doi.org/10.1016/j.tree.2016.07.004 



 

119 

McCullough, E. L., & Tobalske, B. W. (2013). Elaborate horns in a giant rhinoceros beetle 

incur negligible aerodynamic costs. Proceedings of the Royal Society B: Biological 

Sciences, 280(1758), 20130197. https://doi.org/10.1098/rspb.2013.0197 

McCullough, E. L., Weingarden, P. R., & Emlen, D. J. (2012). Costs of elaborate weapons 

in a rhinoceros beetle: How difficult is it to fly with a big horn? Behavioral Ecology, 

23(5), 1042–1048. https://doi.org/10.1093/beheco/ars069 

McKnight, P. E., McKnight, K. M., Sidani, S., & Figueredo, A. J. (2007). Missing data: A 

gentle introduction. Guilford Press. 

McLain, D. K. (1992). Population Density and the Intensity of Sexual Selection on Body 

Length in Spatially or Temporally Restricted Natural Populations of a Seed Bug. 

Behavioral Ecology and Sociobiology, 30(5), 347–356. 

Meads, M. J. (1976). Some Observations on Lasiorhynchus barbicornis (Brentidae: 

Coleoptera). New Zealand Entomologist, 6(2), 171–176. 

https://doi.org/10.1080/00779962.1976.9722234 

Messina, F. J., & Fry, J. D. (2003). Environment-dependent reversal of a life history trade-

off in the seed beetle Callosobruchus maculatus. Journal of Evolutionary Biology, 

16(3), 501–509. https://doi.org/10.1046/j.1420-9101.2003.00535.x 

Metcalfe, N. (2003). Growth versus lifespan: Perspectives from evolutionary ecology. 

Experimental Gerontology, 38(9), 935–940. https://doi.org/10.1016/S0531-

5565(03)00159-1 

Miller, C. W., & Svensson, E. I. (2014). Sexual Selection in Complex Environments. 

Annual Review of Entomology, 59(1), 427–445. https://doi.org/10.1146/annurev-

ento-011613-162044 

Mills, S. C., & Reynolds, J. D. (2003). Operational sex ratio and alternative reproductive 

behaviours in the European bitterling, Rhodeus sericeus. Behavioral Ecology and 

Sociobiology, 54(2), 98–104. https://doi.org/10.1007/s00265-003-0616-1 



 

120 

Moatt, J. P., Dytham, C., & Thom, M. D. F. (2014). Sperm production responds to 

perceived sperm competition risk in male Drosophila melanogaster. Physiology & 

Behavior, 131, 111–114. https://doi.org/10.1016/j.physbeh.2014.04.027 

Moczek, A. (1998). Horn polyphenism in the beetle Onthophagus taurus: Larval diet 

quality and plasticity in parental investment determine adult body size and male 

horn morphology. Behavioral Ecology, 9(6), 636–641. 

https://doi.org/10.1093/beheco/9.6.636 

Moczek, A. P., & Nijhout, H. F. (2004). Trade‐offs during the Development of Primary and 

Secondary Sexual Traits in a Horned Beetle. The American Naturalist, 163(2), 

184–191. https://doi.org/10.1086/381741 

Møller, A. P. (1988). Ejaculate quality, testes size and sperm competition in primates. 

Journal of Human Evolution, 17(5), 479–488. https://doi.org/10.1016/0047-

2484(88)90037-1 

Moller, A. P. (1991). Sperm competition, sperm depletion, paternal care, and relative testis 

size in birds. The American Naturalist, 137(6), 882–906. 

Monteiro, N. M., & Lyons, D. O. (2012). Stronger Sexual Selection in Warmer Waters: The 

Case of a Sex Role Reversed Pipefish. PLoS ONE, 7(8), e44251. 

https://doi.org/10.1371/journal.pone.0044251 

Munguía-Steyer, R., Buzatto, B. A., & Machado, G. (2012). Male dimorphism of a 

neotropical arachnid: Harem size, sneaker opportunities, and gonadal investment. 

Behavioral Ecology, 23(4), 827–835. https://doi.org/10.1093/beheco/ars037 

Nakagawa, S., & Freckleton, R. P. (2011). Model averaging, missing data and multiple 

imputation: A case study for behavioural ecology. Behavioral Ecology and 

Sociobiology, 65(1), 103–116. https://doi.org/10.1007/s00265-010-1044-7 

Nicholls, E. H., Burke, T., & Birkhead, T. R. (2001). Ejaculate allocation by male sand 

martins, Riparia riparia. Proceedings of the Royal Society of London. Series B: 



 

121 

Biological Sciences, 268(1473), 1265–1270. 

https://doi.org/10.1098/rspb.2001.1615 

Niemelä, P. T., Tiso, S., & Dingemanse, N. J. (2021). Density-dependent individual 

variation in male attractiveness in a wild field cricket. Behavioral Ecology, arab009. 

https://doi.org/10.1093/beheco/arab009 

Noble, D. W., & Nakagawa, S. (2018). Planned missing data design: Stronger inferences, 

increased research efficiency and improved animal welfare in ecology and 

evolution. BioRxiv : The Preprint Server for Biology, 247064. 

