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ABSTRACT 

 
The goal of this thesis is to investigate the role of sexual selection in the evolution of 

exaggerated weapons as well as the implications of that exaggeration. Male New Zealand sheet-

web spiders (Cambridgea spp.) possess chelicerae (jaws) which are significantly longer than 

those of conspecific females and these weapons are used by males in agonistic contests for 

access to potential mates. Using this genus and, in particular, the North Island species, 

Cambridgea foliata, I study the exaggeration of male chelicerae in the context of morphology, 

behaviour and phylogeny to gain a more total understanding of how sexual selection can 

influence the characteristics of male weaponry.  

Firstly, I establish that males use their chelicerae in agonistic contests and identify how 

the structure of male-male contests in C. foliata drives selection for exaggerated weaponry. I 

then identify how cohabitation between males and females provides additional benefits to males 

for winning contests. This increases the strength of selection on traits which help males win 

contests. I develop and present the first molecular phylogeny for the genus. Using this, I apply 

phylogenetic comparative methods to examine how weapon and body traits covary across the 

genus. Finally, I analyse how components of chelicerae anatomy vary across males and between 

adult males, adult females and penultimate males to investigate how exaggerated morphology 

relates to functional performance in males, and to better estimate the likely costs of 

exaggeration.  

The outcomes of this research suggest that sexual selection has generated a positively 

allometric relationship between chelicerae length and body size not only in C. foliata but in 

nearly all Cambridgea species studied. This is in spite of my finding that chelicerae length is not 

a strong predictor of fight outcomes, compounded by evidence that natural selection is acting 

against exaggeration. I propose a relatively novel explanation for how positive allometry in male 
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weaponry could arise under sexual selection via intrasexual contests and my multi-faceted 

approach to this group provides a more comprehensive view of the costs and benefits of weapon 

exaggeration than is afforded to most species.  
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1. 
INTRODUCTION 

1.1. Sexual selection and intrasexual competition 

Exaggerated animal weapons are among the most striking structures in biology. Yet they are 

also a widely occurring phenomenon, arising in males of many taxa in an endless variety of 

shapes, sizes and degrees of complexity: from horns in ungulates (Coltman et al. 2002), to barbs 

on hummingbird bills (Rico-Guevara & Araya-Salas 2015) to the truly bizarre eye-stalks of 

diopsid flies (Voje & Hansen 2012). In some species these weapons assist in foraging and anti-

predator defence and are governed by natural selection, while in others, weapon evolution is 

driven primarily by sexual selection (Emlen 2008). In the latter case, sexual selection drives the 

proliferation of traits which improve reproductive output, influencing the ability of individuals 

to gain and control access to mates (Darwin 1871; Andersson 1994; Brodie 1995). However, 

sexual selection can work in opposition to natural selection, with exaggerated sexually selected 

traits disrupting other functions such as camouflage. Consequently, net selection on a trait is the 

product of several conflicting or concomitant selective forces (Andersson 1994).  

Sexual selection broadly operates through two modes: mate choice and intrasexual 

competition. In the former, members of one sex make decisions about their mates based on 

certain traits and, thus, impose selection on those traits (Andersson 1994). Meanwhile, 

intrasexual competition can manifest in a range of behaviours and morphologies which improve 

how individuals perform those behaviours. Common arenas for intrasexual competition include 
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agonistic contests, in which individuals compete for control of mates, scramble competition, in 

which individuals race to copulate with as many receptive mates as possible, and sperm 

competition, in which males compete for fertilisation success (Thornhill & Alcock 1983; 

Andersson 1994; Herberstein, Painting & Holwell 2017). If receptive mates of one sex are 

temporally or spatially limited, mate guarding and agonistic contests can be an effective way of 

controlling reproductive opportunities. While both scramble and agonistic competition seem to 

occur more commonly between males, there are instances of intrasexual competition, and indeed 

weaponry, in females (e.g. wing barbs and agonistic contests in jacanas, Jacana sp., Rand 1954; 

scramble competition in female bushcrickets, Kawanaphila nartee, Kvarnemo & Simmons 

2013). 

 

1.2. Scaling relationships in animal weaponry 

Allometry, also known as biological scaling, is the study of how a trait of interest varies with 

body size. Studying allometry involves the investigation of how size-specific pressures influence 

the expression of traits of interest, and the implications of that expression. The scaling 

relationship is expressed as the power function: 

y = axb 

where y is the dependent variable, a is a normalisation constant or the y-intercept, x is the 

measure of body size (frequently mass in vertebrates) and b is the allometric or scaling exponent 

(Gould 1966; Huxley 1932; Thompson 1917). If the allometric exponent is 1, it implies that the 

trait of interest scales proportionally with body size. This scaling pattern is known as 

“isometry”. If the scaling relationship is analysed within the single age class of a species, it is 

called a “static allometry”, in contrast to “evolutionary allometry”, which describes how the 

focal trait scales across different species, and “ontogenetic allometry”, which describes scaling 

within a single species but across different age classes (Bonduriansky 2007).  
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Traits of interest can include morphology, physiology and behaviour (Gould 1966). For 

example, Kleiber’s Law (1932) observes that the metabolic rate of animals scales to the 0.75 

power of body mass. That is, significantly larger animals consume a proportionally smaller 

amount of energy compared to smaller animals. Most morphological traits, if measured on the 

same scale as body size, should be isometric and scale with a slope of approximately 1.  

However, animal weaponry seems to be a morphological trait which frequently deviates 

from isometry and instead exhibits positive allometry, in which the allometric slope and 

therefore scaling exponent is greater than 1. In this scenario, larger males have 

disproportionately large weapons (Gould 1974). This was considered an almost universal pattern 

in animal weaponry, with a very large number of species in a wide range of taxa bearing 

positively allometric weapons (Kodric-Brown, Sibly & Brown 2006).  

However, this predominance of positively allometric, sexually selected weapons may, in 

part, be an artefact of research bias towards obvious and extreme traits (Bonduriansky 2007). 

Furthermore, sexual selection can generate a range of allometric slopes: positive, negative, 

linear, non-linear and/or with a breakpoint (a “stepwise” model) (Emlen & Nijhout 2000). By 

that same token, positive allometry can be the product of different selective pressures including 

natural selection. Positive allometry as a consequence of sexual selection should only develop 

provided that an increase in relative trait size yields greater advantage for large males compared 

to small males. This net advantage must account for reproductive benefit, natural selection and 

any developmental costs (Bonduriansky & Day 2003).  

 However, if males with larger weapons are more likely to mate than smaller males, it can 

seem unclear how smaller phenotypes can persist. There are several explanations including that, 

particularly in invertebrates, smaller males frequently mature earlier (protandry) and 

consequently will sometimes gain first access to potential mates (Thornhill & Alcock 1983). 

Additionally, in mating systems with alternative reproductive tactics, smaller males are 
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frequently able to sneak past large guarding males to access females and, in these scenarios, 

exaggerated traits and large bodies are a disadvantage (e.g. giraffe weevils, Lasiorhynchus 

barbicornis¸Painting & Holwell 2014; rhinoceros beetles, Onthophagus taurus, Moczek & 

Emlen 2000). Finally, Fromhage & Kokko (2014) demonstrate that positive allometry is often 

predicated on the fact that small males gain a low but non-zero rate of mating success, 

irrespective of body and trait sizes. This implies that positive allometry is more likely to arise in 

mating systems in which males will occasionally encounter females who are unguarded meaning 

that, in those encounters, weapon size is irrelevant.  

As for a proximate mechanism for how positive allometry with large and small males 

may arise and persist, Emlen & Nijhout (2000) propose that positive allometry is the result of a 

heritable scaling relationship (or “reaction norm”). This scaling relationship is sensitive to 

physiological correlates of environmental factors (such as foraging success) which influence the 

extent to which resources are allocated to a given trait. Linear allometries are generated by 

genotypes, depending on these physiological correlates, which disproportionately rapidly 

allocate resources to a given trait. Meanwhile non-linear or stepwise allometries are generated 

by genotypes encoding facultative expression. Emlen et al. (2012) propose that the insulin-

like/insulin growth factor pathway in insects may be one such mechanism which generates 

positive allometries. They show that, in rhinoceros beetles (Trypoxylus dichotomus), horn tissues 

have heightened sensitivity to insulin/IGF signals, key growth regulators, compared to genitalic 

and wing tissues. Environmental variables such as foraging success influence the volume of 

circulating insulin/IGF signals, and therefore drive disproportionate growth of weapon traits, but 

not of wings or genitalia. Individuals with poor foraging success will not undergo this 

disproportionate growth, and thus have disproportionately small weapon traits. Therefore, a 

single genotype can encode the scaling relationship between weapon and body size.  
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Therefore, as these scaling relationships are heritable, selection can act upon the 

characteristics of the relationship itself, through changes in shape (i.e. linear, non-linear or 

stepwise), intercept, and slope. Some studies suggest that allometries change comparatively 

slowly over evolutionary time and that allometric intercepts (i.e. changes in average size) vary 

more rapidly as changes in slope are impeded by pleiotropic effects and developmental 

limitations (Perl, Rossoni & Niven 2017; Bolstad et al. 2015; Pélabon et al. 2014). However, 

several studies using artificial selection in drosophilid flies (Weber 1990), stalk-eyed flies 

(Wilkinson 1993) and rhinoceros beetles (Emlen 1996) demonstrate that if certain ratios of trait 

size to body size are selected for, allometric relationships can change significantly in fewer than 

10 generations.  

 

1.3. The role of weaponry in animal contests 

For positive allometry to evolve in weaponry via sexual selection, Emlen & Nijhout (2000) 

suggest that larger weaponry must either confer a definitive advantage to the bearer, or else 

amplify more subtle differences in fighting ability and convey them to the opponent. This 

fighting ability with which an individual defends a resource, whether that is a resource important 

to potential mates or mates themselves, is called “resource holding potential” (RHP; Arnott & 

Elwood 2009). RHP is an index representing all components contributing to an individual’s 

ability to contest or guard a resource. Of these, body size is probably the most frequent and 

important predictor of fight outcomes (e.g. wolf spiders Hygrolycosa rubrofasciata, Kotiaho et 

al. 1998; water spiders Argyroneta aquatica, Schütz & Taborsky 2011; cellar spiders Pholcus 

phalangioides, Schaefer & Uhl 2003; golden orb spiders Nephila clavata, Miyashita 1993, 

Bridge, Elwood & Dick 2000; solitary Eurytoma wasps, Macedo et al. 2013). However, there 

are numerous other traits which contribute significantly to the outcomes of fights, including 
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weapon size (Tedore & Johnsen 2012), physiological condition (Amorim et al. 2015), 

experience (Kasumovic et al. 2009) and motivation (Arnott & Elwood 2008; Elias et al. 2010).  

 Therefore, for positive allometry to evolve, larger weapons must either contribute 

significantly to RHP or facilitate communication of RHP between combatants. While the latter 

case has been hypothesised for some time (Petrie 1988), evidence for this being a common 

function for weaponry specifically, as opposed to body size or other components of RHP such as 

colouration, is inconclusive (Tedore & Johnsen 2012; Clutton-Brock 1982). However, there are 

some examples of weapons being explicitly used for communication in contests within the 

crustacea. In several species males “bluff” by displaying enlarged chelae which are weaker on 

average for their size (e.g. fiddler crab, Uca annulipes, Backwell 2000; slender crayfish, Cherax 

dispar, Wilson et al. 2007). 

Even if weapons are observed being used in fights, it can be challenging to determine 

how weapons contribute to RHP. Firstly, as a morphological trait, weapon size strongly 

correlates with body size, making it difficult to extricate the contribution of the former from that 

of the latter (e.g. Painting & Holwell 2014). In a small number of cases, weapon size has proven 

a better predictor of fighting success than body size, as is the case for chelicerae length in the 

jumping spider, Lyssomanes viridis (Tedore & Johnsen 2012). Furthermore, in the hermit crab, 

Diogenes nitidimanus, and common shore crab, Carcinus maenas, differences in chela length 

are greater than differences in body size between contest winners and losers. The authors 

interpret this as evidence of the importance of weapons in determining the outcomes of fights 

(Yoshino, Koga & Oki 2011; Sneddon, Huntingford & Taylor 1997).  

Secondly, studies of agonistic contests frequently use linear measurements of weapon 

size as an index of its contribution to fighting ability. However, such measurements are coarse 

indicators and do not necessarily scale isometrically with functional performance. For example, 

in both durophagous horn sharks (Heterodontus francisci) and Carolina anoles (Anolis 
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carolinensis), while individuals with wider and larger heads are known to bite harder, 

measurements of head size only approximate the true basis for these changes in bite force, which 

is jaw adductor size (Kolmann & Huber 2009; Herrel et al. 2007). Similarly, some linear 

measurements of fiddler crab claw scale closely with maximum closing force, while others do 

not (Sneddon et al. 2000).  

Furthermore, there is significant variation in the role of weaponry in contests across taxa. 

For this reason, indicators of functional performance in one species cannot be generalised across 

different groups. In some cases, weapons are used to impose costs upon opponents by stabbing 

and concussing (e.g. humming birds, Phaethornis longirostris, Rico-Guevara & Araya-Salas 

2015; bighorn sheep, Ovis canadensis, Geist 1971; crickets, Teleogryllus commodus, Hall et al. 

2010; lizards, Galliota galloti, Huyghe et al. 2005). In other species, especially beetles, weapons 

are used primarily to displace opponents (e.g. giraffe weevils, Lasiorhynchus barbicornis, 

Painting & Holwell 2014; rhinoceros beetles, Dynastinae, McCullough et al. 2014; stag beetles, 

Prosopocoilus dissimilis okinawanua and Cyclommatus metallifer, Shiokawa & Iwahashi 2000 

and Goyens et al. 2014 respectively). In some cases, weaponry can also have the role of 

shielding the bearer from injury (Drake et al. 2016). These differences in function and efficacy 

are usually facilitated by differences in composition, shape (Drake et al. 2016; Bar-On et al. 

2014; McCullough et al. 2014) and size of specific components of anatomy (Herrel et al. 2007, 

Goyens et al. 2014). Investigating how weaponry evolves requires a clear understanding of how 

it is employed and what characteristics of its morphology influence performance.  

 

1.3.1. Animal contests and models of assessment 

The primary arena for selection on male weaponry is agonistic contests, a highly studied area of 

intrasexual competition. Animal contests for access to mates are frequently “ritualised”: these 

fights entail an exchange of behaviours which convey information about each combatant. These 
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behaviours are also far less likely to cause serious injury compared to unritualised battles, and 

therefore they allow males to assess their chances of winning without the risk of death, although 

injuries do still occur (Maynard-Smith & Price 1973; Geist 1971; Keil & Watson 2010). 

However, participating can still be energetically costly and it is therefore still advantageous for 

weak males to withdraw rapidly from unfavourable fights (de Carvalho, Watson & Field 2004). 

In these contests, weapons can be applied not only to impose costs on or displace an opponent, 

but also to broadcast the owner’s RHP. Understanding how weapons are used in, and may 

influence, the resolution of these contests will determine the selective advantage of their 

exaggeration.  

Game theoretic models about how animals make decisions to persist in contests represent 

one of the first and longest-running applications of game theory to animal behaviour (Maynard 

Smith & Price 1973; Leimar, Austad & Enquist 1991; Arnott & Elwood 2009). All models 

broadly consider how RHP can be assessed by one or both combatants to predict how much each 

combatant will invest in the contest. Fight duration is usually taken as a proxy for investment, 

although the extent to which fights escalate is also now commonly used. It was first suggested 

that fights should last the longest when RHP asymmetry between the combatants is small, 

because combatants will take longer to properly assess their opponent’s RHP relative to their 

own. This form of “mutual assessment” is described by the sequential assessment model 

(Enquist & Leimar 1987). However, Taylor and Elwood (2003) demonstrate that the same 

pattern could be generated even if combatants only take their own RHP into account (self-

assessment) and simply invest in a fight up to a certain internal threshold (energetic war of 

attrition, Payne & Pagel 1996; or war of attrition without assessment, Mesterton-Gibbons, 

Marden & Dugatkin 1996). 

Alternatively, even if combatants invest in a fight up to a threshold defined by their own 

RHP, they may sustain costs as a result of their opponent’s attacks. In this case, the rate at which 
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costs accumulate will depend on the opponent’s offensive capacity (a component of RHP; 

Palaoro & Briffa 2017) and in this way the duration of the fight depends on both combatants’ 

RHP, regardless of a combatant’s capacity to conduct a comparison. This is described by the 

cumulative assessment model (Payne 1998). Delineating between these three models of 

assessment involves comparing the degree of investment (fight duration or escalation) against 

the RHP of the winner and loser separately (Arnott & Elwood 2009).  

Empirical studies have identified examples of both mutual and self-assessment, although 

some studies which preceded Taylor and Elwood’s (2003) study may erroneously have ruled in 

favour of mutual assessment. Self-assessment seems to be the primary mode for resolving 

contests in several spider species (Australian jumping spider, Servaea incana, McGinley, 

Prenter & Taylor 2015; jumping spider, Phiddipus clarus, Elias et al. 2008) while the jumping 

spider, Lyssomanes viridis, seems to resolve contests using mutual assessment (Tedore & 

Johnsen 2015). Other examples of species which use mutual assessment include the New 

Zealand giraffe weevil, Lasiorhynchus barbicornis, (Painting & Holwell, 2014) and the Giant 

Australian cuttlefish (Sepia apama) (Schnell et al. 2015). However, there is now also evidence 

that combatants may change how they make decisions across fight stages, with the jumping 

spider (Servaea incana) using self-assessment during pre-contact phase and shifting to mutual 

assessment in contact phases (McGinley et al. 2015). 

 

1.3.2. A single trait in multiple contexts  

As previously mentioned, intrasexual competition encompasses not only agonistic contests but 

also includes scramble and sperm competition. In cases of the former, if females are relatively 

fixed in space, males will race each other in order to be the first to mate with a receptive mate. 

This is common throughout the animal kingdom although particularly so in invertebrates (e.g. 

Pseudomantis albofimbriata, Barry, Holwell & Herberstein 2011; reviewed in Herberstein et al. 
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2017). In some cases, males may then guard that female for a period of time before moving on 

(e.g. pholcid spider, Holocnemus pluchei, Calbacho-Rosa, Córdoba-Aguilar & Peretti 2016; 

jewel spiders, Gasteracantha minax, Elgar & Bathgate 1996), trading-off the benefits of finding 

a new receptive female against those of preventing his current mate from re-mating (Birkhead & 

Møller 1992).  

In this way, male morphology is subject to selection from multiple avenues. As 

previously mentioned, male size and condition contribute to RHP. However, scramble 

competition drives the evolution of traits that either make males more mobile or that help males 

to identify where females are. These include antennal traits which help males to detect females 

or potential nesting sites and, in some cases, if males have to climb to reach females, smaller 

body sizes may be an advantage (Barry et al. 2011; Moya-Laraño, Halaj & Wise 2002).  

 The costs and benefits of scrambling as opposed to or in conjunction with guarding are 

further dictated by sperm competition in which the sperm of two or more males compete for 

paternity within a female (Parker 1970). Male behaviours and genital and sperm morphologies 

can improve one male’s share of paternity with a given mate while hindering the success of 

other males. Some of the ways in which males can achieve greater fertilisation success include 

increasing the duration of copulation (e.g. zig-zag ladybird, Menochilus sexmaculatus, 

Chaudhary & Mishra 2016), placing sperm nearer to the female’s fertilisation duct (damselfly, 

Calopteryx maculate, Waage 1984), being the first to mate with a receptive female (e.g. H. 

pluchei, Jakob & Dingle 1990; Frontinella pyramitela, Austad 1983), or, in some cases, the 

second (e.g. Pseudomantis albofimbriata, Barry et al. 2011; Pholcus phalangioides, Schaefer & 

Uhl 2003).  

Of course, female choice can also influence intensity of sperm competition and 

fertilisation success (Parker 1970, Eberhard 1985). In seed beetles (Callosobruchus maculatus), 

sperm rapidly degrades, meaning that females can influence fertilisation success of different 
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males by deciding when to re-mate (Hook 2017) and female black widow spiders, Latrodectus 

tredecimguttatus, are more likely to interrupt copulations with smaller males than larger ones 

(Neumann & Schneider 2011). There is also mixed evidence to suggest that females may 

prioritise sperm from younger males (van Lieshout & Elgar 2011).  

 Net sexual selection on the male phenotype is therefore the result of a large number of 

pre- and post-copulatory interactions between males and females. Any advantage gained by 

exaggerated weaponry in the context of male-male competition must be considered in the 

context of many other selection pressures.  

 

1.4. The evolution of exaggerated weaponry and positive 

allometries 

Degrees of exaggeration and static allometries in weapons can vary significantly across closely 

related species (e.g. Costa-Schmidt & de Araújo 2008) which raises the question as to what 

drives the evolution of steeper allometries or indeed of exaggeration itself. While the number of 

studies into this topic is steadily increasing, the current consensus appears to be that degree of 

exaggeration will increase in species with stronger sexual selection (e.g. Bovidae, Bro-Jørgensen 

2007; porcelain crabs, Petrolistheses spp., Baeza & Asorey 2012) and that allometric slope will 

similarly steepen in species with stronger sexual selection (dobsonflies, Platyneuromus, 

Ramirez-Ponce, Garfias-Lozano & Contreras-Ramos 2017; stalk-eyed flies, Diopsidae, Voje & 

Hansen 2012). In these studies, strength of sexual selection is approximated in several different 

ways. Behavioural observations of the number of defended females or reproductive success 

(Bro-Jørgensen, 2007) are ideal but not always possible, in which case, studies frequently adopt 

another morphological measure that correlates strongly with sexual selection. The most 

frequently used indices are degree of male-biased sexual size dimorphism (SSD) (Voje & 

Hansen 2012, Ramirez-Ponce et al. 2017) or male body size (Kuntner & Elgar 2014).  
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In both cases, male-biased SSD and a larger average male body size are the product of 

selection for larger body size via intrasexual contests. In species with a male-biased SSD or a 

large male absolute body size then it is unsurprising if there is also strong selection for weapon 

exaggeration and/or positive allometry. While many invertebrates exhibit female-biased sexual 

size dimorphism, there are exceptions including solitary wasps (Eurytoma, Macedo et al. 2013) 

and water spiders (Argyroneta aquatica, Schütz & Taborsky 2011). In both these species, male 

body size contributes significantly to males’ ability to guard females.  

An increase in comparative studies over the past 20 years is owed in a large part to the 

development and spread of comparative phylogenetic methods which have allowed researchers 

to investigate a wide range of questions in a phylogenetic context (Losos 2011). In investigating 

the covariation of two or more traits across closely related species, individual data points 

representing individual species cannot be treated as statistically independent (Blomberg, 

Garland Jr & Ives 2003). That is, more closely related species will resemble each other more 

than distantly related species. There are several different methods available to researchers when 

conducting analyses (Royer-Carenzi & Didier 2016; Garamszegi 2014). Until recently, 

Felsenstein’s (1985) phylogenetic independent contrasts (PIC) were commonly used to address 

relatedness between species by comparing the differences in trait values (i.e. the contrasts) 

between species which, unlike the raw trait values, should be the result of independent 

evolutionary process and therefore should be phylogenetically independent.  

 However, the limitation of PICs is that certain traits are more or less labile than others 

(e.g. social behaviours are thought to be relatively labile; Blomberg et al. 2003). Therefore, 

strength of degree of phylogenetic signal (i.e. the extent to which traits are statistically related to 

phylogeny) varies between traits but PICs only account for the maximum possible strength of 

signal. Therefore, while based on the same principles, the primary advantage of phylogenetic 

least squares (PGLS), first described by Grafen (1989) and modified thereafter, is that it can 
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incorporate different degrees of phylogenetic signal. There are a range of estimators for 

phylogenetic signal including Blomberg’s K (Blomberg et al. 2003) and the most widely used, 

Pagel’s λ (Pagel 1999), each performing differently under different conditions (Kamilar & 

Cooper 2013; Münkemüller et al. 2012). While there remain many areas for development both 

theoretically and in implementation through statistical packages, phylogenetic comparative 

methods offer a powerful tool for answering fundamental evolutionary questions.   

 

1.5. Spiders as a study system 

Spiders have proven invaluable model species for evolutionary and behavioural ecologists 

(Herberstein & Hebets 2013) and are especially frequent study organisms for investigations of 

sexual selection (Huber 2005). Several families exhibit extreme sexual size dimorphism which 

can influence male-female interactions, particularly in systems with prevalent sexual 

cannibalism (Moya-Lavaño et al. 2013).  

Spiders have also been frequent subjects for the study of agonistic contests (Table 1) but 

in only two cases have these studies also examined the role of exaggerated male chelicerae 

(jaws) (Tedore & Johnsen 2012, 2015). Indeed, interest in the evolution and function of these 

weapons in the context of sexual selection has been sparse (but see Costa-Schmidt & Araújo 

2008) compared to the study of other weapons such as ungulate horns (e.g. Geist 1971, 

Coltmann et al 2002, Drake et al. 2016) and crustacean chelae (Rosenberg 2002, Swanson et al. 

2013, Sneddon et al. 2000, Sneddon et al. 1997). What study has been conducted on spider 

chelicerae has largely focused either on the apical fang (Bar-On et al. 2014) or on chelicerae as 

tools for foraging (e.g. trap-jaw spiders, Mecysmaucheniidae, Wood et al. 2015).  
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Table 1: Spider species used in agonistic contest studies. Species in bold indicates studies which incorporate analyses of male weaponry.  

Family Common name Species  

Araneidae Asian hermit spider Nephilengys malabarensis Kralj-Fiser & Kuntner 2012 
Cybaeidae Diving bell spider Argyroneta aquatica Schütz & Taborsky, 2011 

Linyphiidae Bowl and doily spider Frontinella pyramitela Austad 1983, Leimar et al. 1991 

 Sierra dome spider Neriene litigiosa Keil & Watson 2010, deCarvalho et al. 2004 
Lycosidae Thin-legged wolf spider Pardosa milvina Hoefler et al. 2009 

 Wolf spider Hygrolycosa rubrofasciata Kotiaho et al. 1998; Ahtiainen et al. 2006 
Nephilidae Hairy golden orb weaver Nephila fenestrata Fromhage & Schneider 2005 

 Golden orb weaver Nephila clavipes Rittschof 2010 

Pholcidae Long bodied cellar spider Pholcus phalangioides Schaefer & Uhl 2003 
Pisauridae Nursery web spider Pisaura mirabilis Prokop & Maxwell 2012 

Salticidae Jumping spider Thiania bhamoensis Chan et al. 2008, Li et al. 2002 
 Jumping spider Phidippus clarus Elias et al. 2008, Elias et al. 2010, Kasumovic et al. 2009 

 Jumping spider Cosmophasis umbratica Lim & Li 2013 
 Jumping spider Plexippus paykulli Taylor et al. 2001 
 Jumping spider Servaea incana McGinley et al.2015 

 Magnolia green jumping spider Lyssomanes viridis Tedore & Johnsen 2012, Tedore & Johnsen 2015 
Tetragnathidae Common orb weaver Metellina mengei Bridge et al. 2000 

Theridiidae Redback spider Latrodectus hasselti Stoltz et al. 2008 
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1.5.1. New Zealand sheet-web spiders (Cambridgea spp.) 

New Zealand sheet-web spiders, Cambridgea, were among the first endemic spider species 

discovered yet remain poorly characterised behaviourally (White 1849). At the genus level 

Forster and Wilton (1973) first identified 14 species and an additional 16 were added by Blest 

and Vink in 2000. While a comprehensive taxonomy has been established for its 30 species, a 

phylogeny is still lacking (Forster & Wilton 1973). Cambridgea occur throughout New Zealand 

from Cape Reinga to Stewart Island and on several off-shore islands. The locality records for 

Cambridgea seem to suggest that they are largely isolated to native forest with little gene flow 

between conservation areas (Forster & Wilton 1973). Data regarding population size is deficient 

for most species (Sirvid et al. 2012).  

Cambridgea are medium to large arboreal spiders and known for their three-dimensional 

webs although not all Cambridgea species are web builders. Of those that are, New Zealand 

sheet-web spiders build a thick horizontal sheet anchored from below by several guying threads. 

Webs generally occur in native forest with the web owners re-purposing hollows, the gaps 

beneath tree bark or similar as retreats which they escape into during the day or when disturbed 

during the night. These spiders do not build a new web overnight and instead will add threads 

and tend to their current webs over time, cleaning out debris (pers. obs.). 

Cambridgea have been assigned to a range of families. First placed within the 

Agelenidae by Dalmas (1917), they were reassigned to Stiphidiidae by Forster and Wilton in 

their 1973 treatment on New Zealand spider taxonomy. The latter assignment placed them 

alongside Nanocambridgea, Stiphidium and Ischalea in addition to a handful of genera from 

Australia. This included Procambridgea for which Forster and Wilton observe that there “is 

undoubtedly a close affinity” with Cambridgea and propose a close common ancestor. Yet the 

recent revision of the spider tree of life by Wheeler et al. (2016) reassigned Cambridgea again. 

This time, on the basis of molecular evidence, they have been placed within the Desidae, 
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subfamily Porteriinae, with Ischalea and Nanocambridgea while Procambridgea remains within 

the Stiphidiidae. Other members of the Porteriinae subfamily possess complex genital structures 

and congeners Baiami and Corasoides similarly build sheet-webs although Corasoides spp. run 

along the top of the main-sheet rather than underneath like Cambridgea.  

