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ABSTRACT  
 

Driven by sexual selection, elaborate morphological structures have arisen in males 

across animal taxa. Trade-offs between various traits that influence total fitness likely explain 

the evolution and maintenance of extreme variation among conspecifics, yet these patterns 

are not fully resolved and require further study. Endemic New Zealand harvestmen 

(Opiliones, Neopilionidae) represent a group of taxa where males have among the most 

exaggerated weaponry in the animal kingdom. Here I increase our body of knowledge of this 

group with attention to both the basic ecology of the Neopilionidae and the species, 

Forsteropsalis pureora, which I put forward as a model system for broader questions about 

the evolution of intraspecific polymorphisms.  

In this thesis, I first defined the male weapon polymorphism in F. pureora using both 

traditional morphometrics and geometric morphometric shape analysis to describe three male 

morphs. I went on to describe the use of the chelicerae weapons in this species during 

escalated contests. Next, I investigated leg autotomy in F. pureora to test for differential 

predation pressures on male morphs as a result of morphological and behavioural variation. 

While male morphs did not experience different rates of leg autotomy during adulthood, 

small minor males with reduced chelicerae had experienced significantly more leg autotomy 

as juveniles. Thus, leg loss during development affects final adult male morph. I then 

explored whether morphological and behavioural variation among male morphs and females 

may be accompanied by underlying physiological variation by measuring resting metabolic 

rate. Minor males had higher mass-specific resting metabolic rates than the major male 

morphs or females. Intraspecific variation in energetics may correspond to alternative 

reproductive tactics, where minor males are aerobically poised to scramble for unguarded 

females rather than defending territories. Finally, I described prey and predators of the 
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Neopilionidae with notes on cannibalism, mite associations, and interactions with other 

heterospecifics. In sum, this thesis lays the groundwork of ecological knowledge for this 

group of unique harvestmen and provides a critical appraisal of a complex weapon 

polymorphism with investigation of rarely explored traits (leg autotomy and metabolic rate) 

underlying male variation.  
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1. INTRODUCTION  
 

1.1  Sexually-selected traits  
 

Among animals, eggs are generally limited and expensive to produce whereas sperm 

is made in abundance. This has driven the process of sexual selection, whereby males are 

highly competitive for female mates, and females are generally more choosy about who they 

mate with (Andersson 1982, 1994). Though mating systems are manifold (including 

polyandry, scramble competition polygyny, lek polygyny, resource defence polygyny, female 

defence polygyny, social monogamy) driving a variety of morphologies between and within 

the sexes, general patterns have arisen in nature (reviewed in Emlen & Oring 1977; Thornhill 

& Alcock 1983; Shuster & Wade 2003). A diverse array of animals brandish extraordinary 

structures driven by sexual selection, specifically by way of male-male competition (weapons 

or armaments) and/or female choice (ornaments) (Darwin 1888; Fisher 1930; Andersson 

1982, 1994). Exaggerated structures such as weapons and ornaments increase the chance of 

copulation, but are not involved directly in fertilisation, thus they are known as “secondary 

sexual traits” (Darwin 1888). Differences in morphology between the sexes have long been 

recognized by early naturalists, but in some cases, distinct sexual dimorphism historically led 

different sexes to be described as different species entirely. In his seminal work on evolution, 

Darwin (1888) described that the male sex generally bears the extreme structures while their 

female conspecifics lack the trait entirely or feature a reduced trait. However, this rule is not 

fixed, as in some cases, sexual selection acts more upon females (Emlen & Wrege 2004; 

Clutton-Brock 2009).  
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1.2  Ornaments  

 

Ornaments are traits used as signals which communicate to mates during courtship. 

Broadly defined, these traits may span multiple modalities: visual, chemical, acoustic, and 

behavioural. Thus, anything from bright plumage, to organs used for singing, enlarged fins 

and tails, or horns used as signals for females to assess mate suitability (i.e., species identity) 

and quality (i.e., resource holding potential, body condition, or other measures of fitness) can 

be considered sexually-selected ornaments (Andersson 1982, 1994). Complex multi-modal 

signals may also interact within a single courtship display, such as the visual (bright colours, 

contrasting patterns, and exaggerated tufts), acoustic (vibratory), and behavioural (display 

motions) components delivered to females during elaborate courtship by male Habronattus 

and Maratus jumping spiders (Girard et al. 2011; Elias et al. 2012).  