O’Brien, D. M., Katsuki, M., & Emlen, D. J. (2017). Selection on an extreme weapon in the 

frog-legged leaf beetle (Sagra femorata). Evolution, 71(11), 2584–2598. 

Ohde, T., Morita, S., Shigenobu, S., Morita, J., Mizutani, T., Gotoh, H., Zinna, R. A., 

Nakata, M., Ito, Y., Wada, K., Kitano, Y., Yuzaki, K., Toga, K., Mase, M., Kadota, 

K., Rushe, J., Lavine, L. C., Emlen, D. J., & Niimi, T. (2018). Rhinoceros beetle 

horn development reveals deep parallels with dung beetles. PLOS Genetics, 

14(10), e1007651. https://doi.org/10.1371/journal.pgen.1007651 

Okada, K., & Miyatake, T. (2009). Genetic correlations between weapons, body shape 

and fighting behaviour in the horned beetle Gnatocerus cornutus. Animal 

Behaviour, 77(5), 1057–1065. https://doi.org/10.1016/j.anbehav.2009.01.008 

Okada, K., Miyatake, T., Nomura, Y., & Kuroda, K. (2008). Fighting, dispersing, and 

sneaking: Body-size dependent mating tactics by male Librodor japonicus beetles. 

Ecological Entomology, 33, 269–275. https://doi.org/10.1111/j.1365-

2311.2007.00965.x 

Oliveira, R. F., Taborsky, M., & Brockmann, H. J. (2008). Alternative Reproductive Tactics: 

An Integrative Approach. Cambridge University Press. 



 

122 

Oppliger, A., Naciri‐Graven, Y., Ribi, G., & Hosken, D. J. (2003). Sperm length influences 

fertilization success during sperm competition in the snail Viviparus ater. Molecular 

Ecology, 12(2), 485–492. https://doi.org/10.1046/j.1365-294X.2003.01748.x 

Osborn, A., & Briffa, M. (2017). Does repeatable behaviour in the laboratory represent 

behaviour under natural conditions? A formal comparison in sea anemones. 

Animal Behaviour, 123, 197–206. 

Painting, C. J., Buckley, T. R., & Holwell, G. I. (2014). Male-biased sexual size dimorphism 

and sex ratio in the New Zealand Giraffe Weevil, Lasiorhynchus barbicornis 

(Fabricius, 1775) (Coleoptera: Brentidae). Austral Entomology, 53(3), 317–327. 

https://doi.org/10.1111/aen.12080 

Painting, C. J., & Holwell, G. I. (2014a). Exaggerated rostra as weapons and the 

competitive assessment strategy of male giraffe weevils. Behavioral Ecology, 

25(5), 1223–1232. https://doi.org/10.1093/beheco/aru119 

Painting, C. J., & Holwell, G. I. (2014b). Flexible alternative mating tactics by New Zealand 

giraffe weevils. Behavioral Ecology, 25(6), 1409–1416. 

https://doi.org/10.1093/beheco/aru140 

Painting, C. J., & Holwell, G. I. (2014c). Observations on the ecology and behaviour of the 

New Zealand giraffe weevil (Lasiorhynchus barbicorn. 41(2), 147–153. 

Painting, Christina. J., & Holwell, G. I. (2013). Exaggerated Trait Allometry, Compensation 

and Trade-Offs in the New Zealand Giraffe Weevil (Lasiorhynchus barbicornis). 

PLoS ONE, 8(11). https://doi.org/10.1371/journal.pone.0082467 

Panhuis, T. M., & Wilkinson, G. S. (1999). Exaggerated male eye span influences contest 

outcome in stalk-eyed flies (Diopsidae). Behavioral Ecology and Sociobiology, 

46(4), 221–227. 



 

123 

Parker, G. A. (1970). Sperm Competition and Its Evolutionary Consequences in the 

Insects. Biological Reviews, 45(4), 525–567. https://doi.org/10.1111/j.1469-

185X.1970.tb01176.x 

Parker, G. A. (1974a). Courtship Persistence and Female-Guarding as Male Time 

Investment Strategies. Behaviour, 48(1/2), 157–184. 

Parker, G. A. (1974b). Assessment strategy and the evolution of fighting behaviour. 

Journal of Theoretical Biology, 47(1), 223–243. https://doi.org/10.1016/0022-

5193(74)90111-8 

Parker, G. A. (1982). Why are there so many tiny sperm? Sperm competition and the 

maintenance of two sexes. Journal of Theoretical Biology, 96(2), 281–294. 

https://doi.org/10.1016/0022-5193(82)90225-9 

Parker, G. A. (1990a). Sperm competition games: Raffles and roles. Proceedings of the 

Royal Society of London. Series B: Biological Sciences, 242(1304), 120–126. 

Parker, G. A. (1990b). Sperm competition games: Sneaks and extra-pair copulations. 

Proceedings of the Royal Society of London. Series B: Biological Sciences, 

242(1304), 127–133. https://doi.org/10.1098/rspb.1990.0115 

Parker, G. A. (1998). Sperm competition and the evolution of ejaculates: Towards a theory 

base. Sperm Competition and Sexual Selection (Ed. TR Birkhead & AP Moller), 3–

54. 