 

1.6. Outline of thesis 

The aim of this thesis is to investigate the evolution of exaggerated male weaponry by using the 

Cambridgea genus as a study system with a particular focus on the North Island species, 

Cambridgea foliata. I approach this aim at a range of levels with a variety of techniques. I begin 

by investigating the allometric relationship between chelicerae length and body size, and 

conduct behavioural observations of agonistic contests C. foliata in order to identify ultimate 

causes for trait exaggeration. I then contextualise this behaviour both in terms of evolutionary 

history and morphology to investigate how weapon traits covary with other aspects of 

morphology and to better understand the advantages and costs of chelicerae exaggeration. This 

thesis provides the first written record of contest, courtship and cohabitation behaviours in 

Cambridgea.  

 

In Chapter 2 I provide an overview of male-male competition in the North Island species, 

Cambridgea foliata, and investigate how sexual selection in this context may drive the evolution 

of exaggerated weaponry. I analyse the allometric relationships for male and female chelicerae 

length, and investigate the relationship between morphological traits and male success in combat 

using staged contest observations. I then use this same data to identify how males make 

decisions about how long to remain in fights by comparing my data to pre-existing game 

theoretic models about assessment during agonistic interactions. I propose an explanation for 

how positive allometry may be selected for in the context of male-male competition.  
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In Chapter three I provide a overview of courtship and cohabitation behaviour in the same North 

Island species, C. foliata, to investigate the possibility that males impose costs upon females. 

Based on field observations of solitary males and females and cohabiting pairs, I investigate the 

impact of cohabitation on how males and females position themselves in their webs and how 

they respond to a vibratory stimulus which simulates prey.  

 

In Chapter four I examine how chelicerae traits vary across the Cambridgea genus by comparing 

morphologies within a phylogenetic context. I develop and present a molecular phylogeny for 

Cambridgea and identify how key morphological traits scale with each other to gain an insight 

into the evolution of male weaponry. In particular I investigate whether allometric relationships 

steepen in species with greater sexual selection and consider correlations between male and 

female traits.  

 

In Chapter five I investigate the size and function of components of C. foliata chelicerae at a 

finer scale. I produced µ-CT scans of chelicerae, use these scans to calculate the volume of the 

apical fang, basal chelicera segment and venom sac, and examine how these vary between males 

and females and across males of different sizes. I combine these results with measurements of 

chelicera and chelicera exoskeleton mass, comparisons in chelicerae length between male life 

stages, and measurements of bite force of live male and female C. foliata. I use this range of 

measurements to better understand both the cost and the advantage of chelicerae exaggeration in 

this species.  
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2. 
The role of exaggerated male chelicerae in male-male 

contests in New Zealand sheet-web spiders 

In press at Animal Behaviour 

2.1. ABSTRACT 

Animal weaponry has long captured the imagination of researchers and these weapons are 

frequently exaggerated in size. Large weapons are particularly common in species in which 

males defend females from potential rivals and sexual selection is generally credited with 

driving this pattern of exaggeration. Male New Zealand sheet-web spiders, Cambridgea foliata 

(Araneae: Desidae), possess chelicerae (jaws) which are substantially larger than those of female 

conspecifics. To investigate whether chelicerae exaggeration is selected for in the context of 

male-male competition, we staged contests between males and analysed how different 

components of resource holding potential influenced the outcomes and durations of contests. We 

found that while males with large chelicerae were more likely to win contests, body condition 

and body size were better predictors of contest outcome. While contest durations were highly 

variable, there is some evidence that males make decisions about when to retreat from contests 

using self-assessment. As a result, only very large males are likely to reach the most escalated 

phase of fighting in which they lock chelicerae with their opponent. In this way, regardless of 

whether extra-long chelicerae impart any advantage over similarly sized opponents, exaggerated 

chelicerae are only used by especially large males and are therefore of little use to small males.  

  



Chapter 2: Exaggerated chelicerae in male-male contests 

19 

 

2.2. INTRODUCTION  

Among species in which males are capable of defending females or resources important to 

females, exaggerated male weaponry is relatively common (Emlen 2008). When competition is 

intense, these structures can reach impressive proportions and the use of exaggerated weapons in 

male contests is distributed across diverse taxa from crabs (Sneddon, Huntingford, & Taylor 

1997; Baeza & Asorey 2012) and wasps (Longair 2004) to lizards (Stuart-Fox et al. 2006) and 

ungulates (Coltman et al. 2002). 

Exaggerated weapons frequently exhibit positive static allometry where large individuals 

possess disproportionately large weapons (Emlen & Nijhout 2000; Petrie 1988; Kodric-Brown, 

Sibly & Brown 2006; Painting & Holwell 2013; but see Bonduriansky 2007). It is suggested that 

positive allometry can result from net selection for trait exaggeration in the largest males if 

larger weapons confer greater advantages for larger individuals (Bonduriansky & Day 2003). 

Alternatively, developing and bearing exaggerated weaponry may be disproportionately costly 

for small males who instead adopt an alternative reproductive tactic which does not require such 

weapons (Taborsky & Brockmann 2010).  

Yet while male weapons are clearly used in contests over females and are exaggerated in 

many such cases, the extent to which they contribute to a male’s ability to defend a key 

resource– their resource holding potential (RHP) (Arnott & Elwood 2009) – is poorly 

understood, owing to the strong correlation between weapon size and overall body size that is 

implicit in cases of positive allometry. While body size is perhaps the most common predictor of 

contest outcomes (Kotiaho et al. 1998; Schütz & Taborsky 2011; Schaefer & Uhl 2003; 

Miyashita 1993; Bridge, Elwood & Dick 2000; Macedo et al. 2013), it is more challenging to 

determine how even exaggerated weapons contribute to RHP, independent of body size. In a few 

cases, weapon size has proven a better predictor of fighting success than body size, as is the case 

for chelicerae length in the jumping spider, Lyssomanes viridis (Tedore & Johnsen 2012), and 
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chela length in both the hermit crab, Diogenes nitidimanus, and the common shore crab, 

Carcinus maenas (Yoshino, Koga & Oki 2011; Sneddon, Huntingford & Taylor 1997).  

Such studies have used a range of different statistical methods to determine whether 

weapons contribute to RHP. One such method is backward elimination from a maximal model 

to identify the most important predictors of fighting success. This has been used to determine 

that chelicerae length is of greater importance to RHP in the aforementioned study by Tedore & 

Johnsen (2012) and has been used in other studies to determine how relatedness can influence 

aggression (Lizé, Khidr & Hardy 2012). While these methods allow for significance testing, 

they have been criticised for producing high Type I error rates and failing to identify the most 

important variables (Bolker et al. 2008; Mundry & Nunn 2009). While not without its problems, 

information theoretic approaches are a promising alternative for identifying key predictors and 

ranking different models as it is possible to compare the explanatory power of several models at 

once (Briffa et al. 2013).  

When contests escalate to physical fighting, combatants can incur significant costs. For 

this reason, contests between males are frequently ritualised, with clear phases of mutual display 

and contact. These interactions allow males to assess their chances of winning without the risk 

of being injured or killed, and how these decisions are made could have important implications 

for the value of weaponry (Maynard-Smith & Price 1973; Keil & Watson 2010). To better 

understand how combatants decide whether to persist in or retreat from a contest, game theoretic 

contest models have been developed, representing one of the first and longest-running 

applications of game theory to animal behaviour (Maynard-Smith & Price 1973; Leimar, 

Austad, & Enquist, 1991; Arnott & Elwood 2009). There are three broad groups of contest 

models: (1) mutual assessment models where contestants are able to assess both their rival’s and 

their own RHP. In the context of exaggerated weaponry, we would expect opponents to interpret 

each other’s large weapons as an index of RHP (sequential assessment model: Enquist & Leimar 
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1987). In (2) ‘pure’ self-assessment models combatants only take their own RHP into account 

and simply invest in a fight up to a certain internal threshold (energetic war of attrition, Payne & 

Pagel 1996; or war of attrition without assessment, Mesterton-Gibbons, Marden & Dugatkin 

1996). Under self-assessment, larger weapons should only increase the threshold to which males 

are willing to fight with no impact on the other male. Finally, under (3) the cumulative 

assessment model (CAM), combatants invest in a fight up to a threshold defined by their own 

RHP, but may sustain costs as a result of their opponent’s attacks (Payne 1998). In this case, the 

rate at which costs accumulate will depend on the opponent’s RHP and in this way the duration 

of the contest depends on both combatants’ RHP regardless of an individual’s capacity to make 

comparisons. In this scenario, weapon size, as an index for ability to inflict costs on an 

opponent, would be an important component of RHP.  

Delineating between pure self-assessment and mutual/cumulative assessment involves 

comparing the degree of investment in a contest by both rivals (contest duration or intensity) 

against the RHP of the winner and loser separately (Taylor & Elwood 2003; Arnott & Elwood 

2009). For pure self assessment, we expect to see a strong positive correlation between the 

loser’s RHP and contest duration/intensity, and a weaker positive correlation between the 

winner’s RHP and contest duration/intensity. For both mutual and cumulative assessment, the 

relationship between loser RHP and contest duration/intensity is still expected to be positive but 

the winner’s RHP should also be negatively correlated to contest duration/intensity.  

 We examined the interplay between weapon exaggeration and contest behaviour using 

New Zealand sheet-web spiders, Cambridgea foliata (L. Koch) 1872 (Desidae), a nocturnal 

species common throughout the North Island of New Zealand (Forster & Wilton 1973). Female 

Cambridgea foliata produce large sheet-webs (1.0 m2) and in the summer, mature males wander 

the forest floor at night in search of female webs. When they find one, they can cohabitate, 

sharing the female’s silk retreat during the day (pers. obs.). Male C. foliata possess chelicerae 
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that are substantially longer than those of females (Fig. 1) and contests which use these 

exaggerated chelicerae can occur when a male enters a web already inhabited by another male.  

  

 

To determine the manner in which male-male competition might have driven weapon 

exaggeration in Cambridgea foliata, we conducted a series of investigations of morphology and 

behaviour. Firstly, to determine if male chelicerae are positively allometric, as we would expect 

given their exaggeration, we investigated the relationship between cephalothorax width (our 

measure for body size) and chelicerae length for both males and females. Secondly, we staged 

contests between randomly selected males in an established lab population and generated 

models predicting contest outcomes based on male characteristics including chelicerae size, 

male condition, and body size. We then used AIC model selection methods to assess their 

relative predictive power, with the specific aim to disentangle the influences of weapon and 

body size on competitive success. Finally, to further understand how males make the decision to 

retreat from contests, we examined the relationship between winner, loser and relative size, and 

both the escalation and duration of contests. We analysed these relationships separately for pre-

Figure 1: Male (left) and female (right) Cambridgea foliata.   
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contact and post-contact phases, along with the total duration of contests. Based on studies of 

other taxa, we expect that male chelicerae are very likely to be positively allometric. As an 

explanation for this, we would then expect chelicerae length to contribute to RHP in that males 

with longer chelicerae should be more likely to win fights. Determining then what assessment 

model best describes male behaviour should indicate whether the advantages of longer 

chelicerae are limited only to how they help the bearer to continue fighting or whether they also 

communicate RHP to the bearer’s opponent. Following the predictions of Arnott and Elwood 

(2009), we predict a negative correlation between winner RHP and contest duration or intensity 

if rival males use mutual/cumulative assessment. By contrast, if rivals use self-assessment, there 

should be a weakly positive correlation between winner RHP and contest duration or intensity. 

Should our data indicate mutual or cumulative assessment, we would then expect fights between 

similarly sized individuals to be longer as the average size of combatants increased in the case of 

cumulative assessment but not mutual assessment. In all scenarios we expect loser RHP to 

correlate positively with contest duration/intensity. 

2.3. METHODS 

2.3.1. Morphology  

We collected and measured male and female Cambridgea foliata from the Auckland region 

across two successive summers (October 2014 - February 2015, December 2015 – March 2016). 

The majority were collected from Matuku Forest and Bird reserve in West Auckland (36° 51' 

48.3"S 174° 28' 47.7"E). We also measured museum specimens from Lincoln University 

(LUNZ); the Museum of New Zealand Te Papa Tongarewa, Wellington (MONZ); the New 

Zealand Arthropod Collection (NZAC); Auckland Museum (AMNZ); and Otago museum 

(OMNZ). Using digital callipers (accurate to 0.01mm) we measured chelicerae length and 

cephalothorax width, our proxy for body size. We measured 101 males and 60 females.  
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2.3.2. Behavioural observations 

We returned to Matuku reserve to collect juvenile C. foliata for a lab population. In this way, 

when females matured, we could be certain of their reproductive history. Due to difficulty 

keeping males alive, we collected males as both adults and subadults. In total, 15 females and 59 

males were used for observations. Each spider was housed individually in a 30.5×30.5×61 cm 

mesh enclosure. Our spiders would build their webs in these cages, the mainsheet often spanning 

the majority of the enclosure. A wooden retreat was attached to an upper-rear corner of the 

enclosure. We modelled these on wētā enclosures devised by Bowie et al. (2006). They 

consisted of a (45 × 45 × 150 mm) block of untreated pine with a furrow (18 × 18 mm) cut two-

thirds the length of the block which was placed against the mesh wall. A black polyethylene flap 

was attached to the outside of the cage, covering the retreat to prevent light from entering.  

 We fed the spiders every two days on a mixture of meal worms (Tenebrio moliter), blow 

flies (Lucilia sericata) and locusts (Locusta migratoria). Spiders were misted with water three 

times a day.  

 We placed all males on the same feeding regime as females, however many males were 

reluctant to feed and therefore there was variation in the condition of males used in fighting 

trials. Therefore, we weighed males to the nearest 0.001g immediately prior to contests. We 

used these masses to calculate male body condition after all trials had been completed by firstly 

regressing body mass of each male prior to his first trial against cephalothorax width (mm). We 

then calculated male condition using the slope of this relationship as per methods outlined in 

Peig & Green (2009). 

We conducted all behavioural observations between adult spiders at night under red light 

which ensured that the spiders were not able to see each other. A randomly selected male was 

placed at the edge of a randomly selected female’s web. If he approached the female or signalled 
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by creating vibrations in the web then, ten minutes after the first behaviour, another randomly 

selected male would be introduced at the edge of the web. If the first male neither left the web 

nor approached or disturbed the web, a second male was added half an hour after the first male 

was introduced. 

When beginning their interactions, if the spiders were far apart, one male would pull at 

the web with all legs at once, creating a large distortion in the web (“shaking” the web). If the 

spiders were closer to each other, they drummed their palps or their first pair of legs on the web. 

If this behaviour was only performed by one spider, we described this as a “one sided” 

interaction and categorised it as intensity 1. When both rivals engaged in this behaviour, it was 

defined as “signalling” and categorised as intensity 2. We called all non-contact communication 

“signalling” rather than displaying to emphasise that the signals are strictly non-visual.  

Based on similar descriptions of male bowl and doily spider (Frontinella communis) 

fights, if the contest escalated to direct contact, we called the following two contact phases 

“sparring” (intensity 3) and “grappling” (intensity 4) respectively (Leimar, Austad & Enquist 

1991).  

Males entering a sparring phase reared up on their hind pairs of legs and pushed at each 

other with their anterior pairs of legs (Fig. 2a). We recorded the first male to enter this posture as 

the “initiator” of contact. This phase could last for several seconds to a few minutes. 

Occasionally, fights escalate to grappling whereby males would place all legs back on the web, 

lock chelicerae and push at each other (Fig. 2b).  

Following a fight, the loser withdrew to the edge of the web, while the winner flexed his 

abdomen and shook the web, sometimes for several minutes. During contests, females would 

either remain motionless on the web or would leave the mainsheet and sit a short distance away 

on the anchoring threads. 
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 All behaviours were video-recorded. We also recorded which male was introduced first 

(treated as the “resident”) so that later we could determine whether males with greater time to 

familiarise themselves with the web had an advantage in fights. We also recorded which male 

was first to initiate the contact phase of the fight.  

The trial would be terminated the first time a male withdrew by more than five body 

lengths. If no interaction took place between the males within three hours the trial was 

terminated. If one male signalled on a web and the other male departed without responding we 

interpreted this as an un-escalated contest or one-sided contest (intensity 1).  

 We did not re-use the same combination of males and, following any trial, the males 

involved would not be used again for at least 24 hours.  

 

(a) 

(b) 

Figure 2: Male Cambridgea foliata sparring (a) and grappling (b). Horizontal 

line represents the underside of the main-sheet. 
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2.3.3. Statistical analyses 

2.3.3.1. Allometry 

We compared average cephalothorax and chelicerae length for males and females using two-

sample t-tests and measured variation in each case by calculating coefficients of variation. For 

each sex, we calculated the allometric relationships between cephalothorax width and chelicerae 

length and conducted a standardised major axis test to determine whether the allometric slope 

was significantly different to 1. We log-transformed data for both sexes and fit allometric slopes 

using standardised major axes in R version 3.2.0. (R core team 2015) using the package smatr 

(Warton et al. 2012).  

 

2.3.3.2. Contest outcomes 

Contests proceeded through distinct stages of escalation from one-sided signalling (non-

escalated encounters), mutual signalling, sparring and grappling. Non-escalated interactions and 

mutual signalling were considered part of a broader “pre-contact phase” while sparring and 

grappling were part of a “post-contact phase”.  

To analyse the probability of winning a fight, we treated each contest as the primary 

datum and used relative measures of traits for each dyad. For each trial, one male of the pair was 

randomly selected as the focal male and contest outcomes were binary (win = 1, loss = 0).  

To investigate how different variables influenced the probability of the focal male 

winning, we generated 8 candidate generalized linear mixed models (GLMM) with binomial 

errors and a logit link. The variables taken into account were whether the focal male was the 

first male introduced to the female’s web (first = 1, second = 0), asymmetry in male body size 

(cephalothorax width), asymmetry in male chelicerae length and asymmetry in condition. Our 

full additive model included all listed variables while other models either used only one measure 

of difference between the two males or a pair of variables. In these models with two fixed 
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variables, we always included male body size due to its consistent importance in fighting 

behaviour in other taxa.  

We used absolute body size difference rather than a relative measure as the majority of 

contests involved opponents within 10% of the focal male’s cephalothorax width (Range of 

differences in cephalothorax length 0.695 – 1.25, x̅ = 1.00, SD = 0.110). Body size and weapon 

size were positively correlated (Pearson’s correlation coefficient (r) = 0.871) but the variance 

inflation factor (VIF) for the difference in raw chelicerae length was relatively small (VIF = 

4.64) meaning it could be included in the same candidate model as measures for difference in 

body size and condition. 

Female webs were reused between trials as were individual males although never in the 

same dyad. Therefore, we included focal male identity and female identify in all our models as 

random factors.  

Using an information-theoretic approach outlined by Burnham, Anderson & Huyvaert. 

(2011), we ranked these models according to their AICc, a second-order Akaike information 

criterion for small sample sizes. As directed in that paper, the parameters were estimated using 

model averaging across the best models, that is, those with AICc < 2.  

 Mixed effect models were fit using R package lme4 (Bates et al. 2015) and models were 

fit using a Laplace approximation. Models were ranked and AICc tables were generated using R 

Package AICcmodavg (Mazerolle 2016). 

We separately tested whether residents or intruders were more likely to win a contest 

using a χ2 test.  

 

2.3.3.3. Initiating escalation 

In 41 of the 47 trials which escalated to contact, we were able to identify which male escalated 

to sparring first. We used a χ2 test to examine whether initiators and responders were equally 
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likely to win contests. We conducted a series of t-tests to compare the size and condition of 

males who initiated with that of their opponents.  

 

2.3.3.4. Contest intensity and duration 

To determine whether size influenced a losing male’s decision to retreat from a contest and to 

compare Cambridgea contests to the predictions of various assessment models, we examined 

both contest intensity and duration as measures of the increasing cost of prolonged and escalated 

contests. Firstly, we investigated whether level of escalation is influenced by body size. We fit 

linear mixed models to determine whether winner body size, loser body size or size asymmetry 

influenced which escalation phase a contest would terminate in. We also conducted t-tests to 

compare average chelicerae length and body size of winners and losers of fights which 

terminated in grappling. Secondly, we examined the relationships between contest duration and 

winner and loser body sizes. A gamma distribution best described the distribution of contest 

times we recorded so to achieve this we fit generalised linear mixed models with gamma error 

structures and an identity link with focal male and female identities as random effects. While not 

the canonical link, the identity link is appropriate in this case as assessment theory assumes that 

fixed variables act directly and linearly upon how long an individual will fight, not on a function 

of the observed results (Lo & Andrews 2015). We only considered the effect of male traits on 

total contest duration and on post-contact duration as models fit to display duration data 

produced convergence errors indicating insufficient data.  

 

2.3.4. Ethical note 

Our research adhered to ASAB/ABS guidelines for the use of animals in research, the legal 

requirements under the Animal Welfare Act 1999 for New Zealand, and the Code of Ethical 

Conduct of The University of Auckland. We collected spiders from Matuku reserve with 
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permission from the Royal Forest and Bird Protection Society of New Zealand, Auckland 

branch. Animals were carefully collected without the use of traps and maintained in individual 

cages in the laboratory under conditions which simulated the field environment as closely as 

possible with frequent misting with water and feeding every alternate day. We separated pairs of 

individuals as soon as possible after termination of trials and did not reuse individuals for at 

least 24 hours. In preparation we examined other contest research to determine the minimum 

number of trials required to adequately address our hypotheses and terminated trials once this 

point was reached. At the completion of work, the male spiders were euthanised by freezing for 

the purposes of other morphological research while the females were released back to Matuku 

reserve.  
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2.4. RESULTS 

2.4.1. Allometry 

Chelicerae length was positively allometric in males (Fig. 3.) with an estimated slope of 1.66 

(95%CI = 1.51, 1.82). Our allometric slope fit using standardised major axis methods had a 

slope (β1) significantly different to 1 (r113 = 0.731, N = 115, P <0.0001). By contrast, female 

chelicerae length was slightly negatively allometric although not significantly different to 1 (β1 

= 0.852; 95% CI = 0.661, 1.09; r62 = -0.165, N = 64, P = 0.192).  

 Cephalothorax size for males (x̅ = 5.83mm, SD = 0.0617) and females (x̅ = 5.79mm, SD 

= 0.0631) did not differ significantly (t184.15 = 0.426, P = 0.671, 95% CI for true difference = -

0.137, 0.212). However, male cephalothorax width was more variable than female 

 Figure 3: Allometric slopes (with standard error) for chelicerae length in male 

(filled) and female (unfilled) Cambridgea foliata including standard error. 

Dashed line indicates isometry with a slope of 1. 
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cephalothorax width with a higher coefficient of variation (CDM = 16.3%; CDF = 9.44%). By 

contrast, there was evidence for sexual dimorphism in chelicerae length (t191.31 = 13.5, p < 

0.0001, 95% CI for true difference = 1.31, 1.76) with males having, on average, longer 

chelicerae (x̅ = 6.06mm, SD = 0.0974) compared to those of females (x̅ = 4.53mm, SD = 

0.0588). Variation in male chelicerae length was also greater than that for females (CDM = 

18.1%; CDF = 11.2%). 

 
Figure 4: Probability of the focal male winning depending on asymmetry in 

chelicera length, body size and condition. 
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2.4.2. Contest outcomes 

70 of 137 staged contests resulted in agonistic interactions between males. Of these, 15/70 trials 

were non-escalated one-sided interactions (intensity 1) and 8/70 escalated to mutual signalling 

(intensity 2). The remaining 47/70 trials escalated to contact (combined intensity 3 & 4) with 

36/47 escalating as far as sparring (intensity 3) and 11/47 escalated all the way to grappling 

(intensity 4).  

 There was a higher probability of the males who initiated escalation going on to win the 

contest (27/41) (χ2=4.12, df = 1, P = 0.0423). Initiators were not larger than their opponents 

(x̄initiator - responder = -0.051mm, t38 = -0.427, P = 0.672) although there was evidence that they were 

of slightly higher body condition on average (x̄initiator - responder = 0.0691, t32 = 2.23, P = 0.0328). 

Residents and intruders initiated escalation with almost equal frequency (20/41 and 21/41 

respectively). Furthermore, there was no evidence to suggest that residents were more likely to 

win contests (33/70) than the intruders or vice versa (χ2 = 0.229, df = 1, P = 0.633). 

Focal males that that were larger and in better condition were more likely to win against 

opponents who were smaller, in worse condition or had shorter chelicerae (Fig. 4). However, the 

model which best described the data included only the difference in body size and condition 

(and random effects of focal male identity (bm) and female identity (bf )) as variables (Table 1)). 

The model is as follows: 

 

Logit(Prob(Win)) = 1.04 – (4.69 × Xsize difference) – (21.7 × Xcondition difference) + b0f + b0m + εi f m  

This model indicates that the probability of a male winning increases when he is larger than his 

opponent and decreases against opponents that are larger.  
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2.4.3. Models of assessment 

2.4.3.1 Maximum escalation 

Linear mixed models did not find a significant relationship between maximum escalation and 

loser cephalothorax width (β1 = 0.167, SE = 0.224, t32 = 0.747, P = 0.460), winner cephalothorax 

width (β1 = -0.288, SE = 0.268, t31 = -1.08, P = 0.460) or difference in body size (β1 = -0.168, SE 

= 0.277, t32 = -0.607, P = 0.548).  

The losers in contests which terminated at grappling had a cephalothorax width on 

average 0.526mm greater than that of losers in contests that terminated in sparring (Fig. 5). 

Winners of these contests were on average 0.216mm (SD = 0.328) smaller, although not 

significantly so (t10= -1.97, P = 0.0842), than the losers but had chelicerae which were on 

average 0.159mm longer (SD = 0.381) than those of losers, although again the difference was 

not significantly different to zero (t10=1.25, P = 0.246).  

  

Table 1: Three highest ranked candidate models (full table of candidate models available in 

Appendix A). 

Rank Model K AICc ΔAICc AICcWt 

1 Size difference + Condition difference 5 44.2 0 0.88 

2 

Size difference + Condition difference + 

Chelicerae length difference + Resident 

status 

7 48.1 3.95 0.12 

3 Condition difference 4 69.6 25.4 0 

All candidate models have the notation logit[Prob(Focal male wins)] = β0 + β1Xi + β2Xi +… βnXi + 

b0f + b0m + εi f m where X indicates fixed effects while b0 represents intercepts for random effects of 

female identity (f) and focal male identity (m). 
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Figure 5: Loser body size across fights which terminated at different 

levels of intensity. (Intensity 1 = one-side displaying, 2 = mutual 

displaying, 3 = sparring, 4 = grappling). Box indicates interquartile 

range with internal line marking median body size. Upper and lower 

whiskers span upper and lower quartiles respectively. Dashed line 

indicates the mean loser cephalothorax width across all contests of 

5.96mm 
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2.4.3.2. Models of assessment 

Before examining the relationships between physical traits and fight duration we tested for an 

effect of residency. There was no significant difference in the duration of contests between those 

eventually won by intruders and those won by residents (t58.8 = 0.605, N = 64, P = 0.548).  

The duration of contests was highly variable as were the duration of pre- and post- 

contact phases. On average, interactions between males lasted for 117.9s (SD = 165.4s) and pre-

contact phases were longer than post-contact phases (x̅pre = 78.7s, SDpre = 141.8s; x̅post = 54.6s, 

SDpost = 85.0s). Generalised linear mixed models fit to pre-contact duration data produced 

convergence errors suggesting insufficient data therefore we did not analyse these data further. 

However, we found positive correlations between loser body size and post-contact duration (Fig. 

6; β0 = 47.7, β1 = 15.8, SE = 3.32, p <0.0001) but no such relationship between winner body size 

(β0 = 47.7, β1 = 15.8, SE = 3.32, p <0.0001) or size asymmetry (β0 = 52.1, β1 = 1.96, SE = 17.0, 

P = 0.908) and post-contact duration.  

  

Figure 6: Relationships between loser (left) and winner (right) body size and the 

duration of the post-contact phase. 
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2.5. DISCUSSION 

Male C. foliata chelicerae are significantly larger than those of females. Male chelicerae exhibit 

clear positive static allometry whereas female chelicerae did not significantly deviate from 

isometry. In this respect C. foliata fits into the relatively common pattern among species with 

mate-guarding of exhibiting positive allometry in male weaponry (Emlen 2008; Kodric-Brown, 

Sibly & Brown 2006).  

 Males do not use their chelicerae during courtship (pers. obs) which makes it more likely 

that exaggeration is the product of selection for their role in fighting. While sparring, males 

splay their chelicerae to bare their fangs and will lock their chelicerae together while grappling. 

This species is nocturnal with very poor vision (pers. obs) making it highly unlikely that 

chelicerae were involved in signalling during pre-contact phases.  

 However, while our data suggests that males with longer chelicerae are more likely to 

win contests, body size and body condition were better indicators of the likelihood of winning. 

Our focal males were most likely to win contests if they were substantially larger than their 

opponent and in better condition. The importance of these traits in C. foliata is unsurprising 

given that body size and condition are frequently major components of RHP and can be 

indicative of how long and how intensely a male can compete (Arnott & Elwood 2009; Amorim 

et al., 2015; Parker 1974). 