 

1.3  Weapons  
 

In contrast, animal weapons describe exaggerated traits used in competition to defend 

access to mates or a valued resource, such as a food source or an oviposition site. Multiple 

attempts have been made to more narrowly define animal weaponry (Rico‐Guevara & Hurme 

2019). Early on, the term ‘animal weaponry’ included not only intrasexually-selected 

weaponry, but also defensive structures used to fend off predators and failed to distinguish 

between traits such as weapons, ornaments, and signals (Emlen 2008, 2014). However, recent 

definitions distinctly define weapons as intrasexually-selected traits used in male-male 

combat (McCullough et al. 2016; Rico‐Guevara & Hurme 2019). Some traits, such as the 

exaggerated eyes of stalk-eyed flies, are not used in escalated combat but do function to size 

up rivals (Boake et al. 1997; Egge et al. 2011; Husak et al. 2011). Because these traits are not 

used in physical combat, they are regarded as signals rather than weaponry per the currently 
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accepted definitions (McCullough et al. 2016; Rico‐Guevara & Hurme 2019). Because male-

male combat may incur costs, such as expending energy and risking injury (Neat et al. 1998; 

Briffa & Sneddon 2007; Briffa 2008; Copeland et al. 2011), weapons often first act as signals 

which are used in rival assessment to gather information about potential opponents (i.e., the 

opponent’s resource holding potential (RHP)) before an agonistic encounter escalates (Arnott 

& Elwood 2009).  

Weapons are most often pre-existing traits that become enlarged in the male sex, such 

as jaws, teeth, legs, chelicerae, or pedipalps (Rico‐Guevara & Hurme 2019). Alternatively, 

weapons may be traits that have arisen for the sole-purpose of male-male competition, such 

as horns, antlers, or spurs (Emlen 2008; Emlen 2014; McCullough et al. 2016; Rico‐Guevara 

& Hurme 2019). The term intrasexually-selected weapons does not include traits that are used 

during mating, such as modified leg spurs or chelicerae to hold females and piercing 

intromission organs for forced copulation, because despite being both sexually dimorphic and 

sexually-selected, these traits are not intraspecifically-selected during male-male combat 

(Rico‐Guevara & Hurme 2019). All animal weapons may of course be useful for defence 

against predators as a secondary purpose after male-male competition, but traits that occur in 

both sexes and are used solely for predator-defence or prey-capture (e.g., chemical sprays, 

spines, venom, poison, urticating hairs) should not be considered animal weapons 

(McCullough et al. 2016; Rico‐Guevara & Hurme 2019). 

 

1.4  Intraspecific variation 
 

 Within a single species, males are not equal. Total body size and weapon size may be 

highly variable among males despite being the same species, sex, age, population, etc. Most 

often, weapons scale hyperallometrically with body size, meaning the largest males 

disproportionately invest in weaponry compared to smaller males (Bonduriansky & Day 
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2003; Kodric-Brown et al. 2006). However, this is not always the case, and negative 

allometries (hypoallometric) or isometric relationships do occur in male sexually-selected 

weapons (Bonduriansky & Day 2003; Bonduriansky 2007). Males may fall along a 

continuum, where weapon size varies along a linear spectrum of the smallest to largest males, 

with a unimodal frequency distribution (Kotiaho & Tomkins 2001; Moczek & Nijhout 2004; 

Rowland et al. 2017). In contrast, bimodal or even multimodal distributions of weapon size 

can occur, leading to the existence of discrete morphs (Kotiaho & Tomkins 2001; Moczek & 

Nijhout 2004; Rowland et al. 2017). Intraspecific variation in male morphology is controlled 

by at least two known proximate mechanisms: a conditional threshold dependent on the 

nutritional resources accessed as a juvenile, and/or a genetic polymorphism (Emlen & 

Nijhout 1999; Moczek & Rose 2009; Gotoh et al. 2011; Emlen et al. 2012; Buzatto et al. 

2014). 

A large body of work has demonstrated that the traits used in sexual selection should 

be honest signals of quality and performance. As such, only the highest quality males with 

access to the most resources should have the largest, most effective structures. Because 

sexually-selected traits should be honest signals of quality and resource holding potential 

(RHP) (Zahavi 1975; Johnstone 1995; Berglund et al. 1996;), we might expect those 

individuals with the largest ornaments or weapons to suffer costs, where other traits trade-off 

due to a lack of resources. In some cases, males with the most elaborate ornaments or 

weapons are those most capable of winning contests to acquire mates, or the most attractive 

to females, despite, or perhaps because of, their costs (Andersson 1994). These costs limit the 

ability of exaggerated traits to evolve to massive scales (e.g., runaway selection) because 

resources are limited (Andersson 1994). More recently, attention has been given to 

‘compensatory’ traits, which may mask the presence of a trade-off (reviewed in Møller 1996; 

Husak & Swallow 2011). Compensatory traits can reduce the burden of the exaggerated 
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structure. For example, relatively larger wings or forelegs may compensate for exaggerated 

traits during locomotion (Husak & Swallow 2011; Husak et al. 2011; Painting & Holwell 

2013).  