Parker, G. A., Baker, R. R., & Smith, V. G. F. (1972). The origin and evolution of gamete 

dimorphism and the male-female phenomenon. Journal of Theoretical Biology, 

36(3), 529–553. https://doi.org/10.1016/0022-5193(72)90007-0 

Parker, G. A., Ball, M. A., Stockley, P., & Gage, M. J. (1997). Sperm competition games: 

A prospective analysis of risk assessment. Proceedings of the Royal Society B: 

Biological Sciences, 264(1389), 1793–1802. 



 

124 

Parker, G. A., Ball, M. A., Stockley, P., & Gage, M. J. G. (1996). Sperm Competition 

Games: Individual Assessment of Sperm Competition Intensity by Group 

Spawners. Proceedings: Biological Sciences, 263(1375), 1291–1297. 

Parker, G. A., & Birkhead, T. R. (2013). Polyandry: The history of a revolution. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1613), 

20120335. https://doi.org/10.1098/rstb.2012.0335 

Parker, G. A., Lessells, C. M., & Simmons, L. W. (2013a). Sperm Competition Games: A 

General Model for Precopulatory Male–Male Competition. Evolution, 67(1), 95–

109. https://doi.org/10.1111/j.1558-5646.2012.01741.x 

Parker, G. A., Lessells, C. M., & Simmons, L. W. (2013b). Sperm Competition Games: A 

General Model for Precopulatory Male–Male Competition. Evolution, 67(1), 95–

109. https://doi.org/10.1111/j.1558-5646.2012.01741.x 

Parker, G. A., & Pizzari, T. (2010). Sperm competition and ejaculate economics. Biological 

Reviews, 85(4), 897–934. https://doi.org/10.1111/j.1469-185X.2010.00140.x 

Parker, G. A., & Pizzari, T. (2015). Sexual Selection: The Logical Imperative. In T. Hoquet 

(Ed.), Current Perspectives on Sexual Selection (Vol. 9, pp. 119–163). Springer 

Netherlands. https://doi.org/10.1007/978-94-017-9585-2_7 

Parker, G. A., & Simmons, L. W. (1994). Evolution of phenotypic optima and copula 

duration in dungflies. Nature, 370(6484), 53–56. 

Parker, G. A., Simmons, L. W., & Kirk, H. (1990). Analysing sperm competition data: 

Simple models for predicting mechanisms. Behavioral Ecology and Sociobiology, 

27(1). https://doi.org/10.1007/BF00183314 

Pattarini, J. M., Starmer, W. T., Bjork, A., & Pitnick, S. (2006). Mechanisms Underlying the 

Sperm Quality Advantage in Drosophila Melanogaster. Evolution, 60(10), 2064–

2080. https://doi.org/10.1111/j.0014-3820.2006.tb01844.x 



 

125 

Pattij, T., De Jong, T. R., Uitterdijk, A., Waldinger, M. D., Veening, J. G., Cools, A. R., Van 

Der Graaf, P. H., & Olivier, B. (2005). Individual differences in male rat ejaculatory 

behaviour: Searching for models to study ejaculation disorders. European Journal 

of Neuroscience, 22(3), 724–734. https://doi.org/10.1111/j.1460-

9568.2005.04252.x 

Perez-Staples, D., Harmer, A. M. T., Collins, S. R., & Taylor, P. W. (2008). Potential for 

pre-release diet supplements to increase the sexual performance and longevity of 

male Queensland fruit flies. Agricultural and Forest Entomology, 10(3), 255–262. 

https://doi.org/10.1111/j.1461-9563.2008.00385.x 

Perry, J. C., & Rowe, L. (2010). Condition-dependent ejaculate size and composition in a 

ladybird beetle. Proceedings of the Royal Society B: Biological Sciences, 

277(1700), 3639–3647. https://doi.org/10.1098/rspb.2010.0810 

Perry, J. C., Sirot, L., & Wigby, S. (2013). The seminal symphony: How to compose an 

ejaculate. Trends in Ecology & Evolution, 28(7), 414–422. 

https://doi.org/10.1016/j.tree.2013.03.005 

Petrie, M. (1988). Intraspecific variation in structures that display competitive ability: Large 

animals invest relatively more. Animal Behaviour, 36(4), 1174–1179. 

Petrie, M. (1992). Are all secondary sexual display structures positively allometric and, if 

so, why? Animal Behaviour, 43(1), 173–175. 

Pitnick, S., Henn, K. R. H., Maheux, S. D., Higginson, D. M., Hurtado-Gonzales, J. L., 

Manier, M. K., Berben, K. S., Guptill, C., & Uy, J. A. C. (2009). Size-dependent 

alternative male mating tactics in the yellow dung fly, Scathophaga stercoraria. 