The relative unimportance of chelicerae length for determining fight outcomes may be 

because length is a poor index for the value of chelicerae in fights. That is, the role of chelicerae 

in determining the victor in combat may depend on characteristics other than length. The 

chelicerae are a single component of several functioning parts including the fangs and 

musculature in the head. For a fixed force applied by muscles within the cephalothorax, heavier 

chelicerae will produce greater kinetic energy. In this case, it would not be length which 

determines offensive capacity but the greater volume which results from exaggeration.  
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We found that the duration of post-contact phases increased with increasing loser body 

size. It was unrelated to the size of the winner or the difference in size between the two. We also 

found that the average body size of losers who escalated to grappling was greater than of losers 

who only escalated to sparring. However we did not find a significant relationship between 

winner or loser body sizes or size asymmetries and maximum escalation reached. These results 

are most suggestive of self-assessment. Under pure self-assessment or the energetic war of 

attrition contest model, males should persist in a contest up to a pre-determined threshold 

influenced only by their own RHP (Elias et al. 2008, Taylor, Hasson & Clark 2001). Our 

analyses of maximum intensity of entire contests did not reveal any significant patterns. This 

combined data implies that males do not mutually assess their RHP relative to their opponent as 

in the sequential assessment model or receive injuries proportional to opponent RHP in the case 

of the cumulative assessment model (Enquist & Leimar 1987; Payne 1998). However, despite 

some evidence in support of self-assessment, the lack of a clear pattern in our combined 

analyses of contest duration and contest intensity suggests that Cambridgea foliata contests do 

not closely match any of the current contest models.  

There are a variety of factors other than RHP which may influence fighting behaviour 

and therefore complicate our interpretation of contest durations. Resource assessment by 

combatants can have a significant impact on how long and how intensely each male will fight 

(Arnott & Elwood 2008; Elwood & Arnott 2012). We attempted to limit the effect of residency 

by reducing the time the first male had to assess their potential mate. We found no difference in 

how long residents and intruders fight for and residency was not an important predictor of fight 

outcome. Nevertheless, resident and intruder males still had unequal opportunities to assess the 

resource and this may have influenced how intensely each male fought. There are also likely to 

be other components of RHP which we have not accounted for such as defensive characteristics 

which will also scale with RHP (Palaoro & Briffa 2017).  
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Given that chelicerae length was not a very important predictor in determining contest 

outcomes and that males may not assess opponents, the question remains as to why positive 

allometry should occur in sheet-web spiders. The positive allometry we observed suggests that 

the advantages of exaggeration are greater for large males compared to those for small males 

(Petrie 1992, Green 1992) with larger males gaining disproportionate access to mating 

opportunities, therefore offsetting the costs of developing and bearing exaggerated weaponry 

(Emlen 2008; Zeh & Zeh 1988). A natural interpretation then is that larger weapons either allow 

larger males to win more contests and/or that they facilitate communication of RHP between 

opponents in cases of mutual assessment. If self-assessment is used to resolve contests but 

chelicerae length does not contribute significantly to RHP, as in this case, it is less clear how 

more exaggerated weaponry could be advantageous.  

However, we propose that, in cases of self-assessment, only the largest males fight for 

the longest durations and escalate to high intensity contest phases. In this case, the potential 

benefits of possessing exaggerated chelicerae must vary between large males – who might 

engage in contests – and small males – who are unlikely to ever fight. Therefore, only large 

males are ever involved in fights in which their chelicerae are necessary and this may be 

sufficient to generate the positive allometry observed in males of this species.  

 It is also possible that different components of RHP are more important at more 

escalated phases or that males adopt a different form of assessment (McGinley, Prenter & 

Taylor 2015). We found that the winners of contests which escalated to grappling had on 

average slightly longer chelicerae despite being smaller than their opponents. Larger chelicerae 

may confer advantages in these most escalated fights while body size is more critical in earlier 

stages. However, while this would explain why large males have disproportionately large 

chelicerae, fights escalated to grappling too infrequently in this study to provide adequate 

support.  
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Regardless, during grappling, chelicerae must be long enough to interlock and this 

behaviour in itself is restricted to larger males as a result of the self-assessment process 

resolving contests between smaller males before the contest escalated to a fight. In the two cases 

in which we observed males kill another in the field, it was during grappling. In these cases, the 

outer fang (the one which is not locked between the opponent’s chelicerae) was stabbed through 

the opponent’s cephalothorax. Being able to reach past the base of the opponent’s chelicerae is 

necessary for this type of lethal blow, and hence it may be advantageous for large males to have 

longer chelicerae for those few instances that fights become dangerous.  

This is one of relatively few studies which attempts to explicitly link the study of 

exaggerated weaponry to study of the assessment behaviour. While we would expect that 

positive allometry of weapon size would result from these weapons endowing large males with 

greater fighting ability or else signals of greater RHP, we found that they are not good predictors 

of contest outcomes and that males most likely assess only their own RHP when making 

decisions about when to withdraw from contests. We propose an alternative explanation that 

positive allometry in this case is a consequence of size-specific functional constraints imposed 

by self-assessment in which larger males are more likely to require larger weapons. There is a 

great deal still to discover about contests in sheet-web spiders, and the combination of 

exaggerated weaponry and ritualised contests in a web-building spider suggest them to be an 

excellent candidate for further investigation of how these phenomena interact.  
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3. 
Bad tenants: Female sheet-web spiders (Cambridgea 

foliata) lose feeding opportunities when cohabiting 

with males 

In review at Journal of Arachnology 

3.1. ABSTRACT 

In web building spiders, females are often too widely distributed across the landscape for males 

to monopolise more than one mate. Consequently, males seek females one at a time and may 

cohabit with females in their webs. Pre-copulatory cohabitation is most common in 

aranaeomorphs which suggests that the first male to mate with a female will have a greater share 

of paternity than any subsequent mates (first sperm precedence). However, pairs of adult New 

Zealand sheet-web spiders (Cambridgea foliata) cohabit for longer than required to achieve 

copulation. This is counter-intuitive as it suggests that males defend females which they have 

already copulated with in lieu of seeking additional mating opportunities. To investigate the 

costs and benefits of extended cohabitation on male and female Cambridgea we conducted 

surveys of webs of solitary and paired males and females. We found that solitary spiders of both 

sexes consistently position themselves in the centre of their webs but that when in pairs, females 

are displaced from the webs by males and will frequently leave the web altogether. Males in 

pairs would respond to vibrations simulating prey, while females would not respond. This 

strongly suggests that extended cohabitation should be costly for females. By contrast, for 
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males, cohabitation is a valuable foraging strategy which, combined with the advantages of mate 

guarding, may compensate for any lost mating opportunities due to their foregoing searching for 

further mates.  

3.2. INTRODUCTION 

Males regularly compete to ensure mating success and to increase the likelihood that their sperm 

will be used by females to fertilise their eggs (Parker 1970). This competition can manifest in a 

variety of ways including defence of mates or of resources, and scramble competition. In the 

former, males compete through agonistic contests or displays to defend spatially clustered 

females or resources important to females (Emlen & Oring 1977; Thornhill & Alcock 1983). In 

the latter, if females are widely distributed or are only available for a limited time, defence is not 

economical so males scramble to mate with as many females as possible. This seems to be a 

relatively common mating system within spiders (e.g. Desert spiders, Stegodyphys lineatus, 

(Berger-Tal & Lubin 2011); Redback spiders, Latrodectus hasselti (Kasumovic & Andrade 

2009); Bowl and doily spiders, Frontinella pyramitela (Austad 1984); Golden orb spiders, 

Nephila plumipes (Kasumovic et al. 2007)).  

 However, while it is advantageous for male spiders to mate multiply over their life time, 

brief periods of cohabitation, a form of mate guarding, are not uncommon. In spiders, mate 

guarding males will share nesting chambers or webs, or simply remain near females’ webs. Male 

spiders predominantly cohabit with subadult females with records for 161 species in which adult 

male aranaeomorphs cohabit with conspecific juvenile females (Jackson 1986). In these cases, 

males often mature earlier than females, find a female one or two moults from maturity and 

remain with her until she matures.  

 This predominance of males cohabiting with subadult females is logical provided that the 

first male to mate with a female receives some advantage over subsequent males. If that male 

alone mates with the female and she oviposits shortly after or becomes unreceptive, then he will 
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secure 100% paternity for her clutch. However, while cohabitation with subadults is more 

common, post-copulatory cohabitation with adults does occur even at the cost of additional 

mating opportunities (Parker 1974). Alcock (1994) identifies several alternative hypotheses to 

explain the evolution of prolonged male-female associations following copulation. Mate 

guarding may prevent females from accepting additional copulations (Thornhill 1948b) and 

favouring the ejaculates of subsequent males (Eberhard 1991). In species that exhibit “last male 

sperm precedence” in which subsequent mates receive a greater share of paternity, it is valuable 

for males to guard their mates (Austad 1984). In some cases guarding occurs until oviposition 

(e.g. cellar spiders, Pholcus phalangiaoides, Schaefer & Uhl 2003) or until females enter a 

refractory period during which they are unreceptive to further mating (e.g. marbled cellar 

spiders, Holocnemus pluchei, Calbacho-Rosa, Córdoba-Aguilar & Peretti 2010).  

Males may also associate for longer in order to mate multiply and increase their share of 

paternity (Simmons 2001). For example, male leaf-curling spiders (Phonognatha graeffei) 

improve fertilisation success through multiple, prolonged copulations and for this reason cohabit 

with adult females for several days (Fahey and Elgar 1997). While only a short period of pre-

copulatory cohabitation may be needed to ensure a single copulation, longer periods of 

cohabitation may maximise fertilisation success for the male. 

Nevertheless, cohabitation should be costly to males who forgo seeking additional mates 

(Birkhead & Møller 1992; Fryer, Cannings & Vickers 1999; Harts & Kokko 2013). However, 

these “costs” assume not only that there are a large number of receptive females available 

elsewhere but also that, if they should locate additional mates, males would not meet any 

resistance from other guarding males (Harts & Kokko 2013). Furthermore, remaining in a 

female’s web may provide additional benefits not directly related to reproduction such as safety. 

Austad (1984) remarks that post-copulatory mate guarding should only be advantageous if 

moving between webs, and finding a newly moulted female, is risky. This risk of travelling has 
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been demonstrated in several spider species in which less than a quarter of males observed in a 

female’s web are found again in the web of another female (e.g. golden orb web spider, Nephila 

clavipes, Christenson & Goist 1979; bowl and doily spider, Frontinella pyramitela, Austad 

1984; redback spider Latrodectus hasselti, Andrade 2003). Predation by other invertebrates is 

likely to be greatest source of mortality (Andrade 2003). Consequently, it can be advantageous 

for males to maximise their reproductive output with a resident female rather than risk searching 

for another.  

Cohabitation may also provide males with greater feeding opportunities. Suter and 

Walberer (1989) found that male bowl and doily spiders (Frontinella pyramitela) feed on prey 

caught in females’ webs and suggest that this could be why cohabitation can go on for several 

days, far longer than is necessary for only courtship and copulation. They suggest that this may 

compel the female to eventually expel her tenant. Furthermore, Erez, Schneider & Lubin (2005) 

demonstrated clear benefits of cohabitation for males at the expense of resident female desert 

spiders, Stegodyphus lineatus. When they provided food to webs containing cohabiting pairs, the 

males would gain in condition while females would not. In species that depend on capture webs 

to feed, foraging in a resident female’s web is an ideal way for males to prepare for searching 

for his next mate (Austad 1983). Apart from these studies, there are no other examples that we 

are aware of which test whether males gain feeding benefits while cohabiting on female webs. 

Cambridgea foliata (Desidae) are arboreal spiders distributed throughout the North 

Island of New Zealand. They are nocturnal and build three-dimensional sheet-webs in native 

forest which males and females can be seen sharing. The webs consist of a non-sticky, thick 

horizontal mainsheet, which the spiders run along the underside of, anchored from below and 

with many knock-down threads above the mainsheet. The rear of the web tapers into a silken 

tunnel or “retreat” which may extend under the bark of trees or into vacated burrows which the 

spider resides in during the day. During the summer, males mature in their natal webs before 
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leaving to wander in search of female webs. Once a male finds a female’s web he may cohabit 

with her. McCambridge (2017) found that C. foliata will cohabit for between one day to about a 

fortnight with a small number of males cohabiting with subadult females for more than 20 days. 

Based on the author’s data and our own observations, we expect that one to two days is the most 

common duration of cohabitation. During this time, the cohabiting male will defend the female’s 

web by engaging in ritualised fights with intruding males (pers. obs). When males fight in a 

female’s web, we have often observed the resident female departing the mainsheet and sitting 

either on one of the anchoring threads or off the web entirely. This suggests that one male’s 

presence in females’ webs, or a succession of cohabiting males, may entail some foraging cost 

to females. However, we have not observed any instances of sexual cannibalism or fighting 

between males and females. Adults of both sexes are similar in size.  

Courtship and mating behaviours have not been observed in this species. However, as 

most spiders take only a few minutes to copulate (Fahey & Elgar 1997), it is reasonable, barring 

the use of mating plugs or genital mutilation (reviewed in Huber 2005), to expect that cohabiting 

pairs have the opportunity to mate more than once. Males often cohabit with juvenile females 

which is consistent with Austad’s (1984) predictions for case of first sperm precedence but have 

also been observed cohabiting with adults. As C. foliata are entelegyne spiders with “conduit” or 

“one-way” type copulatory ducts, we may expect them to exhibit first sperm precedence. 

However invertebrate copulatory and fertilisation duct morphology is highly variable which can 

generate significant variation in the strength of first or last sperm precedence (Uhl 2000). For 

this reason, we do not assume whether this species exhibits first or last sperm precedence. 

Given that male C. foliata cohabit with females for longer than required for a single 

copulation, in the present study we aim to assess the impact of males cohabiting with females by 

(1) comparing positions of male and female spiders on their webs when alone and when 

cohabiting, and (2) comparing responses of males and females to simulated prey. If we assume 
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that the probability of prey interception is approximately equal at all points on the mainsheet 

then the centre of the mainsheet (which we call the “hub”) should be the optimal location for the 

spider to sit as it is approximately equidistant to all edges of the web and to the retreat where 

these spiders hide if disturbed. For this reason, we predict males and females will most 

commonly position themselves in the hub when alone. When in pairs, we expect that both sexes 

will spend less time in the hub compared to when alone but that males will spend more time in 

the hub than females as the mainsheet serves as the arena on which males fight each other. Due 

to males and females sharing the web when in pairs, we expect that both will be less likely to 

approach a simulated prey item compared to when alone. Another objective is to describe 

courtship interactions on females' webs, which have not been described before and may be 

useful for understanding mate guarding in this species.  

 

3.3. METHODS 

3.3.1. Courtship observations 

In addition to making observations of male-female interactions in the field, we collected juvenile 

C. foliata for a lab population which included females with a known reproductive history. Each 

spider was housed in a 30×30×60.1 cm mesh enclosure. A wooden retreat was attached to the 

upper rear corner of the enclosure. We modelled these on wētā enclosures devised by Bowie et 

al. (2006). They consist of a (45 × 45 × 150 mm) block of untreated wood with a furrow (18 × 

18 mm) cut two-thirds the length of the block which was placed against the mesh wall. A black 

polyethylene flap was attached to the outside of the cage, covering the retreat. We fed the 

spiders every two days on a mixture of meal worms (Tenebrio moliter), blow flies (Lucilia 

sericata) and locusts (Locusta migratoria). Spiders were misted with water three times a day.  
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 By the time females reached maturation their webs were dense enough to support 

multiple spiders. In order to observe courtship interactions, we introduced a random male to a 

random female’s web and recorded subsequent behaviours for up to 3 hours. 

 

3.3.2. Cohabitation surveying 

We surveyed C. foliata webs at night in Matuku Forest and Bird reserve in West Auckland (36° 

51' 48.3"S 174° 28' 47.7"E). We observed webs on either side of the walking track across the 

2015/2016 and 2016/2017 summer seasons. We could ensure that we did not observe the same 

individuals across the separate seasons as in 2015/2016 the spiders were subsequently collected 

for other research. Meanwhile in the 2016/2017 season we ensured that we did not repeat 

observations of the same spiders by not visiting the same trees.  

 When we found an adult spider in a web we made a note of sex, location in the web and 

whether the spider was solitary or in a pair. The “locations” we included were “retreat” meaning 

at the opening retreat or on the mainsheet immediately outside the retreat, the “hub” referring to 

approximately the centre of the mainsheet, the “web” referring to all remaining parts of the 

mainsheet and “off” indicating that the spider was either on the knock-down threads, on the 

guying threads or just off the mainsheet on the substrate within 10cm of the web.  

To examine whether spiders changed how they responded to a prey stimulus when in a 

pair compared to when alone, we provided an artificial stimulus simulating prey movement in 

the web. In order to standardise the stimuli we used a Wittner tuning fork with a pitch A440 

(440 Hz). We had previously observed that C. foliata females consistently approach a vibrating 

tuning fork when touched to the mainsheet of the web and will attempt to bite it before realising 

that it is not a prey item. In the current study, we would strike the tuning fork and touch the tip 

lightly approximately 20cm from spider’s location. This controlled for differences in web size 

which varied considerably (mean area = 3169.48 cm2, SD = 1220.63). 
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We recorded whether the spider(s) approached, moved away from or did not respond to 

the stimulus. As most individuals either responded within 5 seconds of the stimulus being 

applied or did not respond for more than 30s or with additional applications of the stimulus, we 

did not record latency.  

We surveyed the webs of 62 solitary females, 34 solitary males and 47 adult pairs. We 

collected response data for 35 solitary females, 22 solitary males and 23 pairs. When analysing 

spider locations and responses, we excluded 11/62 of the webs with solitary females, 3/34 webs 

with solitary males and 5/47 webs with pairs in cases when spiders were feeding. We kept this 

data separate to our other location data as a prey item falling into the web would draw one or 

both spiders away from their original location and therefore would not be representative of the 

“preferred” location.  

 

3.3.3. Statistics 

We conducted a χ2 test for homogeneity of variance on contingency tables for female locations 

depending on whether they were alone or in a pair. When tabulating female responses to the 

stimulus, our expected count values for our contingency tables violated the assumptions for a χ2 

test of homogeneity. As the vast majority of responses were either that the female would 

approach or not respond and very few would move away from the stimulus, we pooled negative 

responses and no response together. The resulting contingency table for whether females 

approached the stimulus (with binary responses of yes or no) did not violate the assumptions for 

a χ2 test. 

We calculated odds ratios for the probability that females would take up certain positions 

when in pairs compared to when alone, and for the probability that they would approach a 

stimulus as opposed to move away or not respond. We conducted these same tests for males. All 

analyses were conducted in R version 3.2.0. (R core team 2015). 
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3.4. RESULTS 

3.4.1. Courtship 

We observed 10 instances of courtship. Within these observations, 6 males entered a copulatory 

posture. When males first enter webs occupied by females they may shake the web using their 

whole body. The female orients towards him and, soon after, approaches him. She touches him 

with her forelegs and then may retreat a short distance in the direction of the retreat. The male 

may continue to interact with the female or move past her and enter the retreat. The interactions 

we observed lasted for 93.8s (SD = 168.3s). In one case, a male courted a female for 615s.  

 Often at the entrance of the retreat, the male shakes the web and dorso-ventrally flexes 

his abdomen. If the female approaches he will drum on the web with his first and second pairs of 

legs. The female may angle her cephalothorax away from the web allowing the male to approach 

and place one palp over her epigyne (Fig. 1). When the male moved out of this posture, he 

would either remain on the web a short distance from the female or return to the retreat. 
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The pairs which we observed remained in this copulatory posture for 382.8s (SD = 

212.5). In our observations males only used one palp which was placed over the female’s 

epigyne at all times. We never observed males charging their palps with sperm.   

3.4.2. Cohabitation 

We observed males cohabiting with both adult and subadult females and in one case we found 

an adult male sharing a web with a subadult male. We never observed copulation. When 

surveying for solitary males, we sometimes found individuals on webs produced by 

heterospecifics (e.g. Badumna sp.).  

In addition to sharing webs during the night, males and females can frequently be found 

sharing retreats during the day. Because adult males wander, we expect that these webs and 

retreats belong to the female. We observed that in the morning, when the pair return to the 

retreat, the male will usually enter the retreat first with female following (pers. obs.). Similarly, 

if the pair are disturbed during the night, the male will enter the retreat first regardless of 

whether he or the female is closer to it.  

Fig. 1: Male and female Cambridgea foliata in 

copulatory posture 
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Beyond the occasional observation from other research of marked males appearing in 

different females’ webs over subsequent nights, we do not have data to show how many females 

a male may encounter in his lifetime for C. foliata. However, McCambridge (2017, pers. comm.) 

marked and recaptured 3 adult males (of 26 C. plagiata) after 29, 43 and 49 days. While we 

cannot extrapolate these findings to the survival rate of males in general, these males at least 

should have had multiple opportunities to find females.  

 

3.4.3. Preference for location 

When alone, males and females demonstrated very similar preferences for different locations in 

the web. Solitary females were most often found in the hub of the web or near the retreat (Fig. 2; 

Table 1-2). Similarly, solitary males were most often found in the hub or at the retreat. Indeed, 

the hub was the most frequented location for spiders alone in the web, regardless of sex. The 

second most common location for the spiders was off centre from the hub but more than 10cm 

from the edge of the web. When we observed spiders feeding (both in pairs and alone), they 

were similarly found in or near the hub. 

Male distribution did not change significantly when in a pair compared to when alone 

(χ2= 1.708, df = 2, p = 0.426). Males in pairs were still most often found at the hub although 

they were more likely to be found at the retreat compared to solitary males (OR = 1.77). By 

contrast, we found that females in pairs placed themselves differently on the web compared to 

when alone (χ2= 40.109, df = 2, p < 0.0001). Females in pairs were less likely to be in the hub or 

elsewhere on the mainsheet (OR = 0.346, 0.320 respectively). They were 3.95 times more likely 

to be at the retreat. However, the largest share of females in pairs (38.1%) were found off the 

web entirely. They would be found sometimes on the knock down threads but most frequently 

on the guying threads. They were never seen off the web when alone making it impossible to 

calculate a meaningful odds ratio. 



Chapter 3: Females lose feeding opportunities when cohabiting 

53 
 

  

Table 2: Positions of male C. foliata on webs 

Location Solitary Pair Total 

Hub 16 20 36 

Retreat 5 12 17 

Web 10 10 20 

Off 0 0 0 

Total 31 42 73 

 

Table 1: Positions of female C. foliata on webs 

Location Solitary Pair Total 

Hub 28 8 36 

Retreat 4 13 17 

Web 19 5 24 

Off 0 16 16 

Total 51 42 93 

 

Fig. 2: Proportion of webs in which a) females and b) males were found in the 

hub, retreat, mainsheet (web) or off the web depending on whether the spider was 

alone or in a pair. 
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3.4.4. Responses to stimulus 

When alone, the majority of males and females would approach our vibratory stimulus (Fig. 3; 

Table 3-4). However, while solitary females almost always approached, males sometimes would 

move away or would not respond. For cohabiting females, we found significant evidence that 

the presence of a male in the web affected the likelihood of approaching a stimulus (χ2 = 42.437, 

df = 1, p = <0.0001). Females in pairs were 31.96 times more likely not to respond or to move 

away from the vibratory stimulus with 20/23 females in pairs not responding to the stimulus at 

all compared to only 1/35 of solitary females. Of the 20 paired females which did not respond, 

10/20 were on the mainsheet (retreat, mainsheet or hub) while 10/20 were off the web (guying 

threads, knockdown threads, off entirely). This suggests that even females who are still in 

contact with the main web (and able to feel the vibration) will often not respond to the stimulus.  

 There was also no evidence that males were more likely to approach a stimulus when 

sharing a web compared to when alone (OR = 0.957; χ2 = 0, df = 1, p = 1).  
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Table 4: Male responses to simulated prey 

Response Solitary Pair Total 

Approach 12 12 24 

Move away 1 7 8 

No response 9 4 13 

 
22 23 45 

 

 

Table 3: Female responses to simulated prey 

Response Solitary Pair Total 

Approach 34 2 36 

Move away 0 1 1 

No response 1 20 21 

 
35 23 58 

 

 

Fig. 3: Proportion of webs in which a) females and b) males approached, moved 

away from or did not respond to the artificial prey stimulus depending on whether 

they were alone or in a pair. 
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3.4.5. Feeding behaviour 

We observed 19 instances of spiders feeding. In total, spiders were most often observed feeding 

in the hub closely followed by elsewhere on the mainsheet (Table 5.). We observed one solitary 

female feeding on the knockdown threads. Within the cohabiting pairs we observed, we only 

saw males feeding. 

 

Table 5: Number of spiders observed feeding in different web localities. 

 
Solitary Pair 

 
Location Male Female Male Female Total 

Web 2 4 1 0 7 

Hub 1 5 2 0 8 

Retreat 0 1 2 0 3 

Off 0 1 0 0 1 

 

3.5. DISCUSSION 

While C. foliata of both sexes most frequently placed themselves in the hub of their web and 

will approach prey when alone, male and female behaviour diverged significantly when 

cohabiting. When in a pair, males were still found most frequently in the hub and would still 

mostly approach stimulus mimicking prey. By contrast cohabiting female were often off the web 

entirely and almost never approached our stimulus. Cumulatively this suggests that cohabitation 

is disadvantageous for females but advantageous for males.  

The C. foliata mating system is best described as “prolonged searching polygyny” 

(Herberstein, Painting & Holwell 2017). It is advantageous for males to find unmated females 

rapidly and males will depart webs in search of other webs. However, at each female’s web, 

males may invest significant time into cohabiting. The hub of the web is equidistant from all 
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edges of the sheet and the retreat suggesting that it is probably the location which minimises 

distance to both prey and to safety. It is unsurprising then that we predominantly found solitary 

females and males in the hub of the web.  

However, while males in pairs largely continued to place themselves in the hub when 

cohabiting, a large proportion of females in pairs were found off the mainsheet entirely. In this 

way, it is unsurprising that so few females responded to vibrational signals given that they were 

less likely to detect the vibrations or be in a position to rapidly take prey. However, even 

females which remained on the mainsheet in the presence of a male were less likely to approach 

the stimulus compared to when alone. In this way, females which cohabit with males for an 

extended period or with a series of males almost certainly forgo most, if not all, foraging 

opportunities. Given that when we observed pairs, we only ever saw the males feeding, it is 

reasonable to expect that, if cohabitation is prolonged, male condition should improve at the 

expense of female condition as has been found in desert spiders (Stegodyphus lineatus; Erez, 

Schneider & Lubin 2005).  

 An extended period of cohabitation would also be particularly advantageous for males if 

travelling between female’s webs is risky (Austad 1984). In other spider species, there is a high 

mortality rate for males travelling in search of females, most likely as a result of predation (e.g. 

Christenson & Goist 1979; Andrade 2003; Berger-Tal & Lubin 2011). It would be worth 

investigating whether this is also true for C. foliata.  

 At least, the value of webs as a source of food is apparent in how males take advantage 

of abandoned webs which, naturally, provide no reproductive opportunities. We sometimes 

observed males in webs previously inhabited by females who had disappeared after storms. We 

even observed one male living on a web built by a house spider (Badumna sp.) suggesting that 

males can be truly opportunistic about finding refuges while roaming. We expect that the 

majority of solitary males we found were inhabiting webs built by spiders other than themselves 
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given that the adult males we kept in the lab did not build webs. This cumulatively suggests that 

male survival is a key advantage of cohabiting.  

Our primary limitation to fully understanding the benefits of cohabiting is that we do not 

yet know how often cohabiting pairs copulate. While we observed males placing only one palp 

over the female’s epigyne during courtship, our males never charged their palps with sperm 

prior to this and we never observed copulation in the cohabiting pairs we found in the field. We 

would expect based on our observations that courtship and copulation should occur at least once 

more, if not on the web during the night then in the retreat during the day. The frequency of 

copulation has significant implications for the value of guarding.  

Furthermore, as we do not know the sperm precedence patterns for this species, it is 

difficult to estimate to what extent cohabitation reduces sperm competition. It is possible that if 

females re-mate, subsequent males may gain a proportion of paternity, making mate-guarding an 

adaptive strategy. C. foliata are entelegyne spiders, generally thought to have first sperm priority 

which should lessen the value of post-copulatory cohabitation (Austad 1984). However, it has 

been demonstrated in other entelegyne spiders that the second male may gain between a 5% 

share of paternity (Frontinella pyramitela, Austad 1982) to near parity (46% in Nephila 

plumipes, Schneider & Elgar 2001) or even the majority (66% in Nephila edulis, Schneider et al. 

2000). Regardless, even if re-mating by the female merely reduces the first male’s share of 

paternity, a male will benefit from mate guarding particularly if there are additional benefits to 

remaining with the same mate.  

Extended cohabitation with adult females is a relatively uncommon form of mate 

guarding in spiders and cohabitation beyond the time required for copulation seems particularly 

uncommon. Furthermore, in New Zealand sheet-web spiders, cohabitation seems particularly 

costly to the female who frequently leaves the mainsheet of her web when in pairs and most 

likely loses foraging opportunities as a consequence. By contrast, cohabitation is highly 
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beneficial for males. Firstly, it helps males to control mating by allowing multiple copulations 

and preventing re-mating by the female. Secondly, it provides males with feeding opportunities 

and likely keeps males safe from heterospecific predators which they may meet when searching. 