In many cases, males that fail to wield the most attractive or competitive structures 

adopt alternative reproductive tactics to achieve matings (Oliveira et al. 2008). Instead of 

engaging in combat or vying for a female’s attention through courtship, these males may 

sneak, scramble, act as satellites, or use other tactics to gain copulations (Oliveira et al. 

2008). 

Theory suggests that if one morph enjoys the highest fitness, it should replace the 

others, thereby eliminating variation (Andersson 1982). If multiple morphs persist over time 

and space, we might expect that shifting costs and benefits will balance their relative fitness, 

allowing for the evolution and maintenance of a polymorphism (Andersson 1982; 1994). 

Indeed, intrasexual dimorphism, and even polymorphism, in exaggerated structures is 

seemingly widespread (Clark & Uetz 1993; Emlen 1997, 2008; Okada & Miyatake 2007; 

Simons et al. 2007; Painting & Holwell 2013; Glazier et al. 2016; Matsumoto & Knell 2017).  

 

1.5  The evolution and maintenance of variation: trade-offs  
 

In recent years, an increasing amount of work has been conducted to understand the 

costs and/or compensatory traits that may be associated with brandishing the most 

exaggerated structures (Balmford et al. 1994; Cuervo et al. 1996; Kawano 1997; Nijhout & 

Emlen 1998; Emlen & Nijhout 2000; Emlen 2001; Basolo & Alcaraz 2003; Allen & Levinton 

2007; Murai et al. 2009; Doake et al. 2010; McCullough et al. 2012; McCullough et al. 2013; 

Trappett et al. 2013; Cuervo & de Ayala 2014; Goyens et al. 2015a,b; Glazier et al. 2016; 

Simmons et al. 2017). Arguably, copulatory traits such as testes and ejaculates have received 

the most attention and were recently reviewed in Simmons et al. (2017). However, many 
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other traits could be affected by weapon or ornament production and maintenance (e.g., 

metabolic rate (O’Brien et al. 2019; Somjee et al. 2018b), immunocompetency (Folstad & 

Karter 1992; Mougeot & Redpath 2004; Peters et al. 2004; Pomfret & Knell 2006; Ahtiainen 

et al. 2005; Kelly 2014; Körner et al. 2017), and/or other external morphological traits such 

as eyes, antennae, and wings (Kawano 1997; Nijhout & Emlen 1998; Emlen 2001)). Such 

trade-offs may also play an important role in weapon and ornament evolution, but some 

trends remain unclear (Kotiaho 2001). While trade-offs have been examined for ornaments 

and weapons, as well as traits that function more as signals than weapons (e.g. stalk-eyed 

flies), the function of the trait is likely to underpin the trade-offs experienced (Møller 1996; 

Husak & Swallow 2011). Most of this research has centred around beetles, which are perhaps 

the most well-studied group for all animal weapon research. Despite the similarity in 

evolutionary ancestry and closed development systems, there is still opposing evidence with 

no clear patterns of trade-offs between fitness traits within the Coleoptera.   

For example, beetles in the families Scarabaeidae and Lucanidae exhibit 

morphological trade-offs driven by differences in resource allocation (Kawano 1997; Nijhout 

& Emlen 1998; Emlen 2001; Tomkins et al. 2005; Goyens et al. 2015a,b). Yet other studies 

of closed-development systems (i.e., holometabolous beetles) found no evidence for 

morphological trade-offs and even discovered compensatory traits, such as larger wings in 

larger individuals to cope with increased load during locomotion (McCullough et al. 2012; 

McCullough & Emlen 2013; Painting & Holwell, 2013; Goyens et al., 2015a,b). However, 

locomotory costs may still be found in the largest males despite compensation. Indeed, 

Goyens et al. found evidence for significant locomotor costs in stag beetles (Cyclommatus 

metallifer) both in flight (Goyens et al. 2015b) and during terrestrial locomotion (Goyens et 

al. 2015a). Computational fluid dynamic simulations showed that male beetles dedicate 26 

percent more mechanical work to flying than females do, which is largely due to the 
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additional weight of their jaws rather than jaw size or shape (Goyens et al. 2015b). On the 

ground, male beetles suffered a 40 percent higher mass specific mechanical cost than their 

female counterparts with reduced jaws; males are also destabilised and risk falling over as 

they run (Goyens et al. 2015a). In contrast, McCullough and Tobalske (2013) found that the 

large horns of a rhinoceros beetle, Trypoxylus dichotomus, incurred surprisingly few costs 

during flight, with the largest weapons only increasing the force needed to fly by three 

percent (McCullough & Tobalske 2013).   