Proceedings of the Royal Society B: Biological Sciences, 276(1671), 3229–3237. 

https://doi.org/10.1098/rspb.2009.0632 

Pizzo, A., Macagno, A. L. M., Dusini, S., & Palestrini, C. (2012). Trade-off between horns 

and other functional traits in two Onthophagus species (Scarabaeidae, 



 

126 

Coleoptera). Zoomorphology, 131(1), 57–68. https://doi.org/10.1007/s00435-012-

0148-1 

Plaistow, S. J. (2004). Evolution of alternative mating tactics: Conditional versus mixed 

strategies. Behavioral Ecology, 15(4), 534–542. 

https://doi.org/10.1093/beheco/arh029 

Poiani, A. (2006). Complexity of seminal fluid: A review. Behavioral Ecology and 

Sociobiology, 60(3), 289–310. https://doi.org/10.1007/s00265-006-0178-0 

Pomfret, J. C., & Knell, R. J. (2008). Crowding, sex ratio and horn evolution in a South 

African beetle community. Proceedings of the Royal Society B: Biological 

Sciences, 275(1632), 315–321. https://doi.org/10.1098/rspb.2007.1498 

Pope, D. S. (2000). Testing function of fiddler crab claw waving by manipulating social 

context. Behavioral Ecology and Sociobiology, 47(6), 432–437. 

https://doi.org/10.1007/s002650050687 

Pratt, A. E., McLain, D. K., & Lathrop, G. R. (2003). The assessment game in sand fiddler 

crab contests for breeding burrows. Animal Behaviour, 65(5), 945–955. 

https://doi.org/10.1006/anbe.2003.2152 

Punzalan, D., Rodd, F. H., & Rowe, L. (2010). Temporally Variable Multivariate Sexual 

Selection on Sexually Dimorphic Traits in a Wild Insect Population. The American 

Naturalist, 175(4), 401–414. https://doi.org/10.1086/650719 

R Core Team. (2021). R: A language and environment for statistical computing [Manual]. 

https://www.R-project.org/ 

Rahman, M. M., Kelley, J. L., & Evans, J. P. (2013). Condition-dependent expression of 

pre- and postcopulatory sexual traits in guppies. Ecology and Evolution, 3(7), 

2197–2213. https://doi.org/10.1002/ece3.632 

Reichard, M., Smith, C., & Jordan, W. C. (2004). Genetic evidence reveals density-

dependent mediated success of alternative mating behaviours in the European 



 

127 

bitterling (Rhodeus sericeus): ALTERNATIVE MATING BEHAVIOURS IN 

BITTERLING. Molecular Ecology, 13(6), 1569–1578. 

https://doi.org/10.1111/j.1365-294X.2004.02151.x 

Reinhardt, K., Naylor, R. A., & Siva-Jothy, M. T. (2009). Ejaculate components delay 

reproductive senescence while elevating female reproductive rate in an insect. 

Proceedings of the National Academy of Sciences, 106(51), 21743–21747. 

https://doi.org/10.1073/pnas.0905347106 

Reznick, D., Nunney, L., & Tessier, A. (2000). Big houses, big cars, superfleas and the 

costs of reproduction. Trends in Ecology & Evolution, 15(10), 421–425. 

Rieseberg, L. H., Widmer, A., Arntz, A. M., & Burke, J. M. (2002). Directional selection is 

the primary cause of phenotypic diversification. Proceedings of the National 

Academy of Sciences, 99(19), 12242–12245. 

https://doi.org/10.1073/pnas.192360899 

Ritchie, M. G. (2007). Sexual Selection and Speciation. Annual Review of Ecology, 

Evolution, and Systematics, 38(1), 79–102. 

https://doi.org/10.1146/annurev.ecolsys.38.091206.095733 

Rittschof, C. C. (2010). Male density affects large-male advantage in the golden silk 

spider, Nephila clavipes. Behavioral Ecology, 21(5), 979–985. 

https://doi.org/10.1093/beheco/arq099 

Robinson, M. R., & Beckerman, A. P. (2013). Quantifying multivariate plasticity: Genetic 

variation in resource acquisition drives plasticity in resource allocation to 

components of life history. Ecology Letters, 16(3), 281–290. 

https://doi.org/10.1111/ele.12047 

Rodriguez-Munoz, R., Bretman, A., Slate, J., Walling, C. A., & Tregenza, T. (2010). 

Natural and Sexual Selection in a Wild Insect Population. Science, 328(5983), 

1269–1272. https://doi.org/10.1126/science.1188102 



 

128 

Rönn, J. L., Katvala, M., & Arnqvist, G. (2008). Interspecific variation in ejaculate allocation 

and associated effects on female fitness in seed beetles. Journal of Evolutionary 

Biology, 21(2), 461–470. https://doi.org/10.1111/j.1420-9101.2007.01493.x 

Roulston, T. H., & Goodell, K. (2011). The Role of Resources and Risks in Regulating 

Wild Bee Populations. Annual Review of Entomology, 56(1), 293–312. 

https://doi.org/10.1146/annurev-ento-120709-144802 

Rowe, L. (1994). The costs of mating and mate choice in water striders. Animal Behaviour, 

48(5), 1049–1056. 

Rowe, L., & Houle, D. (1996). The Lek Paradox and the Capture of Genetic Variance by 

Condition Dependent Traits. Proceedings: Biological Sciences, 263(1375), 1415–

1421. 

Rowe, M. (2010). Copulation, mating system and sexual dimorphism in an Australian 

millipede, Cladethosoma clarum. Australian Journal of Zoology, 58(2), 127. 

https://doi.org/10.1071/ZO10011 

Rowe, M., & Pruett-Jones, S. (2011). Sperm Competition Selects for Sperm Quantity and 

Quality in the Australian Maluridae. PLoS ONE, 6(1), e15720. 

https://doi.org/10.1371/journal.pone.0015720 

Rowland, J. M., & Emlen, D. J. (2009). Two Thresholds, Three Male Forms Result in 

Facultative Male Trimorphism in Beetles. Science, 323(5915), 773–776. 