Determining when copulation occurs, how frequently it occurs and how sperm competition 

manifests when females mate multiply is critical to understanding the value of cohabitation in 

comparison to searching for additional mating opportunities in this species. However, male and 

female behaviour on webs when in pairs compared to when alone provides an explanation as to 

why males frequently cohabit following copulation rather than continue searching for additional 

mates.  
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4. 
The evolution of positive allometries in New Zealand 

sheet-web spiders (Cambridgea spp.) 

4.1. ABSTRACT 

Positive allometry in male weaponry is a common pattern in animal biology that evolves if 

exaggerated weaponry provides the largest males with an advantage in agonistic contests over 

access to mates. Given this, positive allometry is thought to become steeper in species with 

stronger sexual selection. Using New Zealand sheet-web spiders, Cambridgea spp., I use 

phylogenetic comparative methods to investigate covariation of male chelicerae traits with 

average body size and sexual size dimorphism to examine how weapon traits have evolved 

across a genus, which includes species with a wide range of body sizes. In doing so, I construct 

the first molecular phylogeny for the genus. In this genus, allometric slopes indeed steepen in 

species with larger males, my index for strength of sexual selection. I also find that both relative 

chelicerae length and sexual size dimorphism in chelicerae length is highly conserved despite 

significant differences in body size, indicative of the importance of chelicerae for foraging, 

especially in females. Furthermore, male and female morphologies track each other very closely 

across my species, suggesting a degree of genetic linkage, and I propose that changes in average 

species size across the genus is the result of changes in female body size as a result of ecological 

factors.   
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4. 2. INTRODUCTION 

Exaggerated animal weaponry exists in males of a wide range of taxa with diverse forms and 

degrees of complexity (Emlen 2008). These structures are frequently the product of sexual 

selection and often arise in species in which males defend females or resources important to 

females (e.g.: magnolia green jumping spider, Lyssomanes viridis, Tedore & Johnsen 2012; 

shore crabs, Carcinus maenas, Sneddon, Huntingford, & Taylor, 1997; tusked wasps, Synagris 

cornuta, Longair 2004; bighorn rams, Coltman et al. 2002). They also frequently exhibit 

positive static allometry in which large individuals possess disproportionately large weapons 

(Petrie 1988; Kodric-Brown, Sibly & Brown 2006).  

While positive allometry can result from different forms of selection and sexual selection 

can, in turn, generate a range of scaling relationships (Bonduriansky 2007), the positive 

allometry observed in weapons results from larger weapons endowing an advantage in 

intrasexual competition (Petrie 1988; Emlen 2008) or being more attractive to potential mates as 

indicators of quality (Green 1992; Berglund, Bisazza & Pilastro 1996). That is, positive 

allometry results from net selection for trait exaggeration in the largest males, provided that 

exaggeration confers greater advantages for larger individuals, more so than further investment 

in body size (Bonduriansky & Day 2003). Alternatively, developing and bearing exaggerated 

weaponry may be disproportionately costly for small males who may adopt an alternative 

reproductive tactic which does not require such weapons, in this way generating a positive 

scaling relationship (Taborsky & Brockmann 2010).  

In the context of intrasexual competition between males, positive allometry may allow 

combatants to more accurately assess each other’s resource holding potential (RHP; Arnott & 

Elwood 2009) by amplifying more subtle differences in body size. This may allow less costly 

resolutions to contests over mating opportunities (Emlen & Nijhout 2000). Alternatively, 
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positive allometry in weaponry could evolve if larger weapons provide larger males with a 

definitive advantage in fights (Bonduriansky & Day 2003).  

Slightly less attention has been paid to the persistence of small males with 

disproportionately small weapons. To explain this, Emlen & Nijhout (2000) suggest that both 

disproportionately small and large phenotypes are maintained in the population as the product of 

a heritable scaling relationship (a type of reaction norm) whereby there is differential trait 

expression of the same genotype (for weapon size) across different body sizes depending on 

environmental variables such as food availability. In particular, Emlen et al. (2012) identify an 

insulin-like growth factor (IGF) signalling pathway in rhinoceros beetles (Trypoxylus 

dichotomus) with horn tissues having heightened sensitivity to the physiological correlates of 

foraging success. In this way, the expression of disproportionately small or large traits has 

environmental/nutritional origins. Furthermore, it is expected that some small males will 

nevertheless gain a degree of mating success provided that males occasionally encounter 

unguarded females (Fromhage & Kokko 2014).  

As a consequence, selection acts upon the characteristics of the scaling relationships 

between weapon and body size rather than on absolute weapon size itself. Studies of artificial 

selection have shown that selecting for individuals with a certain ratio of trait to body size can 

dramatically change scaling relationships in fruit flies (Drosophila melanogaster, Weber 1990), 

stalk-eyed flies (Cyrtodiopsis dalmanni, Wilkinson 1993) and beetles (Onthophagus 

acuminatus, Emlen 1996) over a small number of generations. Allometries can evolve to change 

in slope, intercept and even become non-linear although it is generally thought that slope is more 

conserved than changes in intercept (Perl, Rossoni & Niven 2017). While changes in intercept 

are indicative of a change in average size, changes in allometric slopes entails proportional 

changes which may have detrimental impacts on the function of other traits (Bolstad et al. 2015)  
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In contrast to the evolution of static allometry discussed above, evolutionary allometry 

describes covariation of mean trait values with body size across different species (Bonduriansky 

2007). Studying covariation of traits such as weapon size across closely related species makes it 

possible to determine how selective pressures may be driving changes. However, as one would 

expect more closely related species to be more similar than more distantly related taxa, 

comparing morphological traits must account for relative phylogenetic relatedness to avoid 

pseudo-replication (Garamszegi 2014). Phylogenetic comparative methods account for this by 

incorporating evolutionary relationships into their error structure for analysis (Losos 2011). 

Such techniques have been used to examine the evolution of behavioural traits such as the 

relative importance of seismic and visual signalling in wolf spiders (Schizocosa spp.; Hebets et 

al. 2013) but are most commonly used to study the divergence of morphological traits. These 

include the relationship between humerus size and shape in subterranean moles (Talpinae; 

Sansalone et al. 2017); genitalic traits in dung beetles (Onthophagus spp.; Macagno et al. 2011) 

and in nephilid spiders (Kuntner, Coddington & Schneider 2009); and relationships between 

antennal morphology and plant associations in chalcicoid wasps (Symonds & Elgar 2013)  

When applied to the evolution of weaponry, comparative methods have shown that, in 

species with stronger sexual selection, weapons are likely to be larger (e.g. Bovidae, Bro-

Jørgensen 2007; porcelain crabs, Petrolisthese, Baeza & Asorey 2012) and/or will have steeper 

allometric slopes (e.g. dobsonflies, Platyneuromus, Ramirez-Ponce, Garfias-Lozano & 

Contreras-Ramos 2017; stalk-eyed flies, Diopsidae, Voje & Hansen 2012). Indices for strength 

of sexual selection rely heavily on measuring sexual size dimorphism in both weapon size and 

body size, frequently assuming that the female phenotype is only influenced by natural selection 

while the male phenotype is acted upon by both sexual and natural selection (Bro-Jørgensen, 

2007).  
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In the present study I examine the evolution of weapon traits using a genus of sheet-web 

spiders endemic to New Zealand (Cambridgea L. Koch 1872; Desidae) as a focal group. With 

30 extant described species (and at least one undescribed; Paquin, Vink & Dupérré. 2010), 

males of species within this genus invariably bear exaggerated chelicerae which are significantly 

larger than those of conspecific females. Males are also a similar size to females and in some 

cases slightly larger. Previously I have demonstrated in two species that males will lock their 

chelicerae together when fighting for access to females and have proposed that long chelicerae 

will be selected for in large males who are more likely to be involved in escalated fights 

(Cambridgea foliata, Chapter 2). Similar behaviour has also been observed in the species 

Cambridgea plagiata (McCambridge 2007).  

In this study I investigate the evolution of exaggerated chelicerae in males and of 

positive allometries of those chelicerae, in particular how chelicerae vary among closely related 

species and how they covary with other morphological traits related to sexual selection, in 

general, and male-male competition specifically. Weapon traits of interest include chelicerae 

length, allometric slope and intercept, and size of male chelicerae relative to body size (i.e. 

chelicerae length / cephalothorax width). To better understand the variation in these traits in the 

broader context of sexual selection I also consider how these traits vary between males and 

females.  

To achieve this, I generate a molecular phylogeny to be incorporated into my analyses. 

Using morphological and molecular information I estimate the strength of phylogenetic signal in 

each morphological trait, estimate ancestral node values and examine how pairs of traits covary 

to better understand how weapon traits evolve or are constrained.  

Within this genus, when sexual selection via male-male competition is significant I 

would expect to find more exaggerated chelicerae and/or steeper allometric slopes. Males are 

likely to be larger in species in which there is stronger male-male competition for females as 
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body size is a significant predictor of fight outcomes. This is frequently the case in mammals 

and has been proposed as an explanation in several invertebrate examples of male-biased sexual 

size dimorphism (see: Schütz & Taborsky, 2011; Macedo et al., 2013) and it has been 

demonstrated in both C. foliata and C. plagiata. Due to the importance of male body size in 

contests, I suggest that chelicerae are likely to have steeper allometric slopes or be larger 

absolutely in species which also have larger body sizes or which have greater male-biased size 

dimorphism. Given that male chelicerae are also likely to be under fewer selection pressures 

compared to body size, I would also expect that weapon size will be more labile than body size 

and that closely related species are more likely to be similar in size but could differ in their 

chelicera traits. 

  

4.3. METHODS 

4.3.1. Study taxa 

To date there has been no phylogenetic work conducted for Cambridgea. However there have 

been several taxonomic treatments with Forster and Wilton (1973) collating the 14 species 

discovered to that point and Blest and Vink (2000) adding an additional 16 species. The latter 

organised Cambridgea into 8 distinct species groups (Table 1) based on a small number of 

diagnostic characteristics including stridulatory organs, tibial apophyses and cymbial contents 

for males and sclerotized surfaces on the female epigyne.  

 

4.3.1. Measurements 

I measured both live specimens in the field and preserved specimens at a range of collections 

between November 2014 and May 2017. The collections I accessed were the Entomology 

Research museum, Lincoln University (LUNZ); the Museum of New Zealand Te Papa 
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Tongarewa, Wellington (MONZ); the New Zealand Arthropod Collection, Landcare research 

(NZAC); Auckland War Memorial Museum, Auckland (AMNZ); and Otago museum (OMNZ). 

Using hand callipers (accurate to 0.01mm) I measured cephalothorax width and 

chelicerae length. I measured 43 specimens twice to conduct a repeatability test. Measurements 

had high repeatability for both chelicerae length (0.985) and cephalothorax width (0.962) 

suggesting that only 1.5% and 3.8% of variation observed in my measurements in those traits 

are the result of measurement error (Whitlock & Schulter 2009) 

 I calculated a sexual size dimorphism index for both cephalothorax width and for body 

size using the method outlined by Lovich, Gibbons and Agha (2014) in which: 

SDI = (female body size/male body size) – 1 

In his index, negative values indicate male-biased sexual size dimorphism and positive values 

indicate female-biased size dimorphism. An SDI = 0 indicates monomorphism. This index has 

been used in a range of studies including those on nephilid spiders (Kuntner & Cheng 2016), 

tree frogs (Scinax fuscovarius, Goldberg et al. 2018) and slider turtles (Trachemys scripta, 

Gibbons & Lovich 1990).  

4.3.2. Molecular phylogeny 

4.3.2.1. Taxon sampling  

I collected 12 Cambridgea species across New Zealand and from the Chatham Islands with 

representatives from all but one of Blest and Vink’s (2000) eight morphological groups, one of 

which (group 5) I attempted but failed to collect (Table 1). Collection details are included in 

Table B.1 (Appendix B). Blest and Vink’s (2000) groups were based on male characters and at 

the time the small Northland species Cambridgea reinga was known only from females. Blest 

and Vink (2000) described the male as Nanocambridgea grandis and the two species were not 

synonymised until later (Vink et al. 2011b). I have chosen to place C. reinga within Group 8 
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incerta sedis, which includes species that could not be sorted into one of the other groups. I 

identified species using the following references (Forster & Wilton 1973; Blest & Vink 2000; 

Vink et al 2011b). I collected specimens under Department of Conservation permits 45478-

FAU, 45668-FAU and 54050-RES. 

Cambridgea was recently reassigned from the family Stiphidiidae to the family Desidae, 

subfamily Porteriinae (Wheeler et al. 2016). They were joined in this subfamily by Ischalea 

spinipes and Nanocambridgea, two species also previously assigned to Stiphidiidae. To take this 

change into account, I sampled Badumna insignis, Ischalea spinipes and Nanocambridgea 

gracilipes as representatives from within Desidae with Nanocambridgea generally considered 

sister to Cambridgea. I also sampled Stiphidion facetum as an outgroup and as the type species 

of the previous family Cambridgea belonged to, Stiphidiidae.  

Specimens were stored in 90% ethanol at -20°C. 
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Table 1: Morphological groupings devised by Blest and Vink (2000) for the Cambridgea genus. 

Taxa sampled in my study marked in bold.  

Morphological group (Blest & 
Vink 2000) 

Species in group 

Group 1 
Grouping is based on tibial 
apophyses. 

C. antipodiana (White), C. longipes n. sp, C. elongata n. 
sp, C. quadromaculata Blest and Taylor, C. fasciata L. 
Koch, C. agrestis Forster and Wilton, C ambigua n.sp, C. 
australis n. sp, C. inaequalis, C. peelensis.   

Group 2 
Grouped based on similarity to 
C. arboricola. Distinct male 
apophyses 

C. obscura n. sp, C. solanderensis n. sp, C. insulana n. sp, 
C. arboricola (Urquhart) 

Group 3 
Includes species closely related 
to C. plagiata – males lack 
distinct stridulatory organs. 

C. decorata n. sp, C. mercurialis n. sp, C. plagiata Forster 
and Wilton.   

Group 4 
Strongly developed stridulation 
organ.  

C. annulata Dalmas. 

Group 5 
Based on very few specimens. 
Unusual tibial apophyses.  

C. occidentalis, C. sylvatica, C. peculiaris. 

Group 6 
Similar and unusual stridulation 
organs but distinct tibial 
apophyses. 

C. pallidula n. sp, C. ordishi. 

Group 7 
Large species C. foliata (L. Koch).  

Group 8 
Uncertain affinities.  C. elegans n. sp, C. tuiae n. sp, C. reinga*  

*C. reinga was assigned after 
publication.  
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4.3.2.2. Extractions and amplification 

To construct a phylogenetic tree for the genus Cambridgea I attempted to sequence 

mitochondrial cytochrome c oxidase subunit I (‘COI’), nuclear genes histone H3 (‘H3’) and 

actin 5C, and two internal transcribed spacer regions (ITS1 and ITS2) (Table 2). COI has been 

used to study phylogenetic relationships in species from a range of spider families (Vink et al 

2011b; Ceccarelli & Crozier 2007; Lattimore et al. 2011; Vink et al 2008b). While COI is 

relatively fast evolving which makes it useful for resolving more recent speciation events (Hedin 

& Maddison 2001), H3 by contrast is relatively conserved.  

I extracted DNA non-destructively from 1–2 legs using a ZR Genomic DNA™-Tissue 

MiniPrep kit (Zymo Research) based on protocols outlined by Paquin & Vink (2008). To 

sequence a ~700 bp fragment of COI I used LCO1490 (5’-

GGTCAACAAATCATAAAGATATTGG-3’) and HCO2198 (5’-

TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al. 1994). I amplified DNA using 

FastStartTM Taq DNA polymerase (Roche Diagnostics) in a Veriti® 96-well thermal cycler 

(Applied Biosystems) with a cycling profile of 40 cycles of 95 ºC denaturation (45 s), 50 °C 

annealing (45 s), 72 ºC extension (45 s) with an initial denaturation of 4 min at 95 ºC and a final 

extension of 10 min at 72 ºC.  

To sequence a ~350 bp fragment of histone H3 I used H3aF (5’-

ATGGCTCGTACCAAGCAGACVGC-3’) and H3aR (5’-

ATATCCTTRGGCATRATRGTGAC-3’) (Colgan et al. 1998). I amplified DNA with a cycling 

profile of 34 cycles of 94 ºC denaturation (60 s), 54 °C annealing (60 s), 72 ºC extension (60 s) 

with an initial denaturation of 5 min at 95 ºC and a final extension of 10 min at 72 ºC.  

To sequence a ~1040 bp fragment of actin 5C I used Actin5C-F-229 (5’-

AAGTATCCNATTGAGCATGGTATTG-3’) and Actin5C-R-1057 (5’-
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TTNGADATCCACATTTGTTGGAA-3’) (Vink et al. 2008a). I first tried to amplified DNA 

with a cycling profile of 35 cycles of 95 ºC denaturation (45 s), 48 °C annealing (45 s), 72 ºC 

extension (60 s) with an initial denaturation of 2 min at 95 ºC and a final extension of 10 min at 

72 ºC. My samples did not amplify at this annealing temperature or any other between 45–57°C.  

To sequence a ~1000 bp fragment of ITS, I used two combinations of primers. The first 

was CAS18sF1 (5’-TACACACCGCCCGTCGCTACTA-3’) and CAS28sB1d (5’-

TTCTTTTCCTCCSCTTAYTRATATGCTTAA-3’) (Vink et al. 2008a). I amplified DNA using 

a cycling profile of 40 cycles of 94 ºC denaturation (30 s), 55 °C annealing (40 s), 72 ºC 

extension (60 s) with an initial denaturation of 3 min at 94 ºC and a final extension of 5 min at 

72 ºC. Gel electrophoresis of my amplicons consistently produced two bands with multiple 

peaks appearing on the DNA sequence electropherogram. So I adopted a different pair of 

primers, CAS18sF1 and ITS-28S (5’-TCCTCCGCTTATTGATATGC-3’) (White et al. 1990). 

My cycling profile initially consisted of 40 cycles of 94 ºC denaturation (30 s), 55 °C annealing 

(40 s), 72 ºC extension (60 s) with an initial denaturation of 3 min at 94 ºC and a final extension 

of 5 min at 72 ºC. I trialled a range of annealing temperatures (55–58°C) and while my samples 

amplified at all temperatures tested, I were only able to isolate a single band at 58°C.  

Table 2: Gene regions and associated primers used to generate sequences for Cambridgea genus 

Gene region Primer name Sequence (5’-3’) Annealing 
temp (˚C) 

Length 
(bp) Reference 

COI LCO1490 GGTCAACAAATCATAAAGATATTGG 50 ~700 Folmer et 
al. 1994 HCO2198 TAAACTTCAGGGTGACCAAAAAATCA 

H3 H3aF ATGGCTCGTACCAAGCAGACVGC 54 ~350 Colgan et 
al. 1998 H3aR ATATCCTTRGGCATRATRGTGAC 

ITS* 

CAS18sF1 TACACACCGCCCGTCGCTACTA 
55 ~1000 Vink et al. 

2008a 
CAS28sB1d TTCTTTTCCTCCSCTTAYTRATATGCTTAA 

ITS-28S TCCTCCGCTTATTGATATGC 58 - White et al. 
1990 

* A range of annealing temperatures were used to no success.  
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4.3.2.3. Sequencing and phylogenetic analyses 

Sequencing for ITS frequently failed. I ran what ITS sequences I could get through a standard 

nucleotide BLAST. I frequently found that they were fungal contaminants. For this reason, I 

abandoned ITS. ITS produced similar results in other studies (e.g. Vink & Dupérré 2010). COI 

and H3 Sequences were aligned and edited in Geneious 11.0.3 (http://www.geneious.com, 

Kearse et al., 2012). I estimated model parameters for each gene (COI, H3) using jModelTest 

2.1.10. (Darriba et al. 2012) and conducted model selection using the Akaike information 

criterion (Akaike 1978). Bootstrap consensus trees were conducted in Geneious using the 

PHYML 2.2.3 extension (Guindon et al. 2010) and I used MrBayes 2.2.4 (Huelsenbeck & 

Ronquist 2001) to generate Bayesian consensus trees. Five MCMC runs were conducted each 

using four chains for 10 million generations, with every 2000 generations sampled. The first 

1000 (20%) samples from each of the analyses were discarded as burn-in. The remaining 4501 

samples were used to calculate the posterior probabilities for nodal support. COI trees were 

constructed using GTR+I+Γ model with shape parameter = 1.012 and proportion of invariable 

sites = 0.565. H3 trees were constructed using K80+Γ model with shape parameter = 0.325. Due 

to differences in topology between the two trees I opted not to concatenate the sequences.  

To conduct comparative morphological analyses, I estimated a Bayesian and ML species 

tree using COI sequences from a representative of each species (for list of specimens see Table 

B.1) with model parameters estimated using model selection in jModelTest 2.1.10. My trees 

were constructed using the GTR+I+Γ model with shape parameter = 0.912 and proportion of 

invariable sites = 0.580. Maximum likelihood and Bayesian inferences produced species trees 

with slightly different topologies, due the similarity of the Bayesian inference species tree to or 

full COI tree, I opted to continue with it and disregard my maximum likelihood tree. 
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4.3.3. Statistical analyses  

4.3.3.1. Allometry  

I estimated the allometric relationship between the natural logs of cephalothorax width and 

chelicera length for each sex of each species using ordinary least squares and tested whether the 

allometric slope was >1, indicating positive allometry (Kilmer & Roderiguez 2017). I calculated 

allometric slopes using ordinary least squares. I conducted analyses in R 3.4.1. (R core team 

2015) using the package smatr (Warton et al. 2012). Due to the small number of individuals 

available for C. reinga and C. pallidula I excluded them from any analyses involving allometric 

relationships.  

 

4.3.3.2. Morphological measures 

To account for intraspecific variation and differences in sampling effort I used Bayesian MCMC 

to generate estimates of average trait values which account for the significant differences in 

sampling effort between different species (Garamszegi & Møller 2010). Using the phytools 

package (Revell 2012) I calculated posterior means for species characteristics based on 100,000 

generations sampling each 100 generations with a burn-in of 20,000 generations to provide 

estimates of true means for certain traits accounting for phylogeny while taking into account 

measurement effort (Revell & Reynolds 2012). Tables B.2 and B.3 show my estimated trait 

values for each species against arithmetic means. However, as arithmetic means were very 

similar to my posterior estimates, I used arithmetic means when analysing trait evolution.  

 

4.3.3.3. Estimating Pagel’s λ for morphological characters 

To estimate phylogenetic signal for in individual continuous traits, I use my species trees and 

average trait values to calculate Pagel’s λ (Pagel 1999) and Blomberg’s K (Blomberg, Garland 

Jr. & Ives 2003). As Pagel’s λ is calculated based on the residuals of a single trait, or on the 
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residual errors from the regression of two traits, I calculated λ separately for each morphological 

trait and for each regression for pairs of focal traits (Symonds & Blomberg 2014).  

Münkemüller et al. (2012) demonstrate that Pagel’s λ is the best index for phylogenetic 

signal although it, like other indices, has higher rates of type II error when the sample size of 

species is small (<30). Blomberg’s K is slightly more accurate with smaller samples sizes 

although with a sample size <20 my estimates are still likely to be imprecise. Unfortunately, 

Pagel’s λ is currently more widely used in statistical packages. Therefore, in later analyses I use 

estimates of Pagel’s λ but estimate both λ and Blomberg’s K for individual continuous 

morphological characters. Due to the small sample size it is not meaningful to conduct 

significance tests on my estimates for phylogenetic signal (Symonds & Blomberg 2014).  

I log-transformed raw measurements of morphology (e.g. cephalothorax width and 

chelicerae) length in order to make comparisons between species and to calculate allometries. 

However relative sizes and sexual size dimorphisms were calculated using untransformed data. I 

fit maximum likelihood models to estimate Pagel’s λ for these traits using the package phytools 

(Revell 2012).  

   

4.3.3.4. Ancestral state reconstruction 

Using the ace function from the R package ape (Paradis & Claude 2004), I estimated ancestral 

states for male and female cephalothorax width, male chelicerae length and sexual dimorphism 

indices for both cephalothorax width and chelicerae length. While the function estimates values 

for ancestors at each node on the provided tree, I selected only 8 key nodes of interest for 

presentation.  
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4.3.3.5. Correlations between morphological traits 

Due to my small sample size (< 20 species) PGLS would most likely underestimate 

phylogenetic signal (Münkemüller et al. 2012). For this reason, in addition to using the 

maximum likelihood method of estimating phylogenetic signal with the comparative.data 

function in R package caper (Orme et al. 2013), I also conduct the analyses using a fixed, 

maximum value of phylogenetic signal (i.e. λ = 1). I included measurements of a single male 

and female Nanocambridgea gracilipes for analyses involving cephalothorax width (male = 

1.87mm, female = 1.31mm) and chelicerae length (male = 1.96mm, female = 1.9mm).  

I conducted PGLS to examine the covariation among a range of traits using the 

phylogeny I produced to account for degree of relatedness. In particular I investigated how male 

allometric slope and intercept scaled with cephalothorax width and chelicerae length; how 

allometric slope and intercept in males scaled with each other; and how relative chelicerae size 

scaled with cephalothorax width and absolute chelicerae length. I also examined how male and 

female traits and indices for sexual dimorphism co-varied, specifically: how sexual dimorphism 

with respect to cephalothorax width and chelicerae length co-varied with male and female body 

size; how male and female chelicerae and cephalothorax sizes co-varied, and how sexual 

dimorphism in chelicerae length varied with changes in sexual size dimorphism.  

 

4.4. RESULTS 

4.4.1. Species morphology and allometries  

The largest species studied were C. foliata and C. plagiata while C. reinga was the smallest 

species. Across all species there was very little evidence of sexual size dimorphism with respect 

to cephalothorax width but male chelicerae were consistently longer than those of conspecific 

females (Table 3, Fig. 1). Males of all but one species had positively allometric chelicerae while 

all females possessed weakly negatively allometric chelicerae or allometries which were not 
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significantly different to a slope of 1 (Table 4; Fig. 2). Of the species studied, C. plagiata had 

the steepest male allometric slope (β1 = 1.49, 95% CI = 1.31, 1.68). I did not find evidence that 

allometric slopes for male C. ambigua and C. fasciata were significantly different to 1 (C. 

ambigua: r14 = -0.0861, p = 0.749; C. fasciata: r32 = 0.114, p = 0.533).  
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Fig. 1: Distributions of cephalothorax widths (top) and chelicerae lengths (bottom) for males (filled) and females (unfilled). Box indicates 

interquartile range with internal line marking median body size. Upper and lower whiskers span upper and lower quartiles respectively. 
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Table 3: Descriptive statistics for male and female chelicerae lengths and cephalothorax widths for Cambridgea spp. included in molecular phylogeny 

Species 
 

Male 
chelicerae 

length (mm) 

Female 
chelicerae 

length (mm) 

Male 
cephalothorax 

width (mm) 

Female 
cephalothorax 

width (mm) 

Male Chelicerae 
length/Cephalothorax 

width  

Female Chelicerae 
length/Cephalothorax 

width  

Cambridgea ambigua 
nm=16 
nf=12 

x̄=4.39 
SD= 0.614 

x̄=2.94 
SD= 0.483 

x̄=4.21 
SD= 0.421 

x̄=3.85 
SD= 0.732 

x̄ = 1.043 
SD=0.0973 

x̄ = 0.769 
SD=0.053 

Cambridgea annulata 
nm=117 
nf=63 

x̄=4.43 
SD= 1.27 

x̄=3.65 
SD= 0.666 

x̄=4.25 
SD= 0.869 

x̄=4.56 
SD= 0.771 

x̄ = 1.028 
SD=0.1322 

x̄ = 0.800 
SD=0.0586 

Cambridgea antipodiana 
nm=56 
nf=89 

x̄=4.44 
SD= 1.38 

x̄=3.20 
SD= 0.774 

x̄=4.30 
SD= 0.908 

x̄=4.17 
SD= 0.940 

x̄ = 1.019 
SD=0.149 

x̄ = 0.767 
SD=0.0604 

Cambridgea arboricola 
nm=23 
nf=35 

x̄=4.57 
SD= 1.31 

x̄=3.25 
SD= 0.523 

x̄=4.58 
SD= 0.938 

x̄=4.29 
SD= 0.617 

x̄ = 0.983 
SD=0.121 

x̄ = 0.758 
SD=0.0438 

Cambridgea fasciata 
nm=32 
nf=21 

x̄=3.62 
SD= 0.772 

x̄=2.50 
SD= 0.489 

x̄=3.55 
SD= 0.6286 

x̄=3.22 
SD= 0.565 

x̄ = 1.017 
SD=0.114 

x̄ = 0.775 
SD=0.0697 

Cambridgea foliata 
nm=152 
nf=98 

x̄=5.91 
SD= 1.20 

x̄=4.41 
SD= 0.605 

x̄=5.72 
SD= 0.847 

x̄=5.73 
SD= 0.599 

x̄ = 1.025 
SD=0.0992 

x̄ = 0.771 
SD=0.0715 

Cambridgea obscura 
nm=11 
nf=20 

x̄=4.82 
SD= 1.41 

x̄=3.63 
SD= 0.453 

x̄=4.71 
SD= 0.906 

x̄=4.69 
SD= 0.557 

x̄ = 1.004 
SD=0.125 

x̄ = 0.774 
SD=0.0467 

Cambridgea pallidula 
nm=5 
nf=19 

x̄=2.82 
SD= 0.846 

x̄=2.45 
SD= 0.281 

x̄=3.03 
SD= 0.365 

x̄=3.08 
SD= 0.267 

x̄ = 0.918 
SD=0.169 

x̄ = 0.795 
SD=0.0517 

Cambridgea peenlensis 
nm=12 
nf=15 

x̄=4.52 
SD= 1.09 

x̄=3.54 
SD= 0.601 

x̄=4.80 
SD= 0.828 

x̄=4.43 
SD= 0.575 

x̄ = 1.00 
SD=0.0729 

x̄ = 0.797 
SD=0.0587 

Cambridgea plagiata 
nm=130 
nf=49 

x̄=5.88 
SD= 1.38 

x̄=4.67 
SD= 0.707 

x̄=5.93 
SD= 0.841 

x̄=5.96 
SD= 0.815 

x̄ = 0.983 
SD=0.153 

x̄ = 0.777 
SD=0.101 

Cambridgea quadromaculata 
nm=29 
nf=56 

x̄=4.50 
SD= 1.00 

x̄=3.34 
SD= 0.410 

x̄=4.31 
SD= 0.697 

x̄=4.24 
SD= 0.537 

x̄ = 1.04 
SD=0.109 

x̄ = 0.792 
SD=0.0685 

Cambridgea reinga 
nm=10 
nf=3 

x̄=2.89 
SD= 0.927 

x̄=1.89 
SD= 0.320 

x̄=2.52 
SD= 0.456 

x̄=2.43 
SD= 0.439 

x̄̄=1.123 
SD=0.239 x̄̄=0.780, SD=0.00902 
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Fig. 2: Allometric slopes (± SE) for males (filled) 

and females (unfilled) for Cambridgea species. 