Rundle, H. D., Chenoweth, S. F., & Blows, M. W. (2008). Comparing Complex Fitness 

Surfaces: Among‐Population Variation in Mutual Sexual Selection in Drosophila 

serrata. The American Naturalist, 171(4), 443–454. https://doi.org/10.1086/528963 

Sato, Y., Sabelis, M. W., & Egas, M. (2014). Alternative male mating behaviour in the two-

spotted spider mite: Dependence on age and density. Animal Behaviour, 92, 125–

131. https://doi.org/10.1016/j.anbehav.2014.03.032 



 

129 

Sato, Y., Sabelis, M. W., Egas, M., & Faraji, F. (2013). Alternative phenotypes of male 

mating behaviour in the two-spotted spider mite. Experimental and Applied 

Acarology, 61(1), 31–41. https://doi.org/10.1007/s10493-013-9673-y 

Savarit, F., Sureau, G., Cobb, M., & Ferveur, J.-F. (1999). Genetic elimination of known 

pheromones reveals the fundamental chemical bases of mating and isolation in 

Drosophila. Proceedings of the National Academy of Sciences, 96(16), 9015–

9020. https://doi.org/10.1073/pnas.96.16.9015 

Saxena, S., Mishra, G., & Omkar. (2020). Operational sex ratio and paternal age sway 

mating and reproductive performance in Menochilus sexmaculatus (Coleoptera: 

Coccinellidae). The Canadian Entomologist, 152(3), 298–310. 

https://doi.org/10.4039/tce.2020.14 

Schlichting, C. D., Pigliucci, M., & others. (1998). Phenotypic evolution: A reaction norm 

perspective. Sinauer associates incorporated. 

Schluter, D. (2009). Evidence for Ecological Speciation and Its Alternative. Science, 

323(5915), 737–741. https://doi.org/10.1126/science.1160006 

Schultz, A. H. (1938). The relative weight of the testes in primates. The Anatomical 

Record, 72(3), 387–394. https://doi.org/10.1002/ar.1090720310 

Seger, J., & Brockmann, H. J. (1987). What is bet-hedging? Oxford Surveys in 

Evolutionary Biology, 4, 182–211. 

Sforzi, A., & Bartolozzi, L. (2004). Brentidae of the world. Museo regionale di scienze 

naturali. 

Shelly, T. E., & Bailey, W. J. (1992). Experimental manipulation of mate choice by male 

katydids: The effect of female encounter rate. Behavioral Ecology and 

Sociobiology, 30(3–4), 277–282. https://doi.org/10.1007/BF00166713 



 

130 

Shuster, S. M. (1987). Alternative Reproductive Behaviors: Three Discrete Male Morphs 

in Paracerceis sculpta, an Intertidal Isopod from the Northern Gulf of California. 

Journal of Crustacean Biology, 7(2), 318–327. https://doi.org/10.2307/1548612 

Shuster, S. M., & Wade, M. J. (2003). A Classification of Mating Systems. In Mating 

Systems and Strategies (Vol. 61, pp. 262–369). Princeton University Press. 

https://doi.org/10.2307/j.ctvs32sqk.12 

Shuster, Stephen M. (2019). Mating systems and strategies. In Mating systems and 

strategies. Princeton University Press,. 

Sih, A., & Krupa, J. (1995). Interacting effects of predation risk and male and female 

density on male/female conflicts and mating dynamics of stream water striders. 

Behavioral Ecology, 6. https://doi.org/10.1093/beheco/6.3.316 

Simmons, L. W. (2001). Sperm competition and its evolutionary consequences in the 

insects. Princeton University Press. 

Simmons, L. W. (2005). The Evolution of Polyandry: Sperm Competition, Sperm 

Selection, and Offspring Viability. Annual Review of Ecology, Evolution, and 

Systematics, 36(1), 125–146. 

https://doi.org/10.1146/annurev.ecolsys.36.102403.112501 

Simmons, L. W. (2012). Resource allocation trade-off between sperm quality and 

immunity in the field cricket, Teleogryllus oceanicus. Behavioral Ecology, 23(1), 

168–173. https://doi.org/10.1093/beheco/arr170 

Simmons, L. W., Beveridge, M., & Kennington, W. J. (2007). Polyandry in the wild: 

Temporal changes in female mating frequency and sperm competition intensity in 

natural populations of the tettigoniid Requena verticalis: POLYANDRY IN THE 

WILD. Molecular Ecology, 16(21), 4613–4623. https://doi.org/10.1111/j.1365-

294X.2007.03528.x 



 

131 

Simmons, L. W., & Buzatto, B. A. (2014). Contrasting responses of pre- and post-

copulatory traits to variation in mating competition. Functional Ecology, 28(2), 494–

499. https://doi.org/10.1111/1365-2435.12211 

Simmons, L. W., & Emlen, D. J. (2006). Evolutionary trade-off between weapons and 

testes. Proceedings of the National Academy of Sciences, 103(44), 16346–16351. 