Dashed line indicates slope of 1. 
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Table 4: Estimated allometric slopes and slope test results for males and females based on log-transformed chelicerae lengths and cephalothorax widths. The 

slope test determines the extent to which the estimated slope deviates from a given value (1) with a test statistic r representing the correlation between residuals 

and fitted values. 

Species 
 

βM 
(95% CI) 

βF 
(95% CI) 

Male Intercept 
(95% CI) 

Female Intercept 
(95% CI) Male slope test Female slope test 

Cambridgea ambigua nm=16, 
nf=12 

0.92 
(0.397, 1.44) 

0.826 
(0.610, 1.04) 

0.066 
(-0.261, 0.393) 

-0.0145 
(-0.141, 0.112) 

r14=-0.0861, 
p=0.749 

r10=-0.493, 
p=0.103 

Cambridgea annulata 
nm=117, 
nf=63 

1.34 
(1.242, 1.44) 

1.01 
(0.899, 1.11) 

-0.204 
(-0.267, -0.141) 

-0.102 
(-0.172, -0.0320) 

r115=0.530, 
p<0.0001 

r61=0.0139, 
p=0.914 

Cambridgea antipodiana 
nm=56, 
nf=89 

1.4 
(1.251, 1.55) 

1.03 
(0.961, 1.10) 

-0.246 
(-0.341, -0.151) 

-0.136 
(-0.179, -0.0922) 

r53=0.591, 
p<0.0001 

r87=0.0935, 
p=0.383 

Cambridgea arboricola nm=23, 
nf=35 

1.38 
(1.17, 1.60) 

1.01 
(0.881, 1.14) 

-0.261 
(-0.404, -0.117) 

0.127 
(-0.209, -0.0461) 

r21=0.624, 
p=0.001 

r33=0.0283, 
p=0.872 

Cambridgea fasciata 
nm=32, 
nf=21 

1.07 
(0.849, 1.29) 

1.03 
(0.786, 1.28) 

-0.0319 
(-0.152, 0.0879) 

-0.13 
(-0.255, -0.00414) 

r30=0.114, 
p=0.533 

r19=0.0651, 
p=0.779 

Cambridgea foliata nm=152, 
nf=98 

1.31 
(1.22, 1.39) 

0.938 
(0.770, 1.11) 

-0.222 
(-0.287,-0.157) 

-0.0657 
(-1.93, 0.0614) 

r150=0.499, 
p<0.0001 

r95=-0.0751, 
p=0.464 

Cambridgea obscura 
nm=11, 
nf=20 

1.56 
(1.29, 1.83) 

0.964 
(0.717, 1.21) 

-0.376 
(-0.557, 0.195) 

-0.088 
(-0.254, 0.0778) 

r9=0.844, 
p=0.001 

r18=-0.0712, 
p=0.766 

Cambridgea peenlensis nm=12, 
nf=15 

1.31 
(1.11, 1.50) 

0.24 
(0.942, 1.53) 

-0.198 
(-0.326, -0.0690) 

-0.252 
(-0.443, -0.0619) 

r10=0.735, 
p=0.00647 

r13=0.435, 
p=0.106 

Cambridgea plagiata 
nm=130, 
nf=49 

1.49 
(1.31, 1.68) 

0.894 
(0.667, 1.12) 

-0.391 
(-0.535, -0.248) 

-0.0259 
(-0.202, 0.150) 

r128=0.419, 
p<0.0001 

r47=-0.136, 
p=0.353 

Cambridgea quadromaculata nm=29, 
nf=56 

1.24 
(0.988, 1.49) 

0.748 
(0.581, 0.915) 

-0.136 
(-0.294, 0.0216) 

0.0541 
(-0.0504, 0.159) 

r27=0.353, 
p=0.0608 

r54=-0.381, 
p=0.00380 
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4.4.2. Molecular phylogeny  

My final alignments contained 588 base pairs for COI and 315 for H3. Trees constructed via 

Bayesian and ML inference were almost identical for COI. My gene trees for H3 differed both 

with each other and to COI. The Bayesian phylogenetic tree for COI is presented (Fig. 3 but see 

Fig. 4) with both Bayesian and ML trees for H3 (Fig. 5 and Fig. 6 respectively).  

 

4.4.2.1. COI gene tree  

Based on my ML and Bayesian inferences COI tree (Fig. 3) I have support for monophyly of 

Cambridgea with respect to sampled outgroups (posterior probability/ML bootstrap: 

0.999/67.2). 

Based on the molecular phylogeny I can divide Cambridgea into five monophyletic 

clades (A–E). Based on my ML COI tree these relationships are best described as (A+ ((B + C) 

+D)) + E. However, there is weak evidence for the node splitting clades B and D (51.8/*). My 

Bayesian tree for COI is not dichotomous and is best described as (A + (B + C) + D) + E.  

Clade A contains three North Island species, C. pallidula, C. foliata and C. fasciata all of 

which are sympatric in the Wellington region. I was unable to find reciprocal monophyly for C. 

foliata and C. fasciata but there was support to separate that complex from C. pallidula 

(73.9/0.998). 

Clade B contains C. annulata and C. reinga, which are limited to the Chathams Islands 

and Northland, respectively. I was unable to find reciprocal monophyly for the two species in 

this clade. However, I found support to separate this pair of species from Clade C, which 

contains C. ambigua and C. peelensis (92.9/0.990). While I found monophyly for C. peelensis, 

C. ambigua is paraphyletic in my results.  
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Clade D contains South Island species. I found little evidence for separating both C. 

arboricola and C. obscura, and C. antipodiana and C. quadromaculata although with support 

for separating each pair (78.2/1) 

Clade E contains C. plagiata, a cave and cliff dwelling species from the central North 

Island. There is strong evidence to support its placement as a sister species to the other clades 

(99.1/1).  

Based on the within-family outgroups I sampled I have evidence to support 

Nanocambridgea as monophyletic with respect to Cambridgea (67.2/0.999) and is most likely 

its sister genus.  

However, there is little correlation between my phylogeny and Blest & Vink’s (2000) 

groupings (Fig. B.1.).  
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4.4.2.2. H3 gene tree 

My ML tree for H3 produced very few well supported clades and both my ML and Bayesian 

trees (Fig. 5, Fig. 6) for the gene did not produce monophyly for Cambridgea with respect to the 

sampled outgroups. Furthermore, my Bayesian tree produced a large number of hard 

polytomies. While both trees supported monophyly with respect to Nanocambridgea (100/1), 

my Bayesian tree placed Badumna insignis as intermediate between Nanocambridgea and 

Cambridgea (99/*) while my ML tree placed B. insignis and Ischalea spinipes within the same 

clade with Cambridgea. Between the two trees there is some support for the C. foliata/fasciata 

complex I observed in the COI trees (6/0.805). Similarly, there is some evidence for the 

Southern clade containing C. obscura, C. arboricola and C antipodiana (22.5/0.702). 

Two of the largest differences in the topologies for each gene tree relate to C. reinga and 

C. annulata, which form a monophyletic clade in the COI trees. In both H3 trees, C. annulata 

forms a monophyletic clade with C. pallidula (28.8/0.856). Meanwhile, C. reinga and C. 

plagiata form a monophyletic group (35.4/0.582) albeit with long branch lengths. 

When I compared the matrices for number of observed substitutions for each of H3 and 

COI, I found that, in the former, there were very few observed substitutions between samples 

(subset of patristic distances included in Tables B.4, B.5.). Excluding outgroups, the H3 

sequences usually contained fewer than 40 base pair differences. These differences almost 

exclusively occurred in the third position in the codon indicating silent mutations. By 

comparison, the Cambridgea COI sequences usually differed by between 60–100 base pairs, 

excluding outgroups.  
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4.4.3. PGLS 

4.4.3.1. Species tree 

Species trees based on Bayesian and ML on COI sequences are presented in Fig. 7. Both of my 

trees produced hard polytomies within outgroups however, as the following analyses do not 

include S. facetum, B. insignis and I. spinipes, I have opted not to resolve them. However, the 

order of clades differs between my two trees. Specifically, while the topology of my Bayesian 

species tree corresponds to that of my full COI trees, in my ML tree, clades A and D are 

monophyletic with respect to clades B and C.  

 As the Bayesian inference species tree more closely resembles my COI gene tree I will 

present results of analyses conducted using my Bayesian tree rather than my ML tree. I dropped 

tips from my tree as appropriate because my various analyses using the tree required that the 

available tips matched the species data I had. Therefore, as I did not include allometric data for 

C. reinga and C. pallidula, analyses relating to allometric slopes used a species tree with tips for 

C. reinga and C. pallidula dropped.  
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4.4.3.2. Identifying phylogenetic signal in continuous morphological traits 

My estimates of Pagel’s λ and Blomberg’s K were similar for both my ML and Bayesian species 

tree. I present my estimates using my Bayesian species tree (Table 5). In general, the greatest 

estimates of phylogenetic signal occurred for average trait sizes: cephalothorax width and 

chelicerae length and relative chelicerae size in females. With an estimated Blomberg’s K >1 

Fig. 7: Species tress generated using maximum likelihoods (top) and Bayesian 

inference (bottom) on a subset of COI sequences.  
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and Pagel’s λ approaching its maximum value of 1, relative chelicerae length in females has the 

strongest phylogenetic signal. (Blomberg et al. 2003).  

 

Table 5: Two estimates of phylogenetic signal in continuous morphological traits based on 

Bayesian inference species tree. 

Trait Pagel's λ (logL) Blomberg's K 

Cephalothorax width SDI 0.00 (22.1) 0.0834 

Chelicerae length SDI 0.00 (18.4) 0.140 

Female allometric intercept 0.00 (9.02) 0.101 

Female allometric slope 0.00 (6.99) 0.367 

Male allometric intercept 0.00 (6.01) 0.310 

Male allometric slope 0.00 (3.06) 0.264 

Female average chelicerae length/cephalothorax width 0.953 (31.8) 1.4 

Male average chelicerae length/cephalothorax width 0.268 (21.4) 0.360 

Log(Female cephalothorax width) 0.609 (-3.90) 0.247 

Log(Female chelicerae length) 0.675 (-4.58) 0.30 

Log(Male cephalothorax width) 0.717 (-3.24) 0.339 

Log(Male chelicerae length) 0.757 (-3.17) 0.385 
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4.4.3.3. Ancestral state reconstruction 

Based on my estimates (Table 6; Fig. 8), the most recent common ancestor for Cambridgea 

(node 2) was of intermediate size relative to extant species in both chelicerae length and 

cephalothorax width. This is the case for all ancestral states I estimated save for the most recent 

common ancestor for clade A (node 5) which I estimated to be smaller in all respects compared 

to extant members.  

 All ancestors were monomorphic with respect to body size except for the ancestor of 

clade D (node 8) for which females were estimated to be on average slightly larger. By 

comparison, I estimated that male chelicerae are on average about 25% larger than those of 

conspecific females at all ancestral nodes I estimated.  

 

 

Fig. 8: Reduced species tree with focal nodes labelled 1-8, representing common 

ancestors.  
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Table 6: Ancestral states estimated for nodes 1-8 (see: Fig. 8) based on Bayesian inference species tree. Original reconstruction for male and 

female cephalothorax width and chelicerae lengths were based on log transformed data which I have transformed to their original scales. 

Estimate of allometric slope excluded for node 1 and 8 as no allometric slope was calculated for N. gracilipes and C. reinga. .  

  Ancestral trait estimates (95% CI) 

Node 

Male 
cephahothorax 

width (mm) 

Male 
chelicerae 

length (mm) 

Female 
cephalothorax 

width (mm) 
Cephalothorax 

width SDI 
Chelicerae 
length SDI 

Male 
allometric 

slope 

1 3.35 
(1.97, 5.69) 

3.31 
(1.96, 5.58) 

3.28 
(1.76, 6.09) 

-0.0170 
(-0.133, 0.0988) 

-0.262 
(-0.379, -0.146) - 

2 
4.07 

(2.80, 5.99) 
4.07 

(2.78, 5.95) 
4.00 

(2.55, 6.27) 
-0.0100 

(-0.0979, 0.0779) 
-0.239 

(-0.327, -0.151) 
1.34 

(1.02, 1.66) 

3 4.02 
(3.11, 5.19) 

4.07 
(3.16, 5.23) 

3.91 
(2.90, 5.27) 

-0.0127 
(-0.0727, 0.0473) 

-0.240 
(-0.300, -0.180) 

1.27 
(1.07, 1.48) 

4 
4.03 

(3.19, 5.10) 
4.07 

(3.23, 5.13) 
3.93 

(2.99, 5.18) 
-0.0135 

(-0.0696, 0.0426) 
-0.240 

(-0.300, -0.183) 
1.18 

(1.09, 1.47) 

5 4.45 
(4.03, 4.92) 

4.56 
(4.13, 5.02) 

4.25 
(3.79, 4.78) 

-0.0162 
(-0.0351, 0.00261) 

-0.262 
(-0.281, -0.243) 

1.28 
(1.16, 1.49) 

6 4.27 
(3.46, 5.26) 

4.36 
(3.55, 5.36) 

4.16 
(3.25, 5.31) 

-0.0227 
(-0.0731, 0.0277) 

-0.258 
(-0.308, -0.207) 

1.19 
(1.11, 1.27) 

7 3.95 
(3.18, 4.91) 

4.06 
(3.27, 5.03) 

3.81 
(2.96, 4.92) 

-0.0111 
(-0.0630, 0.0409) 

-0.243 
(-0.295, -0.191) 

1.23 
(1.06, 1.40) 

8 3.39  
(2.91, 3.95) 

3.66  
(3.15, 4.26) 

3.42  
(2.86, 4.08) 

0.0342  
(0.00180, 0.0665) 

-0.224  
(-0.256, -0.191) 

- 
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4.4.3.4. Covariation of pairs of morphological traits 

Allometric slopes became steeper in species with greater average male cephalothorax width 

(Fig. 9). Based on PGLS in which λ = 1, this positive relationship between allometric slope and 

average male size was significant but not when conducting PGLS using a maximum likelihood 

estimate of λ (Fig. 10; Table 7). I also found that allometric slope increases with a greater value 

of SDI. In PGLS with both ML estimates of and fixed λ, I found that male allometric intercepts 

tend to correlate negatively to the allometric slope. 

In some cases, the estimated slopes differed significantly (Fig. 10) and in others 

presented similar patterns. There were several instances in which my relationships calculated 

using a fixed λ produced significant results while those calculated using ML estimates of λ did 

not. Using a fixed λ but not a ML estimate of λ, I found evidence that species with smaller males 

showed greater male-biased sexual size dimorphism while species with larger males were more 

monomorphic or had female-biased sexual size dimorphism (β1 = 0161, SE = 0.0587, F1,10 = 

7.50, p = 0.0209). This result is corroborated as species with larger females were also more 

likely to have female-biased sexual size dimorphism (β1 = 0.160, SE = 0.0421, F1, 10 =4.58, p = 

0.00354). However, PGLS using a ML estimate of λ produced no evidence of either relationship. 

I found that the degree of male biased chelicerae length sexual dimorphism was greater 

in species with greater male-biased sexual size dimorphism (λ = ML: β1 = 0.896, λ = 1, β1 = 

0.834) (Table 8, Fig. 11).  

 I also found that males and females covary closely in both cephalothorax width and in 

chelicerae length irrespective of whether I used a fixed or estimate of λ. Furthermore, across all 

species, male chelicerae length scales isometrically with male body size with no evidence that 

the slope calculated using a ML estimate of λ deviates significantly from 1 (Fig. 9; r9 = 0.318, p 

= 0.340).  
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 In all but two cases, my maximum likelihood estimates (ML) of λ was zero suggesting 

that it may be underestimated due to my small sample size (Münkemüller et al. 2012).  
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Fig. 9: Plots showing covariation across species of (a) male allometric slope with average male 
body size, (b) male allometric intercept with average male body size, (c) male allometric slope 
with average male chelicerae length, (d) male allometric slope with male allometric intercept, 
(e) male allometric slope with cephalothorax width SDI (note: slopes the same for λ = 1 and λ 
= ML) and (f) average male chelicerae length with average male body size. Plots include 
PGLS regression lines and statistical significance using maximum likelihood estimates of λ 
(unbroken line) and maximum fixed values of λ = 1 (broken line). n.s. indicates p > 0.05, * 
indicates p ≤ 0.05, ** indicates p ≤ 0.01, and *** indicates p  ≤ 0.001. 
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Fig. 10: Plots showing covariation across 
species of (a) average relative chelicerae 
length for males with average male body 
size, (b) average relative chelicerae length 
for males and average male chelicerae 
length and (c) male allometric slope with 
average female body size. Plots include 
PGLS regression lines and statistical 
significance using maximum likelihood 
estimates of λ (unbroken line) and 
maximum fixed values of λ = 1 (broken 
line). n.s. indicates p > 0.05, * indicates p 
≤ 0.05, ** indicates p ≤ 0.01, and *** 
indicates p  ≤ 0.001. 

 

c) λ = ML * 
   λ = 1 * 
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Table 7: PGLS regression results for covariation of traits relating to male chelicerae (shown graphically in Fig. 9, Fig. 10) using Bayesian inference species 
tree. Includes results using both maximum likelihood estimates of λ and maximum fixed values of λ = 1. n.s. indicates p > 0.05, * indicates p ≤ 0.05, ** 
indicates p ≤ 0.01, and *** indicates p  ≤ 0.001. 

 

 
PGLS Model (unfixed λ) β0 β1 Adjusted 

R F df λ 
estimate 

n.s. M allometric slope ~ log(M cephalothorax width) 0.273 0.678 (SE = 0.352, p = 0.0901) 0.232 3.72 1, 8 0.00 
* M allometric intercept ~ log(M cephalothorax width) 0.712 -0.601 (SE = 0.235, p = 0.0338) 0.381 6.54 1, 8 0.00 

n.s. M allometric slope ~ log(M chelicerae length) 0.273 0.672 (SE = 0.377, p = 0.1126) 0.195 3.18 1, 8 0.00 
*** M allometric intercept ~ M allometric slope 0.715 -0.716 (SE = 0.0373, p <0.0001) 0.982 498.1 1, 8 0.855 
** M allometric slope ~ Cephalothorax width SDI 1.38 2.47 (SE = 0.526, p = 0.00155) 0.701 22.07 1, 8 1.00 

*** log(M chelicerae length) ~ log(M cephalothorax width) 0.117 0.931 (SE = 0.0644, p < 0.0001) 0.950 209 1, 10 0.00 
n.s. M chel/ceph ~ log(M cephalothorax width) 1.09 -0.0559 (SE = 0.0584, p = 0.361) -0.00773 0.916 1, 10 0.00 
n.s. M chel/ceph ~ log(M chelicerae length) 1.04 -0.0192 (SE = 0.0637, p = 0.769) -0.0901 0.0912 1, 10 0.00 

* M allometric slope ~ log (F cephalothorax width) 0.324 0.658 (SE = 0.277, p = 0.0449) 0.340 5.64 1, 8 0.00 
        

 Fixed, maximum phylogenetic signal (λ = 1) β0 β1 
Adjusted 

R F df - 

* M allometric slope ~ log(M cephalothorax width) 0.462 0.558 (SE = 0.220, p = 0.035) 0.377 6.44 1, 8 - 
* M allometric intercept ~ log(M cephalothorax width) 0.453 -0.443 (SE = 0.142, p = 0.0143) 0.492 9.73 1, 8 - 
* M allometric slope ~ log(M chelicerae length) 0.461 0.555 (SE = 0.211, p = 0.0302) 0.396 6.91 1, 8 - 

*** M allometric intercept ~ M allometric slope 0.705 -0.710 (SE = 0.03, p  < 0.0001) 0.982 498.1 1, 8 - 
** M allometric slope ~ Cephalothorax width SDI 1.38 2.47 (SE = 0.526, p = 0.00155) 0.701 22.07 1, 8 - 

*** log(M chelicerae length) ~ log(M cephalothorax width) -0.0183 1.02 (SE = 0.0447, p < 0.0001) 0.983 519 1,8 - 
n.s. M chel/ceph ~ log(M cephalothorax width) 1.04 -0.0238 (SE = 0.0423, p = 0.587) -0.0663 0.316 1, 10 - 
n.s. M chel/ceph ~ log(M chelicerae length) 1.01 -0.00359 (SE = 0.0434, p = 0.936) -0.0993 0.0685 1, 10 - 

* M allometric slope ~ log (F cephalothorax width) 0.533 0.517 (SE = 0.158, p = 0.0113) 0.519 10.7 1, 8 - 
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Fig. 11: Plots showing covariation across species of (a) cephalothorax width SDI with average male 
body size, (b) chelicerae length SDI with average male body size, (c) cephalothorax width SDI with 
average female body size, (d) chelicerae length SDI with cephalothorax width SDI, (e) average male 
body size with average female body, and (f) average male chelicerae length and average female 
chelicerae length. Plots include PGLS regression lines and statistical significance using maximum 
likelihood estimates of λ (unbroken line) and maximum fixed values of λ = 1 (broken line). n.s. 
indicates p > 0.05, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, and *** indicates p  ≤ 0.001. 
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Table 8: PGLS regression results for covariation of traits relating to sexual dimorphism (Fig. 11) using Bayesian inference species tree. Includes results using 
both maximum likelihood estimates of λ and maximum fixed values of λ = 1. n.s. indicates p > 0.05, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, and 
*** indicates p  ≤ 0.001. 

 

 
PGLS Model (unfixed λ) β0 β1 Adjusted  

R F df λ 
estimate 

n.s. Cephalothorax width SDI ~ log(M cephalothorax width) -0.0628 0.0262 (SE = 0.0628, p = 0.685) -0.0812 0.174 1, 10 0.00 
n.s. Chelicerae length SDI ~ log(M cephalothorax width) -0.332 0.0549 (SE = 0.0793, p = 0.504) -0.0497 0.4797 1, 10 0.00 
n.s. Cephalothorax width SDI ~ log(F cephalothorax width) -0.112 0.0612 (SE = 0.0573, p = 0.311) 0.0127 1.14 1, 10 0.00 

* Chelicerae length SDI ~ Cephalothorax width SDI -0.230 0.896 (SE = 0.290, p = 0.0114) 0.668 23.1 1, 10 0.00 
*** Log(M cephalothorax width) ~ log(F cephalothorax width) 0.116 0.937 (SE = 0.0584, p < 0.0001) 0.959 257.5 1, 10 0.00 
*** Log(M chelicerae length) ~ log(F chelicerae length) 0.455 0.862 (SE = 0.0933, p < 0.0001) 0.885 85.4 1, 10 0.00 

        
 

Fixed, maximum phylogenetic signal (λ = 1) β0 β1 
Adjusted  

R F df  
* Cephalothorax width SDI ~ log(M cephalothorax width) -0.26 0.161 (SE = 0.0587, p = 0.0209) 0.3714 7.499 1, 10 - 

n.s. Chelicerae length SDI ~ log(M cephalothorax width) -0.443 0.137 (SE = 0.0642, p = 0.0581) 0.245 4.58 1, 10 - 
** Cephalothorax width SDI ~ log(F cephalothorax width) -0.257 0.16 (SE = 0.0421, p = 0.00354) 0.549 14.4 1, 10 - 

*** Chelicerae length SDI ~ Cephalothorax width SDI -0.221 0.834 (SE = 0.173, p < 0.001) 0.668 23.1 1, 10 - 
*** Log(M cephalothorax width) ~ log(F cephalothorax width) 0.265 0.836 (SE = 0.0432, p < 0.0001) 0.971 374.4 1, 10 - 
*** Log(M chelicerae length) ~ log(F chelicerae length) 0.517 0.805 (SE = 0.0623, p < 0.0001) 0.9379 167.2 1, 10 - 
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4.5. DISCUSSION 

As predicted, there is evidence that allometric slope increases in species with larger males. 

Despite this, male Cambridgea exhibit an isometric evolutionary allometry with average 

chelicerae length and body size scaling proportionally across the genus. I also found that male 

allometric slope seems to increase in species which exhibit more female-biased sexual size 

dimorphism, the opposite of what is normally expected. However, in this case, sexual size 

dimorphism may not be an appropriate measure given that all Cambridgea species I sampled 

were largely monomorphic.  

It was also surprising to find that positive allometry in male chelicerae was exhibited in 

nearly all sampled Cambridgea species and that, while body size varies significantly across the 

genus, the relative sizes of male and female chelicerae remained relatively fixed. This includes 

not only chelicerae length relative to body size within one sex but also male chelicerae length 

relative to female chelicerae length  

 

4.5.1 Molecular phylogeny 

My molecular phylogeny produced at times contradictory results. I found that H3 was very 

heavily conserved in this genus meaning that, while it did provide some signal in dividing South 

Island and North Island species, it was not very effective in resolving more recent speciation 

events. It could be valuable at the family level. 

My trees based on COI had greater resolution but there were several instances in which I 

could not find reciprocal monophyly for species in a clade. There are several possible reasons 

for this. In some cases, the apparent lack of species boundary may be an artefact of improper 

identification. The characters used to distinguish between Cambridgea include genital characters 

modelled off a small number of individuals. Furthermore, the type specimen for Cambridgea 
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antipodiana was likely to have been collected from the Bay of Islands (see Vink & Dupérré 

2010: 22), outside of its current range suggesting that the type specimen may have been another 

species entirely. It is housed in the Natural History Museum London although Blest and Vink 

(2000) were not able to find when compiling their extension of The Spiders of New Zealand 

bulletins; they suggest that the type may no longer exists. Cumulatively this adds uncertainty to 

some of my identifications. 

Particularly for species that occur in sympatry with relatively little ecological difference 

such as C. fasciata and C. foliata, and C. arboricola and C. obscura, introgression may be 

possible. Introgression has been observed in two other spider groups in New Zealand, the 

pisaurids Dolomedes aquaticus and Dolomedes minor (Lattimore et al. 2011), and theridiids 

Latrodectus katipo and Latrodectus atritus (Griffiths, Patterson & Vink 2005). In this study, C. 

arboricola and C. obscura pair are similar in size and were found in the same localities, 

although I did not observe courtship behaviour and cannot determine whether there are any 

behavioural species boundaries in these two species. By contrast, while C. fasciata is on average 

significantly smaller than C. foliata, I have found very small C. foliata males of comparable size 

to very large C. fasciata males. My infrequent observations of C. fasciata courtship suggests 

that it closely resembles that of C. foliata. However, this raises the question as to why C. 

pallidula is so clearly separated from C. fasciata given that they also co-occur in the south of the 

North Island and are morphologically much more similar.   

My analyses grouped C. annulata and C. reinga, which are the only two species of 

Cambridgea that have shown evidence of having large and small male morphs (Vink et al. 

2011b; pers. comm.). In this respect, it is unsurprising that they could be sister species. 

However, given their extreme geographic isolation with C. annulata isolated to the Chatham 

Islands 820km east of New Zealand, I would expect their species to have resolved more cleanly. 

The Chatham Islands were submerged during the mid-Oligocene, emerging between 3.0 and 2.0 
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Ma ago (Herzer et al. 1997; Heenan et al 2010) meaning that its terrestrial flora and fauna 

arrived through long distance dispersal with molecular evidence of several insect species 

colonising the islands between 1.2 and 6 MYA (e.g. cicada, Kikihia longula, Arensburger Simon 

& Holsinger 2004; Mecodema ground beetles, Talitropsis wētā, Phaulacridum grasshoppers, 

and Geodorcus stage beetles, Trewick 2000). It is unclear how dispersal would have occurred as 

I have never observed Cambridgea spiderlings ballooning. Other members of the Desidae are 

intertidal species which may make them candidates for dispersal via rafts. However, 

Cambridgea species currently are largely limited to native forest although I have observed C. 

foliata living in gorse (Ulex europaeus) near the shore.   

Cumulatively my phylogeny highlights the need to review the taxonomy for Cambridgea 

to resolve the difficulties caused by overlap in key taxonomic characters.  

That ITS and actin 5C failed to amplify is unfortunate but not surprising with the former 

in particular frequently having multiple copies in other New Zealand spiders (e.g. crab spiders, 

Thomisidae, Sirvid et al. 2013; black headed jumping spider, Trite planiceps, Vink et al. 2011a). 

 

4.5.2. Evolution of chelicera traits 

I found that species with a larger male body size on average also had steeper allometric slopes 

for chelicerae length despite average chelicerae length scaling isometrically with average male 

body size. This result corroborates similar findings in other invertebrate taxa (e.g. Voje & 

Hansen 2012) that implicates sexual selection in the evolution of positive allometry in animal 

weapons. In species with strong sexual selection, larger male body sizes are selected for and, in 

these species, disproportionately exaggerated chelicerae provide definitive advantages to those 

larger males. I suggest ways that such exaggerated weaponry endow larger males with these 

advantages in Cambrigea foliata (Chapter 2) while similar advantages are likely in Cambridgea 

plagiata (McCambridge 2007). I unfortunately do not have observations of fighting amongst 
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smaller species. I also found that allometric intercepts decreased in larger species and in species 

with steeper slopes although this is likely be an artefact of the steepening allometric slope. It is 

unclear at this stage whether there has been a change in the scaling relationship across the genus 

as a result of selection or whether the scaling relationship has been conserved and species of 

greater size are better able to meet the costs of exaggeration, resulting in a steeper allometric 

slope.  

However, I only found this result when I treated average male body size as my index of 

sexual selection. Against expectations, I found that allometric slope was greater in species with 

greater female-biased sexual size dimorphism. This is the opposite of what I predicted although 

this result may not contradict my previous finding as the species exhibiting female-biased sexual 

size dimorphism were also the largest species with the largest males. Furthermore, that male 

allometric slope is greater in species with more female-biased sexual dimorphism and larger, 

relatively more fecund females may also suggest that, in these species, mate guarding a female 

is of greater value and therefore imposes greater selection for larger males. If an increase in 

female size influences her value to males, then both allometric slope and male body size could 

correlate positively with strength of sexual selection while the strength of sexual selection itself 

is driven by increasing female body size. 

Regardless, SDI may not be a good index for strength of sexual selection in this case 

given that the species sampled are mostly very close to being monomorphic with respect to size.  

Interestingly I found that the parameters for chelicerae scaling relationships varied more 

than average chelicera trait values. Exaggerated chelicerae are present in all Cambridgea species 

and even in its sister genus Nanocambridgea and my estimates for phylogenetic signal were 

higher for average chelicerae lengths (relative and absolute) for both sexes compared to 

allometric slope characters, indicating that allometric slopes have been more labile in the 

phylogenetic history of this genus. Furthermore, in my morphological measurements, relative 
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chelicerae length remains within a small range for each sex and male chelicerae are consistently 

approximately 25% larger than that of conspecific females. Both these patterns are best 

demonstrated in the pairs of sister species C. foliata and C. fasciata, and C. annulata and C. 

reinga. In both cases, one sister species is significantly larger than the other but both possess 

equally exaggerated male chelicerae compared to conspecific females and to males of other 

species.  

 That there should be so little variation in the relative size of chelicerae for males and 

females across all species of all body sizes is perhaps unsurprising given that natural selection 

acts on male chelicerae as well as sexual selection. It is intuitive that a larger-bodied spider 

species should need to forage on larger prey items and, in this way, the chelicerae size should 

scale up with body size. However, there may also be sex-specific optima for relative chelicera 

length which is maintained across species. Specifically, while the female ratio of chelicerae 

length to body size should be best suited to foraging in the web, the larger relative size of 

chelicerae in males may represent the influence of sexual selection which advantages males with 

larger chelicerae during fights.  

In addition to limited variation in relative chelicerae length between heterospecific 

males, I also found that changes in male traits across species strongly tracked those of 

conspecific females. Male and female body sizes scaled with an approximately 1:1 relationship. 

Male and female chelicerae lengths also tracked each other closely although, across the sampled 

taxa, average male chelicerae length increased less rapidly than female chelicerae length.   

 Given the conservation in relative chelicerae length across species and sexes it is 

somewhat surprising that I found positive allometry in males of all sampled taxa and even in my 

ancestral state estimations. Positive allometry should result from net selection for larger 

weaponry in larger males (Bonduriansky & Day 2003). However, the consistent isometric and 

negative allometries of female chelicerae and the conservation of relative male chelicerae 
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lengths suggests that there is significant stabilising natural selection acting on chelicerae 

morphology. There are numerous examples of sexually selected male weapons which scale 

negatively or isometrically with body size as a consequence of natural selection (or other forms 

of sexual selection) acting against sexual selection via intrasexual competition (e.g. cave wētā, 

Pachyrhamma waitomoensis, Fea & Holwell 2018; sepsid flies, Palaeosepsis dentatiformis, 

Eberhard 2002; see Bonduriansky 2007 for review). Given this and that chelicerae are essential 

for foraging, it is surprising that male chelicerae are consistently positively allometric, entailing 

significant variation in chelicerae length within adult males. This implies perhaps that foraging 

success is relatively less important for adult males or that hunting without the use of a capture 

web is easier with longer jaws. However, the latter seems less likely given that female C. 

quadromaculata, a species without the characteristic sheet-web, possess chelicerae of similar 

lengths (absolute and relative) compared to other species.  

 

4.5.3. Evolution of size  

Despite significant differences in body size across my sampled taxa, male and female body sizes 

scaled isometrically, remaining largely monomorphic although the smaller species had slightly 

male-biased sexual size dimorphism while the largest had slightly female-biased sexual size 

dimorphism. This monomorphism most likely occurs in spite of sex-specific selection pressures. 

Female invertebrates, especially in the case of spiders, are often strongly affected by natural 

selection in the form of fecundity selection in which female reproductive output is strongly 

related to foraging success which allows females to lay a larger number of better provisioned 

eggs (Head 1995; Kuntner & Elgar 2014).  

While fecundity selection consistently selects for larger females (and even gigantism in 

nephilid spiders), sexual selection acts on male body size in a greater variety of ways. In 

particular, intrasexual competition through agonistic contests is generally thought to select for 
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larger male body sizes (Schütz & Taborsky 2011, Kuntner & Elgar 2014). However, if females 

are fixed in space, as is the case in many spider species and certainly in Cambridgea, then larger 

body sizes may be selected against (Kuntner & Cheng 2016). The terrain that males must travel 

will select for certain body sizes and it is unclear as to whether large or smaller body sizes fare 

better when climbing to find mates as spiders often do (Moya-Laraño et al. 2002; Brandt & 

Andrade 2007). Sexual cannibalism is also sometimes used to explain smaller male body sizes 

(Elgar 1991) but sexual cannibalism is unlikely in this genus (Chapter 3).  

 The observed monomorphism and isometry in male and female body sizes may be the 

result of parallel selection for larger body sizes in each sex, mediated further by genetic 

correlation in body size traits between males and females (Lande 1980; Kuntner & Cheng 2016). 

A shared genetic base for body size can cause sexes to coevolve in response to directional 

selection on one sex although there is evidence that sexual size dimorphism can evolve even in 

cases of high genetic correlation (Turk, Kuntner & Kralj-Fiser 2018). Nevertheless, if there is 

directional selection for larger body sizes in both sexes, a genetic correlation may facilitate 

coevolution.  

It seems unlikely that selection for male and female body sizes, even if acting in the 

same direction, act equally strongly. Given that I estimated slightly less phylogenetic signal in 

female body size than male body size, this suggests that changes in female body size have been 

slightly more labile across the genus. These changes could have been driven by ecological 

factors involving prey availability and type, and substrate availability which has led to 

Cambridgea colonising a range of different niches. Body size is likely to be a key component 

for niche separation as all small species I sampled, C. fasciata, C. reinga and C. pallidula, each 

occur in sympatry with one of the largest species, C. foliata, whose large webs dominate native 

forest. C. foliata, C. pallidula and C. fasciata all build webs which have the same structure but 
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the smaller two species build significantly smaller webs and most likely capture smaller prey 

(Appendix C).  

Given the morphologies of extant Cambridgea species, it is unsurprising that the most 

recent common ancestor for the genus is estimated to be of intermediate size and to be 

monomorphic with males carrying exaggerated chelicerae which are positively allometric. It is 

likely that the genetic architecture encoding relative size of chelicerae for each sex was inherited 

from the most recent common ancestor for Cambridgea or indeed the ancestor for both 

Cambridgea and Nanocambridgea which has similarly exaggerated traits.  

 

4.6. CONCLUSIONS 

That allometric slopes steepen in species with larger males suggests that positive allometries in 

male chelicerae are result of sexual selection via intrasexual competition in this genus. However, 

this conclusion is complicated by simultaneous positive correlations between average female 

body size and degree of female-biased sexual size dimorphism. It is remarkable that positive 

allometry and male chelicera exaggeration should be so universal in this genus despite evidence 

that natural selection acts strongly on chelicera morphology. In particular the conservation of 

relative weapon sizes across species and body sizes suggests an optimal morphology for 

foraging which adult males deviate from in favour of exaggerated weaponry. This is illustrative 

of the different selective pressures acting upon male and females.  
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5. 
Harder, better, faster, stronger: What is the 

advantage of exaggerated weaponry? 

5.1. ABSTRACT 

Positive allometry may evolve in animal weaponry if larger weapons endow a definitive 

advantage during contests. Studies of the contribution of animal weaponry to success in contests 

usually employ linear measurements of size, as these are most easily collected. However, these 

measures are coarse indices for both functional performance and for the investment required to 

produce weapons. Therefore, I use a range of methods to examine how different components of 

chelicerae morphology vary in sheet-web spiders, Cambridgea foliata, to identify how 

disproportionately large weaponry provides an advantage to large males in comparison to small 

ones. In particular I compare chelicerae length and allometry in males, females and subadult 

males, as well as the size and allometry of the apical fang, basal segment, exoskeleton and 

venom sac for adult males and females using a combination of linear measurements and µ-CT 

scans. Finally, I use a force transducer to compare bite forces of males and females of differing 

sizes. Males with longer chelicerae bite harder than smaller males despite having lower 

mechanical advantage. Male chelicerae are also not significantly larger (in terms of surface area 

and volume) or heavier than those of females and subadult males show no evidence of 

chelicerae exaggeration. Furthermore, fang size exhibits negative allometry with respect to 

chelicerae size. Cumulatively this suggests that exaggeration of male chelicerae consists mainly 
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of a change in shape rather than of size. The greater bite forces of larger males may impose 

direct costs on opponents or exaggerated length may communicate resource holding potential to 

rivals while grappling.  

 

5.2. INTRODUCTION 

Sexual selection can drive the evolution of exaggerated male weaponry provided that the net 

advantage of such weapons outweighs the cost of developing and bearing them (Andersson 

1994; Green 1992). These weapons are used to defend females or resources important to females 

from potential rivals and therefore control access to mating opportunities (Emlen 2008). 

However, the advantages and costs of such exaggerated traits are not necessarily uniform for all 

individuals. The advantage of exaggerated weaponry is often greater for larger males than 

smaller ones and/or the cost of developing and bearing such traits is proportionally less for 

larger males (Bonduriansky & Day 2003). Consequently, exaggerated weaponry often displays a 

positive allometric relationship with body size in that larger males invest disproportionately in 

weapon size (Petrie 1988; Kodric-Brown, Sibly & Brown 2006; Painting & Holwell 2013; but 

see Bonduriansky 2007).  

 While these weapons are clearly employed in contests, it can be challenging to 

determine the manner in which exaggerated weaponry contributes to resource holding potential 

(RHP), a composite measure which combines all variables relating to winning contests (Arnott 

& Elwood 2009). One challenge is that weapon size scales tightly with body size which is 

frequently a more important component of RHP (e.g. Kotiaho 1998; Schütz & Taborsky 2011; 

Schaefer & Uhl 2003). Although there are cases in which weapon size is a better predictor of 

contest outcome than body size (e.g. jumping spider, Lyssomanes viridis, Tedore & Johnsen 

2012; shore crabs, Carcinus maenas, Sneddon, Huntingford & Taylor 1997), this close scaling 
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relationship can make it difficult to extricate the contribution weaponry makes in addition to that 

of body size. 

Furthermore, the role of weaponry in contests varies significantly between taxa. As a 

result, the characteristics of weaponry which relate to functional performance will also differ 

between taxa. Sometimes weapons are selected to be more effective at inflicting injuries as in 

the case of long-billed hermits (Phaethornis longirostris), in which the barb at the end of male 

beaks is longer and more pointed in territorial males compared to those of females and juvenile 

males (Rico-Guevara & Araya Salas 2015). Meanwhile, in bighorn sheep (Ovis canadensis), 

dominant rams employ their horns against subordinate males with horn length being a strong 

predictor of paternity amongst older males, indicating that they have secured greater mating 

opportunities (Coltman et al 2002). Alternatively, weaponry can primarily be used for displacing 

opponents. In beetles, many forms of exaggerated horns, mandibles and rostra are used to throw 

rivals from trees (e.g. giraffe weevils, Lasiorhynchus barbicornis, Painting & Holwell 2014; 

rhinoceros beetles, Dynastinae, McCullough et al. 2014; stag beetles, Prosopocoilus dissimilis 

okinawanua and Cyclommatus metallifer, Shiokawa & Iwahashi 2000 and Goyens et al. 2014 

respectively).  

In addition, weaponry may function in ways which are not immediately apparent based 

on observations of behaviour. In particular, exaggeration in weapon morphology may contribute 

not only to an individual’s offensive capacity, defined as the amount of damage individuals can 

inflict, but also to defensive endurance, that is, the capacity of an individual to receive blows but 

continue fighting (Palaoro and Briffa 2016). For example, while bighorn sheep horns are 

concussive weapons inflicting costs upon opponents (Geist 1971), they also act as shields 

absorbing energy from impact. When half the horn length is removed, Drake et al. (2016) found 

that rotational acceleration activity in the brain cavity following impact increases by 49%. In 
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this way, what can seem like purely offensive structures can also contribute to an individual’s 

endurance.  

The evolution of positive allometry frequently depends not only on size-specific benefits 

but also on size-specific costs. If the costs required to develop exaggerated weaponry are too 

great for smaller individuals, they will carry disproportionately small weapons. However the 

linear measurements frequently used when studying the role of weaponry in contests may not 

accurately reflect the true investment required to produce the weapon (Geist 1971). While these 

linear measures can be collected easily and accurately, making them vital in the context of 

studying behaviour, Sarasa et al. (2012) found that true growth in ibex (Capra pyrenaica) horns 

was best approximated by estimates of volume and that measures of length were the poorest 

proxy. Particularly in morphologically complex structures, linear measurements cannot 

adequately capture the physiological investment required to produce a given weapon. 

In Chapter 2, I demonstrated that adult male C. foliata use their chelicerae during fights 

with each other and that the outcomes of these contests determine access to mates. That is, I 

have established potential advantages for exaggeration but not the means by which exaggeration 

helps males to gain these advantages. Furthermore, in using linear measurements for weapon 

size, I have only an approximate understanding of the investment required for the exaggeration 

observed in males.  

Therefore, in the current study, I aim to identify the patterns of morphological 

investment in chelicerae and the likely costs for developing them by comparing chelicera traits 

across adult males and between adult males, adult females and subadult males. Firstly, I 

compare linear measurements of adult male size, chelicerae length and allometry to that of 

subadult male and adult female conspecifics. I expect differences between adult and subadult 

male morphology to reflect how chelicerae serve a dual purpose in adult males but are 
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exclusively used for foraging in juveniles, specifically that they will be exaggerated in adult 

males but not subadults.  

I then investigate other measures of exaggeration to gain a better estimate of the costs 

males must pay to develop exaggerated chelicerae. While there is a clear difference in chelicerae 

length between adult males and females, mass, volume and surface area may be more accurate 

measures of the investment required to produce them. Using these measures, I expect that larger 

males will invest more in chelicerae than females and smaller adult males. In a similar vein and 

as a consequence of exaggeration, I also expect larger males to invest proportionally more in 

exoskeleton mass given that chelicerae are placed in a vice-like grip during fighting so must 

sustain the forces imposed by opponents.  

To investigate some of the ways that longer chelicerae could provide an advantage to 

larger males, I determine whether larger males produce greater bite forces. Given the importance 

of chelicerae both for feeding and fighting, I expect that larger males produce larger bite forces 

than small ones. However, given the importance of fecundity selection, I still expect females to 

produce bite forces comparable to that of similarly sized males in order to subdue large prey and 

gain mass to convert into eggs. I also compare fang and venom sac volumes and lengths 

between males and females to determine whether larger males invest more in these structures 

which are occasionally used in fights between large males. If they are important in intrasexual 

contests, I expect the volume of one or both to increase disproportionately in size with 

increasing male body size. 

 

5.3. METHODS 

5.3.1. Specimen collection and measurements 

I collected and measured adult male and female, and subadult male Cambridgea foliata from the 

Auckland region (December 2016 – March 2017). The majority were collected from Matuku 
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Forest and Bird reserve in West Auckland (36° 51' 48.3"S 174° 28' 47.7"E). I also measured 

museum specimens from the Museum of New Zealand Te Papa Tongarewa, Wellington 

(MONZ); the New Zealand Arthropod Collection (NZAC); and Auckland Museum (AMNZ).  

Using digital callipers (accurate to 0.01 mm) I measured chelicerae length and 

cephalothorax width, my proxy for body size. Where possible, I also measured fang length 

although this was not possible on older museum specimens which were often too brittle to be 

manipulated. I did not measure fang length on live specimens. I measured fang length for 96 

males and 21 females; between museum collections and personal collecting I measured 

cephalothorax width and chelicerae length for 105 males, 64 females and 22 penultimate moult 

males; used 13 females and 23 males to compare chelicera exoskeleton mass; used 32 females 

and 36 males for bite force measurements; and conducted µ-CT scans on 4 females and 13 

males. Specimens I collected were used in multiple different analyses. Live spiders were either 

released back to Matuku reserve or euthanised by freezing for use in other analyses.  

 

5.3.2. Focal structures 

5.3.2.1. The chelicera  

The chelicerae are the foremost appendage in spiders and consist of two segments, an apical 

fang or “cheliceral claw” and a basal segment. 

Basal segment: The basal segment of the chelicera contains the flexor and extensor 

muscles governing movement in the fang. In Cambridgea foliata, the basal segment bears a total 

of 5 teeth (2 on the retromargin and 3 on the promargin; Forster & Wilton 1973) which facilitate 

maceration of prey (Foelix 1996). Muscles controlling the chelicerae extend into the 

cephalothorax. There is no literature on the internal morphology of the current species however, 

in other spiders, eight muscles operate the basal segment (Whitehead & Rempel 1959).  
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In adult males, the chelicera’s basal segment can roughly be described as a triangular 

prism with one end tapering (to a point where the fang inserts). By contrast, adult females have 

chelicerae that are far more rounded. In both sexes the proximal portion of the chelicera is 

swollen with a strong boss.  

Fang: The fang or “cheliceral claw” articulates with the basal segment, resting in a 

furrow along the interior edge. It is opened by a relatively weak extensor muscle within the 

basal segment and closed by the much larger flexor muscle. 

Exoskeleton: Spider exoskeleton consists of several distinguishable layers of cuticle 

(Foelix 1996). The cuticle is made up of proteins, incorporated with polysaccharide and chitin 

microfibers, endowing high elasticity and strength. A hard exocuticle is well developed in the 

cephalothorax and legs but are absent in abdomen (Barth 1973). 

 

5.3.2.2. Venom sac 

Save for a few families, all spiders possess a pair of venom sacs within the cephalothorax. This 

consists of a cylindrical gland joined to a duct which terminates at the tip of the fang. The sac 

has a muscle layer which contracts to expel venom (Foelix 1996).  

 

5.3.3. Chelicera exoskeleton mass 

I measured and weighed 13 females and 23 males using digital callipers (accurate to 0.001 mm) 

and scales (accurate to 0.01 mg). I measured cephalothorax width, chelicerae length and total 

mass. I removed both chelicerae from the cephalothorax and weighed the pair. For simplicity I 

did not include any muscle from within the cephalothorax. In this way my weight measurements 

do not include all components related to chelicera function. 
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 After measurements, each pair of chelicerae was individually placed in a 100 µl tube and 

covered with 50% potassium hydroxide (KOH) to dissolve any muscle tissue from inside the 

chelicerae. I kept these tubes at room temperature for 48 hours to fully dissolve any muscle 

tissue. The chelicerae were rinsed multiple times with deionised water and allowed to dry fully 

for two days before weighing.  

 

5.3.4. Internal morphology 

5.3.4.1. Collection and specimen preparation 

I randomly selected 4 female specimens for analysis and selected 13 males with a range of body 

sizes. I was selective with my males given the small number of scans I would be able to conduct. 

These specimens were euthanized by freezing and stored in 50% ethanol. The abdomen and legs 

were removed and, in the case of the larger specimens, the posterior half of the cephalothorax 

was removed. I fixed the samples in Bouin’s solution overnight and rinsed them with sodium 

hydrogen phosphate buffer (0.1M pH 7.2). I then dehydrated the samples in a graded ethanol 

series (70%, 90% and 100%). The samples were incubated in 1% iodine in absolute ethanol 

(I2E) overnight before being critical point dried (Sombke et al. 2015).  

 

5.3.4.2. Scanning and segmentation 

I conducted µ-CT scanning using a Skyscan 1172. The X-ray source was operated at 

41 kV and 159 μA with no filter and an exposure time of 8s. Outputs were reconstructed using 

NRecon (Bruker, Kontich, Belgium) before being imported to Amira 5.4.5. for segmentation. 

For each scan I randomly selected one chelicera and segmented the chelicerae exoskeleton 

(excluding the fang), venom sacs and fang manually in each slice using thresholding (blow tool) 

and then tidying selections using interpolation and manual selection (Fig. 1, Fig. 2). As each 

scan included between 900 – 2,000 slices, I did not conduct segmentation multiple times for 
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each scan. I simplified the surface meshes to below 1,000,000 triangles. In Amira, I measured 

basal segment volume and surface area before and after simplification and found no significant 

difference between the two measures. I also measured the length and volume of that  

chelicera’s venom sac and fang. I was not able to compare muscle lengths and masses as some 

specimens experienced shrinkage.  
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Fig. 1: Example of µ-CT image of a cross-section of a male 

Cambridgea foliata cephalothorax with key features labelled.  

Fig. 2: Example of segmentation outputs in Amira including a) rendered 

volume of male C. foliata cephalothorax, b) segmentation results (yellow = 

venom sac excluding venom duct, green = fang, transparent blue = 

chelicera) and c) segmentation results overlaid on volume.  
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5.3.5. Measuring bite force  

5.3.5.1. Force transducer design, calibration and set-up 

I developed a force transducer to measure bite force, comprising a pair of acetate tips which the 

spiders would bite (Fig. 3) attached to strain gauges (Tekscan FlexiForceTM Force Sensors). I 

used a laptop to collect voltage data (Fig. 4) from the strain gauges via an interface board 

(PhidgetBridge (P/N 1046) driver). To generate a calibration curve for the transducer, I 

measured the change in voltage for a range of known masses. Before applying each known 

weight to the transducer, I collected voltage data for five seconds, sampling every 100ms, with 

no mass attached. I used this to calculate average baseline voltage. I then placed one mass at 

1mm from the tips of the end of the acetate teeth for five seconds. After removing this mass, I 

would collect baseline voltage data for another five seconds. This was repeated for my series of 

masses (5g to 200 g). I measured how the voltage changed for each mass three times. The 

resulting calibration curve has a linear equation of V = F × 0.0073 + 0.0006 where V indicates 

voltage (mV), F represents force (N) which in the case of my calibrating masses were calculated 

Fig. 3: Plan view of force transducer set-up including scale bar. 

1.0 cm 
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by multiplying mass by acceleration due to gravity. Rearranging the equation to find force 

produces the equation F = (V – 0.0006)/ 0.0073 and this equation was used to convert changes 

in voltage from my spider bites into force.  

 

5.3.3.2. Bite force measurements 

Based on pilot data, spider bites lasted for at most 2.0s. I set the gain for the PhidgetBridge to 1 

and the sampling interval to 100ms and collected voltage data from both bridges (i.e. both stress 

gauges). The data collected from each bridge was very similar so I randomly selected one and 

recorded the maximum bite force from that strain gauge.  

The specimens were very reluctant to bite. When immobilised under plastic film or under 

pins they would remain still and not respond to the transducer. They would bite if I held them 

Fig. 4: Example of the output produced by force transducer for a single bite.  

Bite 
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between two fingers and placed them in front of the force transducer although even in this case 

approximately a third of males and a quarter of females would not respond. The spiders also 

tired quickly which meant that I was mostly unable to take multiple measurements from the 

same individual. Instead, of trying to take multiple measurements on a smaller number of 

individuals (e.g. Herrel et al. 1999), I collected a larger number of individuals and measured bite 

force once on each. From 32 females and 36 males I was able to measure bite force for 25 males 

and 24 females. I wiped the tips with drum ethanol between bite measurements to remove any 

venom. 

Ideally, I would have taken force measurements with the tips spaced a range of distances 

to measure force output at a range of chelicera angles. I would have used this to account for the 

fact that the force transducers only force applied in a perpendicular direction on the tips (Goyens 

et al. 2014). However, given how quickly the spiders tired and how reluctant they were to bite, 

the tips were spaced at 1.8mm, the average width of the anterior face of one chelicera. I marked 

the tip of the force transducer to make sure I measured bite force on the same position.  

While biting the force transducer, each spider would exert a range of forces, so I 

collected only the highest bite force (van der Meijden et al. 2012).  

 

5.3.6. Statistics 

All analyses were conducted using R 3.3.1. (R Core Team 2015) 

5.3.6.1. Comparing adult and subadult males  

I calculated kernel densities for cephalothorax and chelicerae length for each group. I conducted 

two one-way ANOVAs to compare average cephalothorax and average chelicerae length across 

adult males, females, and subadult males with post-hoc comparisons of average chelicerae 
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length between the groups. As in Chapters 2 and 4, I investigated the allometric relationships of 

chelicerae length within each group using the package smatr (Warton et al. 2012).  

 

5.3.6.2. Chelicera exoskeleton mass 

I regressed total body mass against body size for males and for females. I regressed the 

proportion that chelicerae mass constitutes of total body mass (i.e. chelicerae mass/body mass) 

against body size for males and females.  

 

5.3.6.3. Comparisons of chelicera structures 

To make comparisons of different structures I log-transformed my measurements of volume and 

surface area. I conducted linear regressions and slope tests using smatr to determine whether 

lengths and volumes of male venom sacs and fangs scaled isometrically with chelicerae length 

and volume. I conducted two-sided t-tests to determine whether there was a significant 

difference in the volume and surface area of the basal chelicera segment between males and 

females. Between problems with shrinkage and low contrast, I was not able to identify the 

venom sac in some specimens.  

 Using methods outlined in Chapters 2 and 4, I calculated allometric slopes for fang 

length for males and females using measurements of museum specimens. I investigated both 

how fang length scales with cephalothorax width and with chelicerae length.  

 

5.3.6.4. Bite force 

Due to the large amount of variation in bite force, I log-transformed my data before conducting 

linear regressions to examine the relationships between chelicerae length and bite force, and 

cephalothorax width and bite force for each of males and females. I calculated effect sizes for all 
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relationships using Pearsons correlation coefficients. I conducted a two-sample t-test to compare 

the average bite force for males and females.  

 
5.4. RESULTS 

5.4.1. Comparing adult and subadult males 

Adult males had more variable chelicerae lengths and body sizes compared to females and 

subadult males (Fig. 5). While subadult males were mostly smaller than adults of both sexes, 

subadult males and adult females had more similar chelicerae lengths compared to adult males. I 

estimated that penultimate moult males have a cephalothorax width 0.181mm smaller than that 

of females (95% CI = 0.118, 0.243, p < 0.0001) and 0.194mm smaller than that of males (95% 

CI = 0.135, 0.253). There was no significant difference in average adult male and female 

cephalothorax width (estimated difference = 0.0133, 95% CI = 0.0266, 0.0531, p = 0.714).  

 Penultimate moult males also had chelicerae which were on average 2.19mm shorter 

than those of adult males (95% CI = 1.74, 2.65, p < 0.0001) but only 0.654mm shorter than that 

of adult females (95% CI = 0.178, 1.13, p = 0.00399). Adult males had chelicerae which were 

on average 1.54mm longer than that of females (95% CI = 1.23, 1.85, p < 0.0001). 