https://doi.org/10.1073/pnas.0603474103 

Simmons, L. W., Emlen, D. J., & Tomkins, J. L. (2007a). Sperm Competition Games 

Between Sneaks and Guards: A Comparative Analysis Using Dimorphic Male 

Beetles. Evolution, 61(11), 2684–2692. https://doi.org/10.1111/j.1558-

5646.2007.00243.x 

Simmons, L. W., Emlen, D. J., & Tomkins, J. L. (2007b). Sperm Competition Games 

Between Sneaks and Guards: A Comparative Analysis Using Dimorphic Male 

Beetles. Evolution, 61(11), 2684–2692. https://doi.org/10.1111/j.1558-

5646.2007.00243.x 

Simmons, L. W., & García‐González, F. (2008). Evolutionary Reduction in Testes Size 

and Competitive Fertilization Success in Response to the Experimental Removal 

of Sexual Selection in Dung Beetles. Evolution, 62(10), 2580–2591. 

https://doi.org/10.1111/j.1558-5646.2008.00479.x 

Simmons, L. W., & Kotiaho, J. S. (2002). Evolution of Ejaculates: Patterns of Phenotypic 

and Genotypic Variation and Condition Dependence in Sperm Competition Traits. 

Evolution, 56(8), 1622–1631. 

Simmons, L. W., Lüpold, S., & Fitzpatrick, J. L. (2017). Evolutionary Trade-Off between 

Secondary Sexual Traits and Ejaculates. Trends in Ecology & Evolution, 32(12), 

964–976. https://doi.org/10.1016/j.tree.2017.09.011 



 

132 

Simmons, L. W., Tomkins, J. L., & Hunt, J. (1999). Sperm competition games played by 

dimorphic male beetles. Proceedings of the Royal Society of London. Series B: 

Biological Sciences, 266(1415), 145–150. https://doi.org/10.1098/rspb.1999.0614 

Slatkin, M. (1974). Hedging one’s evolutionary bets. Nature, 250(5469), 704–705. 

Šlipogor, V., Massen, J. J. M., Schiel, N., Souto, A., & Bugnyar, T. (2021). Temporal 

consistency and ecological validity of personality structure in common marmosets 

(Callithrix jacchus): A unifying field and laboratory approach. American Journal of 

Primatology, 83(2), e23229. https://doi.org/10.1002/ajp.23229 

Smith, C. C. (2007). Independent effects of male and female density on sexual 

harassment, female fitness, and male competition for mates in the western 

mosquitofish Gambusia affinis. Behavioral Ecology and Sociobiology, 61(9), 1349–

1358. https://doi.org/10.1007/s00265-007-0365-7 

Smith, C. C., & Sargent, R. C. (2006). Female fitness declines with increasing female 

density but not male harassment in the western mosquitofish, Gambusia affinis. 

Animal Behaviour, 71(2), 401–407. https://doi.org/10.1016/j.anbehav.2005.06.003 

Snook, R. (2005). Sperm in competition: Not playing by the numbers. Trends in Ecology 

& Evolution, 20(1), 46–53. https://doi.org/10.1016/j.tree.2004.10.011 

Somjee, U., Miller, C. W., Tatarnic, N. J., & Simmons, L. W. (2018). Experimental 

manipulation reveals a trade-off between weapons and testes. Journal of 

Evolutionary Biology, 31(1), 57–65. https://doi.org/10.1111/jeb.13193 

Speedy, C., Day, T., & Innes, J. (2007). Pest eradication technology-the critical partner to 

pest exclusion technology: The Maungatautari experience. Managing Vertebrate 

Invasive Species, 49. 

Staniland, J. (2009). Matuku Reserve. 

https://www.forestandbird.org.nz/sites/default/files/2018-

05/Matuku%20description%20_2_JohnStaniland.pdf 



 

133 

Starrfelt, J., & Kokko, H. (2012). Bet-hedging-a triple trade-off between means, variances 

and correlations. Biological Reviews, 87(3), 742–755. 

https://doi.org/10.1111/j.1469-185X.2012.00225.x 

Stockley, P., Gage, M. J. G., Parker, G. A., & Møller, A. P. (1997). Sperm Competition in 

Fishes: The Evolution of Testis Size and Ejaculate Characteristics. The American 

Naturalist, 149(5), 933–954. https://doi.org/10.1086/286031 

Sutherland, W. (1987). Random and deterministic components of variance in mating 

success. Sexual Selection: Testing the Alternatives, 209–219. 

Svensson, E. I. (2019). Eco-evolutionary dynamics of sexual selection and sexual conflict. 

Functional Ecology, 33(1), 60–72. https://doi.org/10.1111/1365-2435.13245 

Taborsky, M. (1998). Sperm competition in fish: ̀ bourgeois’ males and parasitic spawning. 

Trends in Ecology & Evolution, 13(6), 222–227. https://doi.org/10.1016/S0169-

5347(97)01318-9 

Taborsky, M., Oliveira, R. F., & Brockmann, H. J. (2008). The evolution of alternative 

reproductive tactics: Concepts and questions. In R. F. Oliveira, M. Taborsky, & H. 

J. Brockmann (Eds.), Alternative Reproductive Tactics (pp. 1–22). Cambridge 

University Press. https://doi.org/10.1017/CBO9780511542602.002 

Thomas, M. L., & Simmons, L. W. (2007). Male crickets adjust the viability of their sperm 

in response to female mating status. The American Naturalist, 170(2), 190–195. 