Adult male chelicerae exhibited positive allometry with a slope of 1.59 (Fig. 6; 95% CI = 

1.45, 1.75) which was significantly different to a slope of 1 (r103 = 0.711, p <0.0001). By 

contrast, females had a slightly negatively allometric slope of 0.891 (95% CI = 0.748, 1.06) 

although this slope was not significantly different from 1 (r62= -0.165, p = 0.192). Penultimate 

moult males similarly had a slightly negatively allometric slope of 0.908 (95% CI = 0.652, 1.27) 

which was not significantly different to 1 (r20 = -0.132, p = 0.557).  
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Fig. 5: Distribution of cephalothorax width (a) and chelicerae length (b) 

for adult males (black), adult females (white) and penultimate moult 

males (grey).  

(a) 

(b) 



Chapter 5: What is the advantage of exaggerated weaponry? 

123 
 

  

  

Fig. 6: Allometric slopes and standard error for chelicerae length against body 

size (cephalothorax width) for adult males (black), adult females (white), subadult 

males (grey). The dotted line indicates isometry with a slope of 1. 
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5.4.2. Chelicerae exoskeleton mass, surface area and volume 

I found significant evidence that the adult females and males differ in average body mass. Males 

were on average 0.596g (SD = 0.218) while females were on average 0.824g (SD = 0.178) (95% 

CI for true difference = 0.090, 0.365, t29.4 = 3.38, p = 0.00205).  

Female chelicerae weighed on average 44.9mg (SD = 13.3) while male chelicerae 

weighed on average 46.2mg (SD = 21.5), with no significant evidence of a difference between 

the two (95% CI of estimated difference = -13.1, 10.5; t33.604= -0.226, p = 0.823). Male 

chelicerae make up on average 7.40% (SD = 1.49%) of their total body mass compared to 

females in which chelicerae comprised on average 5.40% (SD = 0.89%) of their total body mass.  

 Female chelicerae contained on average 3.29mg (SD = 1.05) of exoskeleton, similar to 

male chelicerae which contained on average 3.77mg (SD = 1.68) of exoskeleton. I found no 

evidence of a significant difference in average chelicerae exoskeleton mass in males and females 

(t34 = -0.946, p = 0.351). The exoskeleton comprises 8.66% (SD = 2.28%) of the chelicerae mass 

in males and 7.35% (SD = 1.01%) in females. 

The mass of chelicerae exoskeleton (mg) increased in both males and females as 

chelicerae length (mm) increased (Fig. 7; Male: β1 = 0. 965, SE = 0. 139, F1, 21= 48.4, p <0.0001; 

Female: β1 = 1.64, SE = 0. 321, F1, 11= 26.1, p <0.0001). In both males and females, a 1mm 

increase in chelicerae length corresponded to approximately a 30% increase in exoskeleton 

mass.  
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Fig. 7: Chelicerae exoskeleton mass for males (black) and females 

(white) increases in longer chelicerae length.  

Fig. 8: Log-transformed a) male basal segment surface area and b) volume both 

regressed against log-transformed length of chelicerae with line of best fit (± SE).  

a) b) 
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Our µ-CT scanned males had chelicerae with an average volume of 2.36mm3 (SD = 

1.95) and surface area of 79.4mm2 (SD = 50.9). By contrast my sampled female’s chelicerae 

were of a similar volume (average = 2.40mm3, SD = 1.20) but had higher surface area (average 

= 128.5mm2, SD = 30.0). Based on my linear regression results on log-transformed data I would 

expect male chelicera surface area and volume to increase by 2.26% and 4.02% respectively for 

a 1% increase in chelicerae length (Fig. 8; SA: β1 = 2.26, SE = 0.215, r2 = 0.902, F1,11 = 111, p < 

0.0001; Vol: β1 = 4.02, SE = 0.490, r2 = 0.847, F1,11 = 67.34, p < 0.0001). Due to the small 

number of samples from a limited size range, I did not find a strong correlation between surface 

area and volume of female chelicera (SA: β1 = 1.44, SE = 5.16, r2 = -0.444, F1,2 = 0.0779, p = 

0.806; Vol: β1 = 7.78, SE = 12.2, r2 = -0.247, F1,2 = 0.406, p = 0.589).  

 
5.4.3. Fang length and volume  

In my measurements of museum specimens, males had an average fang length of 4.17 mm (SD 

= 0.766) with a coefficient of variation of 18.4%. Females had an average fang length of 

2.69mm (SD = 0.274) with a coefficient of variation of 10.2%. I found strong evidence that male 

fangs are between 1.28 and 1.67mm longer than those of females (t90.8 = -14.8, p < 0.0001). I 

found no evidence to suggest that male fang length does not scale isometrically with body size 

(Fig. 9; β1 = 1.09, 95% CI = 0.977, 1.20, r94 = 0.16, p = 0.120) but there was evidence that 

female fang length scales negatively with body size (β1 = 0.543, 95% CI = 0.355, 0.731, r19 = -

0.760, p <0.0001). By contrast, both male and female fangs scale negatively with respect to 

chelicerae length (males: β1 = 0.724, 95% CI = 0.668, 0.781, r94 = -0.709, p <0.0001; females: 

β1 = 0.354, 95% CI = 0.158, 0.550, r19 = -0.846, p <0.0001).  

Based on segmentation results, males had an average fang volume of 0.414mm3 (SD = 

0.356) while females had an average fang volume of 0.407mm3 (SD = 0.245). I found no 

evidence that male chelicerae volume differs significantly from females’ (95% CI for estimates 
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of true difference = -0.469, 0.454, t15 = -0.0356, p = 0.972). I found evidence that fang volume 

exhibits negative allometry when regressed against chelicerae volume (Fig. 10a; β1 = 0.799, SE 

= 0.0693, r2 = 0.917, F1,11 = 132.7, p < 0.0001; slope test: r11 = -0.659, p = 0.0144).  

Fig. 9: Male (black) and female (white) fang lengths regressed (with standard error) against a) 

cephalothorax width and b) chelicerae length. Dashed line indicates a slope of 1. 

a) b) 

a) b) 

Fig. 10: Allometric slopes for a) male fang volume and b) male venom sac volume regressed 

against chelicera basal segment volume with line of best fit (±SE). Dashed line represents a 

slope of 1.  
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5.4.4. Venom sac length and volume 

My sampled males had an average venom sac length of 2.91mm (SD = 1.25) and volume of 

0.650mm3 (SD = 0.867). Only two of the females I sampled had venom sacs which could be 

easily segmented. Their venom sacs were on average 3.77mm (SD = 0.347) long with an 

average volume of 1.09mm3 (SD = 0. 693). 

Due to the small number of samples and high standard error (Fig. 10b) there was no 

evidence to suggest positive or negative allometry in male venom sac length with respect to 

chelicerae length although my slope estimate suggests negative allometry (β1 = 0.672, SE = 

0.177, r2 = 0.691, F1,5 = 14.42, p = 0.0126).  

 

5.4.5. Bite force 

There was significant variation in how strongly both males and females bit (Fig. 11). The 

greatest bite force for males was 5.33N and the greatest for females was 5.37N but average bite 

force as only 1.36N (SD = 1.61) for males and 1.34N (SD = 1.39) for females. The range of bite 

forces was very similar for males and females (95% COI for estimate of true differences = -

0.867, 0.906N, t45 = 0.0445, p = 0.965).  

I found a significant positive correlation (Fig. 12) in my transformed data between male 

body size and bite force (β1 = 5.21, SE = 1.92, F1, 22= 7.35, p = 0.0128), and between male 

chelicerae length and bite force (β1 = 3.56, SE = 1.25, F1, 22= 8.15, p = 0.00922). The effect sizes 

for chelicerae length (r = 0.52) were similar to that for body size (r = 0.5) for males. By 

contrast, while there was still a positive relationship between body size and bite force (β1 = 3.29, 

SE = 1.246), and between chelicerae length and bite force (β1 = 1.68, SE = 2.48), in females, 

neither relationship was significant (F1, 21= 1.27, p = 0.272; F1, 21= 0.459, p = 0.506 

respectively).  
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Fig. 11: Range of bite forces for males and females. Box indicates 

interquartile range with internal line marking median body size. Upper and 

lower whiskers span upper and lower quartiles respectively. 
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♂ ♂ 

♀ ♀ 

Fig. 12: Log-transformed bite force for males (black; top) and females (white; 

bottom) regressed against cephalothorax width (left) and chelicerae length (right).  



Chapter 5: What is the advantage of exaggerated weaponry? 

131 
 

5.5. DISCUSSION 

Contrary to expectations, I found that male chelicerae are not significantly larger than those of 

females when comparing measures of volume, surface area and mass. This is in contrast to 

chelicerae length which differs significantly between adult males and adult females and adult 

males and subadult males. Despite significant elongation in adult males, penultimate males do 

not exhibit positive allometry and more closely resemble adult females. Furthermore, while I did 

find that males with longer chelicerae bite harder, males overall did not bite significantly harder 

than females.  

It was surprising to find that penultimate moult males of Cambridgea foliata so closely 

resemble adult females with no evidence of elongation prior to the final moult. This is in 

contrast to the male pedipalp which, by the penultimate moult, has already begun to change in 

shape, becoming fully developed after the final moult. The similarity between subadult male and 

adult female morphologies suggest that their phenotypes are optimal for foraging, at least in 

contrast to the more elongated adult male phenotype. This suggests that adult males trade 

foraging ability for traits which facilitate fighting and mate acquisition. Given the importance of 

adult body size in determining the outcome of contests, juvenile male foraging success should 

contribute significantly to adult reproductive success.  

Although I found that the maximum male and female bite force does not differ 

significantly overall, I did find that male bite force increases in larger males with longer 

chelicerae. By contrast I found no such relationship between female body size or chelicerae 

length and bite force which is unsurprising given the comparatively low variation in female 

body and weapon size. That males with larger jaws produce a greater force output is a consistent 

pattern across a range of taxa (e.g. lizards, Herrel et al. 1999; sharks, Heterodontus francisci 

Kolmann & Huber 2009; stag beetles, Cyclommatus metallifer, Goyens et al. 2014). This 

suggests that larger males may impose greater costs upon opponents during fights by more 
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tightly clamping their jaws around their opponent’s. However, in the few cases in which I have 

observed males injure each other, it has been through punctures through the cephalothorax rather 

than by damage to chelicerae. Alternatively, bite force may instead communicate RHP between 

opponents during grappling (Petrie 1988) and/or allow males to stabilise themselves while 

pushing forward with their legs. 

Indeed, bite force may be a particularly good signal of RHP to opponents given that I 

would expect that larger males need to perform greater work to produce an equal or greater force 

output compared to smaller individuals. The basal chelicera segment pivots very near the 

proximal end and exaggeration results in a disproportionate increase in out-put lever length. This 

results in a decrease in the mechanical advantage of the chelicerae-muscle apparatus (MA = 

input lever length / output lever length). A higher mechanical advantage (i.e. a relatively long 

input lever) allows a greater force output relative to input force (Fig. 13). By contrast, males 

with lower mechanical advantage should produce low output forces relative to input force 

although chelicerae will move with greater velocities (Ennos 2012). In this case, a greater force 

must be applied to generate a comparable output force. This may be achieved if chelicerae 

exaggeration is accompanied by an increase in the length or volume of muscle fibres in the 

cephalothorax operating the chelicerae (e.g. Goyens et al. 2014). This is the case in Carolina 

anoles (Anolis carolinensis) in which larger males have larger jaws but the increase in bite force 

is more directly related to an increase in the size of the jaw adductor muscle chamber, making 

room for a larger jaw adductor (Herrel, McBrayer & Larson 2007). 

A significant increase in muscle mass could impose a substantial developmental cost for 

males. However, my analyses of male chelicera mass, volume and surface area suggest that the 

developmental cost of exaggeration may be smaller than first thought. While adult male 

chelicerae are significantly longer than those of females and display positive allometry, the 

absolute mass of male and female chelicerae do not differ significantly. Furthermore, the 
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volume and surface area of the basal segment does not differ significantly between the sexes. I 

also found that the chelicerae of larger males contained the same average mass of exoskeleton as 

those of large females suggesting that they are neither more or less armoured than females.  

I did find that chelicerae make up a greater proportion of male mass compared to females 

but this difference in proportion could be an artefact of adult females having greater feeding 

opportunities rather than necessarily having a different pattern of mass allocation. However, 

lighter males with longer legs (see Appendix D) may have a mobility advantage in mate-

searching (e.g. as in wētā, Deinacrida rugosa, Kelly, Bussière & Gwynne 2008; crab spider, 

Misumena vatia, Legrand & Morse 2000). This is in comparison to the female body plan which 

is less mobile on the ground (pers. obs.) particularly when gravid.  

Fig. 13: The chelicera extends a short distance into the cephalothorax, pivoting (triangle 

represents a hypothetical fulcrum) where it meets the cephalothorax. The length of the chelicerae 

that extends outside the cephalothorax represents the output lever (Loutput) while the tendons or 

projections into the cephalothorax which abductors and adductors attach to represent the much 

shorter input lever (Linput).   
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Larger males also do not disproportionately invest in larger venom sacs or longer fangs, 

traits used during all-out fighting in which males bite and inject venom, in some cases causing 

death. Fang length scales isometrically with body size but males with longer chelicerae of 

greater volume have proportionally shorter fangs of lower volume. Based on my small number 

of venom sac measurements there is also no evidence that larger males invest disproportionately 

in venom sac size. This is unsurprising given that male-male contests devolve into actual biting 

infrequently so that, while a longer fang and a greater volume of venom may be advantageous at 

this point, selection is unlikely to be strong.   

Cumulatively this suggests that, beyond a likely increase in muscle volume within the 

cephalothorax, the development of exaggerated male chelicerae consists primarily of a 

conformation change of the basal segment. That is, the chelicerae become more elongated but 

not necessarily larger. In this way, how efficiently they perform certain tasks or withstand strain 

is determined by shape. Shape can have significant implications for how well biological 

structures withstand strain (e.g. Drake et al. 2016; Bar-On et al. 2014). In particular, 

McCullough et al. (2014) demonstrate that the shape of transverse sections in different 

rhinoceros beetle horns are best suited to withstand strain applied by specific movements and 

fighting styles. In C. foliata, the stouter, rounder chelicerae of females may be more resistant to 

a range of strains generated by trying to immobilise a large prey item whereas, during fights, 

only part of the male chelicerae are placed under a less variable kind of strain. Comparing the 

transverse sections of male and female chelicerae may provide insight into their differing uses. 

Alternatively, male chelicerae may exhibit non-uniform thickness of exoskeleton as is the case 

in male fiddler crabs in which their chela is thickest where forces are applied by other males 

(Swanson et al. 2013).  

Despite significant differences in chelicerae length, I found no significant difference in 

the bite forces of adult males and females. Given the importance of foraging on fecundity 
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selection (Head 1995; Kuntner & Elgar 2014), it is unsurprising that the adult female body plan 

should bite with equal force as adult males despite having significantly shorter chelicerae. 

Indeed, shorter chelicerae should require less work to produce the same bite force.  

These findings emphasise the importance of examining the linear measurements used as 

indices for weapon size. In this species, while the elongation of male chelicerae is certainly 

notable and will have consequences under sexual selection, length alone is a coarse indicator of 

functional performance (especially when comparing between the sexes). Furthermore, it does 

not accurately reflect the likely physiological cost of developing exaggerated chelicerae. 

Understanding how these costs and performance indicators scale with trait size and overall body 

size is critical to understanding how weaponry will contribute to RHP.  
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6. 
General discussion 

 

6.1. KEY FINDINGS  

This thesis has used multiple approaches to address the question of why exaggerated male 

weaponry has evolved in New Zealand sheet-web spiders (Cambridgea spp.). In doing so, it has 

provided potential insights into the relationships between weaponry, behaviour and sexual 

selection that are applicable across taxa. I have found that exaggerated chelicerae are used by 

male sheet-web spiders (Cambridgea foliata) in highly ritualised contests to gain access to and 

maintain control of females (Chapter 2). This re-iterates the importance of the relationship 

between mate-guarding and exaggerated male weaponry stipulated by previous researchers 

(Emlen 2008; Petrie 1988). The contest behaviours I observed suggest that there is significant 

selection on male fighting traits even though the specific mechanisms of selection acting upon 

chelicerae are less clear. In particular, while male chelicerae exhibit positive allometry, 

suggesting that they confer some competitive advantage for larger males (Petrie 1988), I found 

that body size and condition were better predictors of fight outcomes than chelicerae length. I 

propose an alternative explanation that positive allometry has evolved to produce 

disproportionately large weapons in only the largest males who are most likely to engage in 

grappling behaviours, the only fighting behaviour that requires contact between chelicerae.  

 The advantage of winning contests is also greater than originally expected. My 

observations of cohabitation in C. foliata (Chapter 3) suggest that male tenants in female webs 
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gain greater foraging opportunities to the exclusion of the female resident. That I observed 

males living in heterospecific’s webs suggests that males are safest and have the greatest 

foraging opportunities in webs compared to when roaming. Therefore, competitive ability to 

oust rival males from female webs not only grants victors access to mating opportunities but 

also to feeding opportunities which may allow males to later continue roaming in search of 

mates. 

 I found evidence of positive allometry in chelicerae length in nearly all Cambridgea 

species I studied (Chapter 4) and found that the allometric slope steepens in species with larger 

males. On the assumption that species with stronger sexual selection via intrasexual competition 

selects for larger male body size, this suggests that the same selection drives the evolution of 

steeper allometries. While I was not able to observe contest behaviour in all species, the uniform 

pattern suggests that longer chelicerae provide a comparable size-dependent advantage for large 

males across species. In nearly all species observed, females are anchored in space to their webs 

(Appendix C), providing the same context for mate guarding to arise. Nevertheless, it was 

surprising to find so little variation in the characteristics of males’ chelicerae across the genus 

despite significant changes in body size. 

However, while I observe steeper allometries in species with larger males, it is difficult 

to determine whether the steeper allometries result from differential expression of one genotype 

encoding one scaling relationship or from proliferation of differing scaling relationships in 

different species. In the former, different ecological factors (e.g. prey availability and prey size) 

could generate greater average body sizes which are better able to meet the costs for 

exaggeration (e.g. Emlen et al. 2012). In the latter scenario, intrasexual selection of different 

strengths selects not only for larger body sizes but for a greater relative size of chelicerae (as has 

been demonstrated in artifical selection experiments, e.g. Weber 1990, Wilkinson 1993), leading 
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to the proliferation of genotypes which disproportionately allocate greater resources to 

chelicerae growth, even greater than in congeners. 

 A more focused morphological analysis of male chelicerae provided additional context 

for considering the role of chelicerae in contests (Chapter 5). In particular, I found that, while 

larger males with larger chelicerae do bite harder than smaller males, the bite forces generated 

are not higher than those of females and larger males also do not disproportionately invest in 

venom glands or fangs for the purposes of contests. Furthermore, the cubic volume and mass of 

male chelicerae was not significantly greater than that of females, suggesting that the cost of 

developing such “exaggerated” weapons may not be as great as originally thought. Indeed, given 

that the male body plan observed in adults does not develop until the final moult, it seems likely 

that adult male morphology can only deviate so far from the female-like juvenile phenotype 

and/or that the advantage of exaggerated chelicerae is less important than juvenile male foraging 

success.  

 

6.2. SYNTHESIS 

6.2.1. The potential influence of females 

One limitation in this work is that I observed only a few instances of courtship and occasions of 

spiders entering the copulatory posture. Therefore, I was not able to quantify the importance of 

female choice and how female choice may have influenced male morphology. In my 

observations on cohabitation, while I have observed the potential sexual conflict of males 

reducing female foraging success, there is no evidence that sexual cannibalism occurs in these 

species. In this way, while females may influence the frequency or duration of copulations with 

males, based on their characteristics, it is likely that small males still gain copulations as would 

be expected under Fromhage & Kokko’s (2014) model for the evolution of positive allometry in 

male weaponry.  
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Selection on females is also likely to be an important factor for understanding the 

evolution of male weaponry. The studied Cambridgea species are consistently monomorphic 

and, while the positive relationship between allometric slope and male body size suggests net 

selection for larger males, there is likely to be significant genetic linkage between the two sexes. 

Furthermore, I believe average female body size and indeed speciation may have been driven by 

ecological factors which impact foraging success.  

 

6.2.2. Natural selection vs. Sexual selection 

Male chelicerae in Cambridgea spp. have been a particularly illuminating subject of study 

because they reflect an interaction between natural and sexual selection. Positive allometry 

should be less likely to arise in traits which are under strong natural selection because the 

development of disproportionately large traits in large individuals has the potential to disrupt not 

only other morphological traits but vital behaviours (Andersson 1994; Costa-Schmidt & de 

Araújo 2008). In the case of chelicerae, excess exaggeration should impact foraging ability. I 

find evidence that this is the case in C. foliata, specifically that there are sex-specific and age-

specific differences in net selection on chelicerae size which manifest in differences in 

morphology and function between sexes and age classes. The female body plan is even less 

variable than that of males. Furthermore, juveniles of both sexes resemble adult females until 

their final moult. Cumulatively this suggests that females and juveniles are likely to be best 

suited to foraging in the web. This is intuitive in the context of fecundity selection for females 

and for natural selection in juvenile males.  

Furthermore, given that male body size is an important predictor in the outcomes of 

fights and adult body size is determined by juvenile foraging success, a phenotype which 

optimises juvenile male foraging success should translate into greater success in agonistic 

contests as adults. Then, following maturation, adult males forgo the ability to forage optimally 
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(although I have observed C. annulata feeding while roaming; Appendix C) in lieu of a more 

slender phenotype which facilitates mate searching and fighting (e.g. Kelly, Bussière & 

Gwynne. 2008, Legrand & Morse 2000).  

 

6.2.3. What is the advantage of exaggeration? 

Positive allometry in male chelicerae should only evolve if larger weapons provide a definitive 

advantage for larger individuals compared to small ones and/or if larger individuals are better 

able to meet the costs of larger weapons than smaller individuals (Bonduriansky & Day 2003; 

Bonduriansky 2007). Given that natural and sexual selection are in opposition in adult males of 

this species, the benefits should be significant in order for positive allometry to arise. However, 

while I have identified clear benefits to winning contests, i.e. mating and foraging opportunities, 

it remains unclear exactly how exaggerated, positively allometric weapons benefit males in 

contests given that weapon size was not a good predictor of contest outcome. 

 This uncertainty is reflected in the contest literature in which, despite the frequency of 

exaggerated male weaponry in the animal kingdom (Emlen 2008), the role of that weaponry in 

contests and in assessment of resource holding potential (RHP; Arnott & Elwood 2009) remains 

unclear or at least mixed. The hypothetical roles of weaponry in cases of sequential and 

cumulative assessment are intuitive: weaponry either broadcasts a combatant’s underlying RHP 

or else allows one combatant to impose costs upon their opponent, proportional to their own 

RHP. Positive allometry should arise in these scenarios as larger weapons help larger males to 

amplify differences in RHP or impose greater costs. There are several studies which fit these 

explanations and find that males assess each other’s RHP (sequential assessment) or else have 

been shown to injure each other using their weapons (cumulative assessment) (e.g. giraffe 

weevils, Lasiorhynchus barbicornis, Painting & Holwell 2014; hummingbirds, Phaethornis 



Chapter 6: General discussion 

141 
 

longirostris, Rico-Guevara & Araya Salas 2015; tree wētā, Hemideina crassidens, 2006 but see 

Arnott & Elwood 2009).  

 By contrast, that self-assessment best describes decision making in male C. foliata raises 

the question as to what role exaggerated weaponry could play in a system that does not involve 

sequential or cumulative assessment or indeed whether positive allometry could ever evolve in 

such a system. It is still possible that, while grappling, C. foliata males shift to cumulative or 

sequential assessment, in which case locking chelicerae will either impose costs or allow males 

to assess each other’s RHP. In either case, my proposal that larger males develop 

disproportionately large weapons because only large males are ever likely to use them is still 

applicable. This proposal is also relatively novel, although the idea of weapons only being of 

value in a subset of contests has been brushed against by several other studies. Pomfret and 

Knell (2006) find that difference in body size of male dung beetles (Euoniticellus intermedius) is 

more important in fights between small males while in larger males relative horn length is more 

important. There is also some evidence to suggest that the value of weaponry can be isolated to 

contact phases with no evidence of assessment prior to contact (e.g. shore crabs, Carcinus 

maenas, Sneddon, Huntingford & Taylor 1997; jumping spider, Lyssomanes viridis, Tedore & 

Johnsen 2012), however, many studies do not subdivide their contest data into pre- and post-

contact contests which makes interpretation difficult. If males do not assess weapon size prior to 

contact and weapon size is not adequately signalled during assessment of other traits but then 

becomes important during contact, then exaggerated weapons should be most valuable to males 

which are involved in contests which escalate past signalling and into contact i.e. large males. 

As to how longer chelicerae specifically advantage males during grappling, while I 

found that larger males with longer chelicerae bite harder than smaller males, the implications of 

this difference is unclear. A greater bite force may impose greater costs on opponents during 

grappling, or, the force with which a male closes his chelicerae over his opponent’s may 
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communicate RHP. This relationship between size and function is confounded by the fact that 

elongation of chelicerae represents an increased output lever length without a proportional 

increase of input lever length. Consequently, an increase in bite force requires a greater muscle 

volume within the cephalothorax to compensate for a lower mechanical advantage. If bite force 

is the most important consequence of weapon exaggeration, then the advantage of exaggerated 

chelicerae should actually come from a parallel exaggeration in operating musculature. 

Particularly in the context of my behavioural analyses, further study into how chelicerae length 

and muscle mass within the cephalothorax scale within the largest males may be valuable. 

 

6.2.4. In what way are male chelicerae exaggerated? 

That positive allometry is a consistent pattern across the genus may also be because the 

developmental constraints are not as great as originally assumed. As previously mentioned, 

exaggerated male chelicerae develop in the course of a single moult which should limit the 

extent to which chelicerae should become exaggerated. However, the cost of developing such 

long chelicerae should be smaller than first thought, as the observed exaggeration is the result of 

a change in shape rather than of disproportional allocation of resources to trait growth in mass or 

volume. While there should still be some developmental constraints, and I have no insight into 

the costs of the associated musculature, this makes elongated chelicerae a comparatively low 

cost secondary sexual character. That exaggerated chelicerae are not significantly heavier also 

means there should be no added metabolic cost to males from carrying them. In this way, if the 

costs of exaggeration are lower than expected, then the benefits of exaggeration need not be so 

extreme. These findings further emphasise the importance of volume or mass as indices for 

investment rather than linear measurements alone.  
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6.2.5. The value of spiders for studying contest behaviour and weapon 

evolution 

Most studies of spider chelicerae are descriptive or more concerned with morphology of the 

apical and venom apparatus (e.g. Joro spider, Nephila clavata, Moon & Yu 2007; funnel spider, 

Agelena gracilens, Yiǧit et al. 2007; orb weaving spiders, Larinioides spp., Yiǧit et al. 2006, 

Çavuşoǧlu et al. 2005; Agelena labyrinthica, Yiǧit et al. 2004; spitting spiders, Scytodes, Vetter 

2013; Carvalho, Da Silva Souza & Willemart. 2012; Suter & Stratton 2009). This is 

unsurprising given that these are features key to foraging and biting people. There are some 

species in which morphology of the basal segement specifically has been of interest but these 

are usually species with unusual foraging behaviours such as trap-jaw spiders which conduct 

ballistic strikes with their chelicerae (Mecysmaucheniidae, Wood et al. 2015) and 

oniscophagous spiders (Dysdera spp.) in which a range of chelicerae modifications allow them 

to overcome the defences of and feed on woodlice (Řezáč, Pekár & Lubin 2008).  

A handful of studies produce examples of sexual dimorphism and exaggeration in male 

chelicerae morphology, and, in these cases, mate choice and agonistic contests are usually 

identified as potential explanations for the observed dimorphism (e.g. Myrmarachne 

plataleoides, Pollard 1994; zebra back spider, Salticus scenicus, Bristowe 1954; horned jumping 

spider, Diolenius minotaurus sp. nov., Wanless & Lubin 1986; wolf spiders, Allocosa spp., 

Aisenberg et al. 2010). However, these studies do not include behavioural observations to 

determine which context exaggerated chelicerae are primarily used in and, therefore, the 

predominant form of sexual selection acting on them.  

By contrast, spiders have been integral to the understanding of contests, in particular 

models of assessment, and they are frequently used for studying contest behaviour. The bowl 

and doily spider (Frontinella pyramitela) was used to validate the predictions of both the 

sequential assessment model (Leimar, Austad & Enquist 1991; Enquist & Leimar 1987) and war 
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of attrition model (Austad 1983). A range of species have been used to demonstrate the effect of 

resource value on male persistence (Elias et al. 2010; Keil & Watson 2010; Bridge, Elwood & 

Dick 2000). Studies of jumping spiders have shown that winner and loser effects can persist 

even in short-lived animals (Kasumovic et al. 2009; Kasumovic et al. 2010).  

One of the attractions of using spiders for studying agonistic contests may be the range 

of signaling modalities available to them. These include not only strong colouration and displays 

paired with strong vision, especially in salticids (Tedore & Johnsen 2015), but also vibratory 

signalling or indeed multimodal signalling which has been studied in both salticid and lycosid 

contests (jumping spider, Phidippus clarus, Elias et al. 2008; wolf spider, Hygrolycosa 

rubrofasciata, Kotiaho et al. 1998, Ahtiainen et al. 2006).  

To the best of my knowledge, exaggerated chelicerae are present and accounted for only 

in studies of contests in the jumping spider, Lyssomanes viridis (Tedore & Johnsen, 2012, 2015). 

The authors find that male L. viridis with longer chelicerae are more likely to win fights and 

propose that chelicerae length and colouration may facilitate mutual assessment (Tedore & 

Johnsen 2012). However, the authors (2015) later find chelicerae length does not influence how 

males respond to an animation of a hypothetical opponent.  

However, remedying this gap in the spider contest literature should be simple as there 

are already species from a range of families which exhibit exaggerated male weaponry. Bridging 

the gap between morphological and behavioural studies using some of these species would have 

the added benefit of diversifying the range of species used in contest studies. The predominance 

of salticids in the contest literature is understandable as they are diurnal and the absence of webs 

as a vibratory subtrate and source of chemical information allows for precise control and 

interpretation of contests. However, it would be valuable to determine the extent to which our 

current models of assessment apply to nocturnal, web building spiders in which the available 
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modes for communication between combatants differ significantly to those of many current 

model species.  

 

6.3. IMPLICATIONS  

Studying Cambridgea spp. has provided an important link between the study of fighting 

behaviour (which frequently uses spiders as study systems) and animal weaponry (which does 

not). The phenotype of chelicerae and associated traits across sexes and age classes reflect 

different interactions between sexual and natural selection. While natural selection will always 

influence the evolution of sexually selected weapons, it is particularly significant in this case as 

male chelicerae are a secondary sexual character which have been co-opted from another 

function (foraging). This makes interpretations of the costs and benefits of weaponry potentially 

more complex. However, it also draws attention to the assumptions used in studies of fighting 

behaviour and weapon evolution, specifically that visually apparent exaggerations should relate 

linearly to functional performance and therefore RHP. The findings of this thesis re-iterate the 

importance of considering sexual characters in the context of not only behaviour and 

phylogenetic history but also as multi-dimensional morphological structures that vary 

considerably within and among species.  
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APPENDIX A: Full table of ranked candidate 

models (Chapter 2) 
 

  

Rank Model K AICc ΔAICc AICcWt 

1 
Size difference + 

Condition difference 
5 44.18 0 0.88 

2 

Size difference + 

Condition difference + 

Chelicerae length difference + Resident status 

7 48.13 3.95 0.12 

3 Condition difference 4 69.57 25.39 0 

4 
Size difference + 

Chelicerae length difference 
5 70.3 26.11 0 

5 Size difference 4 77.45 27.30 0 

6 Chelicerae length difference 4 78.34 33.27 0 

7 
Size difference + 

Resident status 
5 79.5 35.32 0 

8 Intercept and random effects only 3 80.71 36.53 0 

All candidate models have the notation logit[Prob(Focal male wins)] = β0 + β1Xi + β2Xi +… βnXi + b0f + b0m + εi 

f m where X indicates fixed effects while b0 represents intercepts for random effects of female identity (f) and 

focal male identity (m). 
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APPENDIX B: Supplementary material (Chapter 4) 

Table B.1: Collection details for molecular phylogeny. Specimens in bold used for species 

tree. 

Target species Sample ID Collection details 

Cambridgea ambigua 

CICLW044 
Abel Tasman coastal track, Motueka, NN, 18 April 2016, ex 
web in gorse in coastal forest during the day, LA Walker, 
CE Forster, 40 59.526, 173 00.635E 

G8S056 MC, Woolston, 23 Jan 2014, in house, GP Raper 43032.9'S 
172 40.4'E 

JUN14 Forest near Boyle River, BR. 15 Mar 2014. CJ Vink. 
42.519'S 283 E172.384E 

Cambridgea annulata 
Dalmas 1917 

CIGLW038 
Nikau bush, Chatham Island, 02 February 2016, ex webs on 
karaka during the night, LA Walker, AF Probert, 43 
45.653S 176 34.310E Elevation 45m 

DIELW031 
Henga scenic reserve, Chatham Island, 30 January 2016, ex 
webs on karaka during the night, LA Walker, AF Probert, 
43 51.530S 176 33.211E Elevation 45m 

DIHLW40 
Nikau bush, Chatham Island, 03 February 2016, ex webs on 
karaka during the night, LA Walker, AF Probert, 43 
45.653S 176 34.310E Elevation 45m 

FIBLW029 
Henga scenic reserve, Chatham Island, 30 January 2016, ex 
webs on karaka during the night, LA Walker, AF Probert, 
43 51.530S 176 33.211E Elevation 45m 

FICLW035 
Henga scenic reserve, Chatham Island, 02 February 2016, 
ex webs on karaka during the night, LA Walker, AF 
Probert, 43 51.530S 176 33.211E Elevation 45m 

Cambridgea 
antipodiana (White) 
1849 

JUN07C Forest near Boyle River, BR, 15 March 2014, CJ Vink, 
42.519S 172.384E 

KIHLW132 Kowhai bush, Greymouth, BR, 08 January 2017, ex webs 
on trees during day, LA Walker, MP Fea. Dry conditions.  

QIALW090 Lake Wilkie track, Southland, SL, 17 December 2016, ex 
web in tree (windy), LA Walker, E Powell 

Cambridgea arboricola 
(Urquhart) 1891 

CAT02 Lake Wilkie, Tautuku bay, SL. 3 Dec 2014. at night. G Hall, 
C Vink, R Hoare, O Ball. 46 34.8S 169 26.3E 

D8BCV001 
Scenic reserve, Tautuku bay, SL. 3 Dec 2014. at night. G 
Hall, C Vink, R Hoare, O Ball. 46 34.79S 169 24.437'E In 
Web with subadult female. 

G9BCV002 Scenic reserve, Tautuku bay, SL. 3 Dec 2014. On tree in 
web at night. G Hall, C Vink. 46 34.80S 169 26.46E 

PIHLW070 Leith Saddle, Dunedin, DN, 13 December 2016, ex web in 
tree trunk at night (showery), LA Walker, E Powell.  

Cambridgea fasciata L. 
Koch 1872 

B9S059 
Redpath Farm, Wairata, 20 Feb 2014, Taken from web at 
night beside creek bed, C J Painting, C C Nicholson 38 17 
34.44S, 177 20 2.09E 

C8BS030 
Te Anga road, Waitomo, WO, 22 Jan 2014, ex web in 
broadleaf podocarp forest at night, LA Walker 38 15 42.2S, 
175 00 51.4E 

C9BS060 
Redpath Farm, Wairata, 20 Feb 2014, Taken from web at 
night beside creek bed, C J Painting, C C Nicholson 38 17 
34.44S, 177 20 2.09E 

F9BS071 
Matuku Foresta and Bird Reserve, Waitakere, AK, 25 Feb 
2014, ex web in broadleaf-podocarp forest at night, LA 
Walker 
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Table B.1 continued 

Target species Sample ID Collection details 

Cambridgea foliata (L. 
Koch) 1872 

A4S072A Ark in the Park, Waitakere, AK, 12 Oct 2014, ex web 
under gecko shelter on tree, LA Walker, CE Forster. 

B4S073A 
Whakanewha regional park, Waiheke Island, AK, 11 
Oct 2014, ex web under gecko shelter on tree, LA 
Walker, JM Green. 

C4S074A 
Ark in the Park, Waitakere, AK, 12 Oct 2014, ex web 
under gecko shelter on tree, LA Walker, CE Forster. 

Cambridgea obscura 

GIBLW077 
Sullivan's dam, Dunedin, DN, 12 December 2016, 
female roaming free on tree roots at night (showery), 
LA Walker, E Powell. Notebook #02 

GIDLW080 
Rocky knoll, Catlins forest park, SL, 16 December 
2016, ex web in debris in pine forest at night (clear), 
LA Walker, EC Powell 

GIELW081 
Shaw Rd, Catlins forest park, SL, 16 December 2016, 
ex web in monocot at night (clear), LA Walker, E 
Powell 

GIFLW082 
Shaw Rd, Catlins forest park, SL, 16 December 2016, 
ex web in monocot at night (clear), LA Walker, E 
Powell 

GIGLW084 
Tawanui campground, Catlins forest park, SL, 16 
December 2016, ex web near stream (clear), LA 
Walker, E Powell 

HIBLW087 Lake Wilkie track, Southland, SL, 17 December 2016, 
ex web in tree (windy), LA Walker, E Powell 

HICLW088 Lake Wilkie track, Southland, SL, 17 December 2016, 
ex web in tree (windy), LA Walker, E Powell 

HIFLW094 
Lake Wilkie track, Southland, SL, 17 December 2016, 
ex web in bank (windy), LA Walker, E Powell. Web = 
70x40cm 

IICLW104 Catlins river walk, Southland, SL, 18 December 2016, 
ex web, LA Walker, E Powell 

Cambridgea pallidula 

NIGLW178 Belmont regional park, Upper Hutt, WN, 17 Apr 2017. 
Ex webs @ night. LA Walker, C Painting 

NIHLW182 
Belmont regional park, Upper Hutt, WN, 17 Apr 2017. 
Ex webs @ night. LA Walker, C Painting. Caught with 
LW181. 

OIALW185 
Akatarawa regional park, Karapoti Rd Entrance, Upper 
Hutt, WN, 16 April 2017. Ex webs @ night. LA 
Walker, C Painting 

OIBLW188 
Kaitoke regional park via Waterworks Road, Upper 
Hutt, WN, 15 April 2017. Ex webs @ night. LA 
Walker, C Painting 

PIBLW198 
Kaitoke regional park via Waterworks Road, Upper 
Hutt, WN, 15 April 2017. Ex webs @ night. LA 
Walker, C Painting 
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Table B.1 continued 

Target species Sample ID Collection details 

Cambridgea peelensis 

IIFLW109 
Big tree track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web on tree at night, LA Walker, MP Fea. Clear and 
cold night after rain. 

JIBLW113 
Big tree track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web on totara at night, LA Walker, MP Fea. Clear 
and cold night after rain.  

JICLW114 
Big tree track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web on totara at night, LA Walker, MP Fea. Clear 
and cold night after rain.  

JIDLW115 
Big tree track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web on wooden brace of shelter at night, LA Walker, 
MP Fea. Clear and cold night after rain. 

JIELW117 
Aclands fall track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web in fern at night, LA Walker, MP Fea. Cold and 
clear night after rain. 

 JIFLW118 
Aclands fall track, Peel Forest scenic reserve, SC, 04 January 
2017, ex web in fern at night, LA Walker, MP Fea. Cold and 
clear night after rain.  

Cambridgea plagiata 
Forster & Wilton 1973 

A6S001 
Te Anga road, Waitomo, WO, 19 Dec 2013, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker 38 15 
42.2S, 175 00 51.4E 

AIELW59 
Te Anga road, Waitomo, WO, 04 May 2016, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker, J 
McCambridge, 38 15 42.2S, 175 00 51.4E 

B8BS022 
Te Anga road, Waitomo, WO, 19 Dec 2013, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker 38 15 
42.2S, 175 00 51.4E 

Cambridgea plagiata 
Forster & Wilton 1973 

A6S001 
Te Anga road, Waitomo, WO, 19 Dec 2013, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker 38 15 
42.2S, 175 00 51.4E 

AIELW59 
Te Anga road, Waitomo, WO, 04 May 2016, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker, J 
McCambridge, 38 15 42.2S, 175 00 51.4E 

B8BS022 

Te Anga road, Waitomo, WO, 19 Dec 2013, ex web in lime 
stone in broadleaf podocarp forest at night, LA Walker 38 15 
42.2S, 175 00 51.4E 

Cambridgea 
quadromaculata 

F8BS055 Riccarton Bush, MC, 20 Feb 2014, in web, CJ Vink, BN 
McQuillan, 43 31.7S 172 35.7'E. 

JUN01 Hendrik's property, DN. 05 Mar 2015. -45.850543 S 
170.652886E 

JUN05 Hinewai Beech Forest, Banks Peninsula, MC. 2 Mar 2015. 43 
48.684'S 173 01.079E 

Z4S074 Woodhaugh Gardens, North Dunedin, Dunedin 9016, S Kerr, -
45.853987, 170.510141 

Cambridgea reinga 
Forster & Wilton 1973 

BIDLW003 Koharanaki, Spirits Bay, 06 Dec 2015, ex manuka/kanuka 
litter at night, L A Walker, D Seldon, T Buckley, R Leschen 

BIELW016 
Spirits Bay, Northland, 09 Dec 2015, ex manuka/kanuka litter 
at night, L A Walker, D Seldon, T Buckley, R Leschen, 34 25 
707S, 172 51 725E 
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Table B.1 continued 

 

 

  

Outgroup species   

Target species Sample ID Collection details 
Badumna insignis (L. Koch) 
1872 PIALW197 Leigh marine reserve, 22 May 2017, ex web in rocks during 

the day. LA Walker, M Merien, R LeGrice 

Ischalea spinipes L. Koch 
1872 CIAISC 

Te Anga road, Waitomo, WO, April Dec 2015, LA Walker 38 
15 42.2S, 175 00 51.4E 

Nanocambridgea gracilipes  
Forster & Wilton 1973 BIFLW041 Waharau regional park, AK, 02 March 2016, ex web at night, 

podocarp/broadleaf forest 

Stiphidion facetum Simon 
1902 

US005 Whakanewha regional park, Waiheke Island, AK, 11 Oct 
2014, ex web under gecko shelter on tree, LA Walker. 

US008 Whakanewha regional park, Waiheke Island, AK, 11 Oct 
2014, ex web under gecko shelter on tree, LA Walker. 
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Table B.2: Bayesian estimates (BE) and arithmetic averages for male chelicerae length and 

cephalothorax width 

 

  

MALES 

Species 
BE 

Cephalothorax 
width (mm) 

Average 
cephalothorax 

width (mm) 

BE 
chelicerae 

length (mm) 

Average 
chelicerae 

length (mm) 
Cambridgea 

ambigua 
4.21 4.21 4.40 4.39 

Cambridgea 
annulata 4.25 4.25 4.42 4.43 

Cambridgea 
antipodiana 4.30 4.30 4.44 4.44 

Cambridgea 
arboricola 4.59 4.58 4.60 4.57 

Cambridgea 
fasciata 3.62 3.55 3.76 3.62 

Cambridgea 
foliata 5.70 5.72 5.87 5.91 

Cambridea 
obscura 4.68 4.71 4.75 4.82 

Cambridgea 
pallidula 3.10 3.03 2.99 2.82 

Cambridgea 
peelensis 4.47 4.80 4.49 4.52 

Cambridgea 
plagiata 5.93 5.93 5.88 5.88 

Cambridgea 
quadromaculata 4.32 4.32 4.52 4.50 

Cambridgea 
reinga 2.61 2.52 3.07 2.89 
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Table B.3: Bayesian estimates (BE) and arithmetic averages for female chelicerae length and 

cephalothorax width 

 

  

FEMALES 

Species 
BE 

Cephalothorax 
width (mm) 

Average 
cephalothorax 

width (mm) 

BE 
chelicerae 

length (mm) 

Average 
chelicerae 

length (mm) 
Cambridgea 

ambigua 3.87 3.85 2.95 2.94 

Cambridgea 
annulata 4.55 4.56 3.64 3.65 

Cambridgea 
antipodiana 4.17 4.17 3.20 3.20 

Cambridgea 
arboricola 4.31 4.29 3.27 3.25 

Cambridgea 
fasciata 3.30 3.22 2.57 2.50 

Cambridgea 
foliata 

5.71 5.73 4.42 4.42 

Cambridea 
obscura 4.66 4.69 3.61 3.63 

Cambridgea 
pallidula 

3.09 3.08 2.46 2.45 

Cambridgea 
peelensis 4.42 4.43 3.54 3.54 

Cambridgea 
plagiata 

5.95 5.96 4.66 4.67 

Cambridgea 
quadromaculata 4.24 4.24 3.34 3.34 

Cambridgea 
reinga 2.62 2.43 2.04 1.89 
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Table B.4: Subset of patristic distances for H3 sequences 

  1. 2. 3. 4. 5. 6. 7. 8. 9. 
1. Cambridgea ambigua (JUN14)        

  
2. Cambridgea antipodiana (KIHLW132) 0.007         
3. Cambridgea arboricola (D8CV001) 0.007 0.003        
4. Cambridgea foliata (A4S072A) 0.006 0.011 0.011       
5. Cambridgea peelensis (JIFLW118) 0.003 0.007 0.007 0.006      
6. Cambridgea plagiata (A6S001) 0.037 0.041 0.041 0.04 0.037     
7. Cambridgea quadromaculata (JUN05) 0.003 0.007 0.007 0.006 0.003 0.037    
8. Cambridgea reinga (BIDLW003) 0.028 0.033 0.033 0.032 0.028 0.048 0.028   
9. Nanocambridgea gracilipes (BIFLW041) 0.055 0.06 0.06 0.059 0.055 0.089 0.055 0.081  

10. Badumna insignis (PIALW197) 0.096 0.101 0.101 0.1 0.096 0.13 0.096 0.122 0.115 
 

Table B.5: Subset of patristic distances for COI sequences 

  1. 2. 3. 4. 5. 6. 7. 8. 9. 
1. Cambridgea ambigua (JUN14)          
2. Cambridgea antipodiana (KIHLW132) 0.202         
3. Cambridgea arboricola (D8CV001) 0.192 0.055        
4. Cambridgea foliata (A4S072A) 0.186 0.151 0.142       
5. Cambridgea peelensis (JIFLW118) 0.082 0.22 0.21 0.204      
6. Cambridgea plagiata (A6S001) 0.32 0.286 0.276 0.27 0.338     
7. Cambridgea quadromaculata (JUN05) 0.199 0.105 0.095 0.149 0.217 0.283    
8. Cambridgea reinga (BIDLW003) 0.087 0.174 0.164 0.158 0.104 0.292 0.171   
9. Nanocambridgea gracilipes (BIFLW041) 0.442 0.408 0.398 0.391 0.46 0.379 0.405 0.414  

10. Badumna insignis (PIALW197) 0.505 0.47 0.46 0.454 0.522 0.442 0.468 0.476 0.309 
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Fig B.1: Bayesian inference species tree for Cambridgea showing morphological groups as 

proposed by Blest & Vink (2000)   
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APPENDIX C: Web building natural history 
 

INTRODUCTION 

While many New Zealand sheet-web spiders (Cambridgea spp.) certainly do build the 

characteristic three-dimensional web consisting of a mainsheet, guying threads, anchoring 

threads and a silk retreat, there are several exceptions. Blest and Taylor (1995) found that the 

South Island species, Cambridgea quadromaculata, lay down drag lines when travelling at night 

and that females can be found under logs in “small silken tangles.” Furthermore, there is 

significant variation in size and structure of sheet-webs between those species which do build 

them. While species such as Cambridgea foliata, Cambridgea antipodiana and Cambridgea 

annulata build similarly structured sheet-webs, albeit of differing sizes, the Northland species, 

Cambridgea reinga, eschews knock-down threads in favour of a mainsheet only spanning the 

opening of depressions in tree litter (pers. obs.). To the best of our knowledge, all Cambridgea 

species which do build webs run along the underside of the mainsheet as do their sister genus 

Nanocambridgea. This is in contrast to Tegenaria (Agelenidae), to which Cambridgea was 

originally assigned, which runs along the top of the sheet (Forster & Wilton 1973; White 1849).   

In the course of this work I have had the opportunity to observe several Cambridgea 

species in the field. While I was frequently limited in how thoroughly I could make 

measurements and observe natural history, I present some findings regarding web-building in 

this genus. Natural history observations of species in this genus are relatively sparse and 

furthermore most research into webs structure and variation is based on vertical orb-webs. 

Therefore I hope that these observations will serve as the basis for future work on a web-type 

which is most likely subject to a different suite of pressures.  
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METHODS 

Observations 

I present observations on the webs of Cambridgea reinga and Cambridgea annulata, two more 

isolated species which to date have had very limited published natural history despite differing 

from their congeners in their web-building behaviour. All observations were conducted under 

red light in the field.  

 

Measuring web size and spider body size 

To calculate web area, I measured the maximum linear distance across mainsheet of the web and 

the linear measurement perpendicular to the first. I multiplied these measurements together, 

treating the main sheet as approximately quadrangular. I was able to collect web size and body 

size data for C. annulata (n = 21), C. fasciata (n = 6). C. foliata (n = 20), C. obscura (n = 2), C. 

pallidula (n = 2), C. peelensis (n = 8), C. plagiata (n = 22) and C. reinga (n = 33). For C. 

antipodiana I used a measurement made by Hallas and Jackson (1986).  

As some Cambridgea species co-occur and in some cases are externally very similar, 

making accurate field observations required multiple trips so that I could accurately identify 

which species I was observing. In cases where I could make accurate identifications based on 

localities and external morphology, I was not always able to measure the body size of the 

resident spider. Measuring the web would disturb the spider while capturing the spider often 

damaged the web. Therefore, to calculate average species body sizes, I used museum specimens 

as per methods in Chapter 4.  
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Statistical analyses 

I generated descriptive statistics of web size for each species. To make comparisons between 

species I log-transformed my data and conducted a linear regression to examine the relationship 

between average web size and average body size.  

 

RESULTS 

Natural history observations 

Cambridgea annulata 

C. annulata are limited to the Chatham 

Islands. I conducted research on the main 

Chatham Island at Henga Scenic Reserve 

and Nikau scenic reserve which both 

border pasture. Karaka trees or “kopi” 

(Corynocarpus laevigatus) makes up the 

majority of the forest. Compared to 

mainland North Island species such as C. 

foliata and C. plagiata, C. annulata 

possess relatively small webs although 

the basic structure is the same with a mainsheet, guying threads, knock-down threads and a 

retreat. I observed both males and females on the underside of their webs’ mainsheet during the 

night (Fig. C.1) suggesting that, as with their mainland congeners, C. annulata court and 

compete on the web. Surprisingly, I found a relatively large number of females far away from 

webs, roaming on tree trunks and males abseiling down to the forest floor from the canopy. By 

contrast, while it was not unusual to observe mainland males ( e.g. C obscura, C. peelensis, C. 

Fig. C.1: A male (upper left) and female (lower 
right) Cambridgea annulata on a sheet-web 
(photographed from the underside)  
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foliata, C. fasciata, C. quadromaculata, C. plagiata) roaming the forest floor, I never observed 

them abseiling and I never saw females more than about 15cm from their web.  

Over a week of observations, I also found two adult males away from the web feeding on 

cicadas that had recently emerged for their final moult. I have not observed mainland males 

feeding away from a web. 

 

Cambridgea reinga 

Cambridgea reinga are significantly smaller than their congener, C. foliata, which is also 

present in Northland. The former were most commonly found wandering (males) or in webs 

built low amongst mānuka (Leptospermum scoparium) and kānuka (Kunzea ericoides) litter or 

at the base of flax (Phormium tenax). 

C. reinga webs are both significantly smaller than those of C. reinga and are structured 

differently. Central North Island species such as C. foliata, C. fasciata and C. plagiata produce 

webs consisting of a mainsheet which is held taut by guying threads beneath knock-down 

threads to intercept flying insects. By contrast, C. reinga webs do not seem to have any knock-

down threads. While C. foliata webs can be several metres above the ground, C. reinga webs 

were generally within 50cm of the ground. Furthermore, they were frequently stretched over 

small bowl-shaped depressions in the mānuka/kānuka litter. While individuals approached 

vibrations applied from above the web using a tuning fork, it is possible that the webs trap small 

emerging insects flying up from below. Within a 2×2m plot I found 16 webs suggesting that this 

species can be quite densly aggregated.   

As with other Cambridgea speces, male C. reinga were found wandering on the ground which 

implies that they similarly abandon their webs in search of females. 
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Web size variation across species 

Of the species sampled, Cambridgea foliata generated the largest webs while Cambridgea 

reinga produced the smallest (Fig. C.2). C. reinga was also the smallest species but, while C. 

foliata is one of the largest species, Cambridgea plagiata produced significantly smaller webs 

despite being of a similar size (Fig. C.3).  

There was no significant relationship between average body size and average web size 

(β1 = 324, SE = 276.5, F1,7 = 1.373, r2 = 0.0446, p = 0.280).  

  

Fig. C.2: Web areas for Cambridgea spp. Whiskers span upper and lower 

quartile ranges and internal line represents median web measurement.  
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DISCUSSION 

Across Cambridgea species there is significant variation in web size. While the webs of one of 

the largest species, C. foliata, can reach 1.0 m2, the diminutive mainsheets of the similarly 

diminutive C. reinga are closer to about 0.1 m2. Larger Cambridgea species do build larger 

webs on average which is as expected since larger species should need to feed on more and/or 

larger prey items. While there have been few studies to my knowledge studying evolutionary 

allometry in web size there have been studies in orb-weaver, Nephila clavipes, which show that, 

at least within that one species, web size increases with spider size and mass (Higgins 2006). 

However there was significant variation with large-bodied species such as the Chatham Island 

species, C. annulata, and cave-dwelling C. plagiata building relatively small webs. Meanwhile 

the North Island species, Cambridgea fasciata built webs that were relatively large given their 

Fig. C.3: Average web sizes for each species regressed against average 

female body size with line of best fit.   
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average body size. Cumulatively this suggests that the nutritional requirements of a larger body 

size are not the only determinants of web size. 

Indeed, in other spiders, individual and population differences in web size are a function 

of spider size and foraging conditions. Orb-web spiders, N. clavipes produce larger webs in 

areas with a lower mean capture-rate and, in doing so, increase both their mean-capture rate and 

increase the maximum size of potential prey items (Higgins 2006; Higgins & Buskirk 1992). A 

similar principle may apply as prey type is likely to vary between Cambridgea species and rate 

of prey-capture is likely to vary between populations. McCambridge (2007) found that C. 

plagiata webs frequently contained amphipods while this was not the case for C. foliata webs in 

the same 20×20 m sampling area. I have observed C. foliata feeding on a range of flighted and 

flightless arthropods including stick-insects, chafer beetles and cicadas.  

Preferred substrate should also have a significant impact on web morphology. In the 

aranaeid, Clitaetra irenae, juveniles build orb-webs on mature trees (Kuntner et al. 2008). These 

orb-webs become ladder-webs as the spider grows larger, growing vertically rather than 

horizontally. This allows the spider to remain in the same web on the same tree throughout its 

development. I would expect similar limitations given that Cambridgea do not rebuild their 

webs each night and different species inhabit quite different niches. Island species, such as 

Cambridgea mecurialis, will build webs in disused seabird nests (Towns & Atkinson 2004) 

while Cambridgea reinga builds webs in the leaf litter of kānuka (K. ericoides) and mānuka (L. 

scoparium) or in the base of flax plants (Phormium tenax). Furthermore, favouring rock faces 

and cave interiors, C. plagiata are forced to either build webs in small overhangs or along a flat 

vertical surface. In the case of the latter, while there are a surplus of possible of attachment 

points along one edege of the sheet, the web can only extend so far out from the rock face. The 

sites where I observed C. annulata included relatively little understory vegetation. Meanwhile 

the karaka (C. laevigatus), which the spiders favoured for building the webs, are canopy trees 
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with few branches near the ground. In this way, C. annulata webs frequently did not have 

attachment sites on all sides of the web which may have limited web size. It is possible that 

there were more webs built in the canopy of the trees. 

It is also worth noting that in some cases the substrates on which I found certain species 

are not necessarily the “preferred” substrate. C. fasciata, C. pallidula and C. reinga have ranges 

which overlap with C. foliata and sometimes with each other. McCambridge (2007) observed 

that C. fasciata generally builds webs closer to the ground than C. foliata but, as a much smaller 

species, it is possible that they are unable to compete for locations that are higher above the 

ground.  

While one of the largest Cambridgea species, it was surprising to find that C. foliata 

webs were large but similarly structured to those of congeners. As webs become larger, the 

potential distance between the spider and a prey item also increases. In orb-web builders (e.g. 

Nephila pilipes, Nephilidae, Kuntner et al. 2010; Leucage venusta, Tetragnathidae, Gregoric et 

al. 2013) web structure, namely web asymmetry, changes to compensate for increasing mass of 

the spider. In orb webs of heavier spiders, the hub is displaced towards the top of the webs 

which therefore compensates for the effect of gravity on larger, heavier spiders trying to capture 

prey that flies into the web above the hub. In the case of C. foliata, it is possible that increasing 

mainsheet size produces proportional changes in other parts of the web which I did not sample. 

A two-dimensional increase in mainsheet size in two directions should produce a three-

dimensional increase in the area occupied by knock-down threads. If this increases the rate at 

which flying insects are knocked into the mainsheet then the measure of mainsheet area I have 

used does not accurately reflect the foraging capabilities of a given web and this increased prey 

capture rate may compensate for the greater distance the resident spider must travel.  
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APPENDIX D: Comparison of tibia-patella lengths 

for adult males, adult females and subadult males of 

Cambridgea foliata 
 
  

 
 

 

 

Fig. D.1: Kernal density plot of first left leg tibia-patella length for females (white), 

males (black) and penultimate moult males (grey). 

Fig. D.2: Allometric plot of first left leg tibia-patella length for females 

(white), males (black) and penultimate moult males (grey) scaled against 

cephalothorax width including slopes ± SE. Dashed line indicates a slope of 1. 
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