Thompson, J. N. (2005). The geographic mosaic of coevolution. In The geographic mosaic 

of coevolution. University of Chicago Press. 

Thrall, P. H., Antonovics, J., & Dobson, A. P. (2000). Sexually transmitted diseases in 

polygynous mating systems: Prevalence and impact on reproductive success. 

Proceedings of the Royal Society of London. Series B: Biological Sciences, 

267(1452), 1555–1563. https://doi.org/10.1098/rspb.2000.1178 



 

134 

Tipkantha, W., Thuwanut, P., Siriaroonrat, B., Comizzoli, P., & Chatdarong, K. (2017). 

Mitigation of sperm tail abnormalities using demembranation approach in the 

clouded leopard (Neofelis nebulosa). Reproduction in Domestic Animals, 52(S2), 

214–218. https://doi.org/10.1111/rda.12861 

Tomkins, J. L., & Brown, G. S. (2004). Population density drives the local evolution of a 

threshold dimorphism. Nature, 431(7012), 1099–1103. 

https://doi.org/10.1038/nature02918 

Tomkins, J. L., & Simmons, L. W. (1996). Dimorphisms and fluctuating asymmetry in the 

forceps of male earwigs. Journal of Evolutionary Biology, 9(6), 753–770. 

Tomkins, J. L., & Simmons, L. W. (2002). Measuring relative investment: A case study of 

testes investment in species with alternative male reproductive tactics. Animal 

Behaviour, 63, 1009–1016. https://doi.org/10.1006/anbe.2001.1994 

Vahed, K., & Parker, D. J. (2012). The Evolution of Large Testes: Sperm Competition or 

Male Mating Rate? Ethology, 118(2), 107–117. https://doi.org/10.1111/j.1439-

0310.2011.01991.x 

Vahed, K., Parker, D. J., & Gilbert, J. D. J. (2011). Larger testes are associated with a 

higher level of polyandry, but a smaller ejaculate volume, across bushcricket 

species (Tettigoniidae). Biology Letters, 7(2), 261–264. 

https://doi.org/10.1098/rsbl.2010.0840 

van Doorn, G. S., Edelaar, P., & Weissing, F. J. (2009). On the Origin of Species by 

Natural and Sexual Selection. Science, 326(5960), 1704–1707. 

https://doi.org/10.1126/science.1181661 

van Noordwijk, A. J., & de Jong, G. (1986). Acquisition and Allocation of Resources: Their 

Influence on Variation in Life History Tactics. The American Naturalist, 128(1), 

137–142. https://doi.org/10.1086/284547 



 

135 

Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model evaluation using 

leave-one-out cross-validation and WAIC. Statistics and Computing, 27(5), 1413–

1432. 

Vitta, A. C. R., & Lorenzo, M. G. (2009). Copulation and Mate Guarding Behavior in 

<I>Triatoma brasiliensis</I> (Hemiptera: Reduviidae). Journal of Medical 

Entomology, 46(4), 789–795. https://doi.org/10.1603/033.046.0409 

Voje, K. L. (2016). Scaling of morphological characters across trait type, sex, and 

environment: A meta-analysis of static allometries. The American Naturalist, 

187(1), 89–98. 

Waage, J. (1979). Dual Function of the Damselfly Penis: Sperm Removal and Transfer. 

Science (New York, N.Y.), 203, 916–918. 

https://doi.org/10.1126/science.203.4383.916 

Waage, J. (2008). Evidence for widespread sperm displacement ability among Zygoptera 

(Odonata) and the means for predicting its presence. Biological Journal of the 

Linnean Society, 28, 285–300. https://doi.org/10.1111/j.1095-

8312.1986.tb01758.x 

Wang, Q., He, X. Z., Yang, L., Hedderley, D., & Davis, L. K. (2009). Biased sex ratio and 

low population density increase male mating success in the bug Nysius huttoni 

(Heteroptera: Lygaeidae). Naturwissenschaften, 96(1), 87–91. 

https://doi.org/10.1007/s00114-008-0455-z 

Wang, Q., Yang, L., & Hedderley, D. (2008). Function of prolonged copulation in Nysius 

huttoni White (Heteroptera: Lygaeidae) under male-biased sex ratio and high 

population density. Journal of Insect Behavior, 21(2), 89. 

Ward, P. I., & Simmons, L. W. (1991). Copula duration and testes size in the yellow dung 

fly, Scathophaga stercoraria (L.): The effects of diet, body size, and mating history. 



 

136 

Behavioral Ecology and Sociobiology, 29(2), 77–85. 

https://doi.org/10.1007/BF00166481 

Watts, C., Innes, J., Cave, V., Thornburrow, D., & Thorpe, S. (2020). Beetle and wētā 

community responses to mammal eradication on Maungatautari, Waikato, New 

Zealand. New Zealand Journal of Zoology, 47(4), 272–290. 

https://doi.org/10.1080/03014223.2020.1760898 

Wedell, N., & Cook, P. A. (1999). Butterflies tailor their ejaculate in response to sperm 

competition risk and intensity. Proceedings of the Royal Society of London. Series 

B: Biological Sciences, 266(1423), 1033–1039. 

https://doi.org/10.1098/rspb.1999.0740 

Wedell, N., Gage, M. J. G., & Parker, G. A. (2002). Sperm competition, male prudence 

and sperm-limited females. Trends in Ecology & Evolution, 17(7), 313–320. 

https://doi.org/10.1016/S0169-5347(02)02533-8 

Weir, L. K., Grant, J. W. A., & Hutchings, J. A. (2011). The Influence of Operational Sex 

Ratio on the Intensity of Competition for Mates. The American Naturalist, 177(2), 

167–176. https://doi.org/10.1086/657918 

Wigby, S., Perry, J. C., Kim, Y.-H., & Sirot, L. K. (2016). Developmental environment 

mediates male seminal protein investment in Drosophila melanogaster. Functional 

Ecology, 30(3), 410–419. https://doi.org/10.1111/1365-2435.12515 

Wigby, S., Sirot, L. K., Linklater, J. R., Buehner, N., Calboli, F. C. F., Bretman, A., Wolfner, 

M. F., & Chapman, T. (2009). Seminal Fluid Protein Allocation and Male 

Reproductive Success. Current Biology, 19(9), 751–757. 

https://doi.org/10.1016/j.cub.2009.03.036 

Wilkinson, G. S. (1987). Equilibrium Analysis of Sexual Selection in Drosophila 

melanogaster. Evolution, 41(1), 11–21. https://doi.org/10.2307/2408969 



 

137 

Wylde, Z., Crean, A., & Bonduriansky, R. (2019). Effects of condition and sperm 

competition risk on sperm allocation and storage in neriid flies. Behavioral Ecology, 

arz178. https://doi.org/10.1093/beheco/arz178 

Yamane, T., Okada, K., Nakayama, S., & Miyatake, T. (2010). Dispersal and ejaculatory 

strategies associated with exaggeration of weapon in an armed beetle. 

Proceedings of the Royal Society B: Biological Sciences, 277(1688), 1705–1710. 

https://doi.org/10.1098/rspb.2009.2017 

Yasui, Y., & Garcia-Gonzalez, F. (2016). Bet-hedging as a mechanism for the evolution of 

polyandry, revisited. Evolution, 70. https://doi.org/10.1111/evo.12847 

Yuen, C. H., Pillay, N., Heinrichs, M., Schoepf, I., & Schradin, C. (2016). Personality traits 

are consistent when measured in the field and in the laboratory in African striped 

mice (Rhabdomys pumilio). Behavioral Ecology and Sociobiology, 70(8), 1235–

1246. https://doi.org/10.1007/s00265-016-2131-1 

Zahavi, A. (1975). Mate selection—A selection for a handicap. Journal of Theoretical 

Biology, 53(1), 205–214. https://doi.org/10.1016/0022-5193(75)90111-3 

Zamudio, K. R., & Chan, L. M. (2008). 11˙ Alternative reproductive tactics in amphibians. 

Alternative Reproductive Tactics An Integrative Approach, 300. 

Zuk, M., Garcia-Gonzalez, F., Herberstein, M. E., & Simmons, L. W. (2014). Model 

Systems, Taxonomic Bias, and Sexual Selection: Beyond Drosophila. Annual 

Review of Entomology, 59(1), 321–338. https://doi.org/10.1146/annurev-ento-

011613-162014 

Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data exploration to avoid 

common statistical problems. Methods in Ecology and Evolution, 1(1), 3–14. 

https://doi.org/10.1111/j.2041-210X.2009.00001.x 

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects 

models and extensions in ecology with R. Springer Science & Business Media. 



 

138 

 


	Abstract
	Acknowledgements
	Table Of Contents
	List Of Figures
	List Of Tables
	1
	Sexual selection as a driver of phenotypic diversity in animals
	Polyandry as a driver of pre- and post-copulatory selection
	Pre- and post-copulatory selection in the context of sperm competition
	How sperm competition shapes the use of alternative reproductive tactics
	The effect of population density and sex ratio on mating dynamics
	Studies on sexual selection in the wild on non-model species
	The New Zealand giraffe weevil (Lasiorhynchus barbicornis)
	Brentidae
	Ecology
	Morphology
	Behaviour

	Study sites
	Maungatautari Mountain
	Matuku Reserve

	Thesis outline

	2
	Abstract
	Introduction
	Materials and methods
	Specimen collecting
	Morphological measurements
	Statistical analysis

	Results
	Scaling relationships of pre- and post-copulatory traits
	Trade-offs between pre- and post-copulatory traits

	Discussion

	3
	Abstract
	Introduction
	Materials and Methods
	Laboratory experiment
	Field study
	Study site
	Observations

	Data analysis
	Data preparation
	Model building procedure


	Results
	Experimental assay
	Mating duration
	Guarding duration

	Observational data
	Population dynamics
	i. Population density
	ii. Body size
	iii. Sex ratio

	Mating dynamics
	i. Mating duration
	ii. Total mating frequency
	iii. Mating frequency with unique females
	iv. Guarding duration



	Discussion

	4
	How are males of different body sizes investing into their pre- and post-copulatory traits?
	How do population dynamics affect the mating success of males of different body sizes?
	Studying behaviour in the wild
	Limitations of my research
	Future directions
	Implications for behavioural ecology research on the New Zealand giraffe weevil
	References