While sexual selection theory predicts that weapons and ornaments should be costly, 

the current body of literature fails to reach a clear consensus and continues to uncover 

disparate patterns. McCullough and Emlen (2013) suggest that the strength of costs could rise 

as the opportunity for resource acquisition decreases (McCullough & Emlen 2013). Simmons 

et al. (2017) extends this by considering life-history, ecological, and mating-system variables 

as they explore the trade-offs between secondary sexual traits and ejaculates (Simmons et al. 

2017). Further, Husak and Swallow (2011) argue that the evolution of compensatory traits 

might be responsible for the unresolved relationships that we see in the literature. Other 

authors argue that most studies have failed to fully test for costs of bearing weaponry, and 

exploration of differential costs (e.g., between males of various condition) with experimental 

manipulation are necessary (Kotiaho 2001). A recent comparative study of metabolic rates 

across seven arthropod species with weaponry further highlights the fact that physiological 

differences (e.g., muscle associated with weaponry), difference in weapon type and function 

(e.g., squeezing versus pushing combat), and natural history of the species might explain the 

difficulty in identifying broad trends across taxa (O’Brien et al. 2019). More work using 

multivariate approaches making both intraspecific and interspecific comparisons are required 

to reveal these relationships, and ultimately allow us to further our understanding of the 

development and maintenance of exaggerated structures.  
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1.6  Harvestmen (Opiliones) as a model system 
 

Opiliones, or the harvestmen, are a diverse order of arachnids, comprised of five sub-

orders (including four extant and one known only from the fossil record) and nearly 7000 

recognised species (reviewed in Machado et al. 2007). Harvestmen superficially look most 

similar to spiders (Araneae), but they are more closely related to mites or scorpions 

(Machado et al. 2007). Harvestmen have a single fused body segment, two eyes, no silk 

glands, and no venom glands (Shultz & Pinta-da-Rocha 2007). They have eight legs, the 

second pair of which are used for sensory functions rather than as weight-bearing locomotory 

legs (Sensenig & Shultz 2006; Shultz & Pinta-da-Rocha 2007). Two additional pairs of 

appendages extend from the anterior of the body: the pedipalps and the chelicerae (Shultz & 

Pinta-da-Rocha 2007). Beyond these commonalities, harvestmen taxa vary greatly in their 

morphology and behaviour. Harvestmen range substantially in body and leg proportions, 

from short to long legs, small to large bodies (Shultz & Pinta-da-Rocha 2007). Taxa may 

utilise a wide range of defences, often combinations of multiple strategies, including leg 

autotomy, chemical defences, thanatosis, aggregation (and associated bobbing behaviours), 

camouflage, and spiny hard cuticles (reviewed by Gnaspini & Hara 2007). The mating 

systems of harvestmen are also diverse, with maternal care or paternal care of offspring 

arising in multiple taxa, though most species of Opiliones do not exhibit parental care 

(reviewed in Machado & Macías-Ordóñez 2007). Most saliently, members of the Opiliones 

have diverse weaponry, which takes the form of modified chelicerae, modified pedipalps, or 

modified legs. Where weapons occur, variation in the form of male dimorphism is often 

present (Buzatto & Machado 2014).  
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1.7 The Neopilionidae 
 

The diversity and rate of endemism for harvestmen in New Zealand is striking. All 

four extant sub-orders are represented on the mainland of New Zealand. Here, I focus on the 

long-legged family Neopilionidae (Eupnoi) which is made up of 30 species in eight endemic 

genera (Figs. 1-4). Two genera, Forsteropsalis and Pantopsalis comprise the majority of the 

species (13 and 11 species respectively), while the remaining five genera are each only 

represented by a single species. This group, along with most New Zealand arachnids, has 

been largely ignored in recent decades by taxonomists. The arachnologist Raymond Forster 

laid much of the foundation of the taxonomy for Opiliones in New Zealand by the mid-20th 

century (Forster 1944, 1947, 1948, 1954). In the early 2000’s, Christopher Taylor overhauled 

the group with a major revision, placing the New Zealand taxa into the family Neopilionidae 

(formerly Monoscutidae), separating the Australian genus, Megalopsalis, creating the new 

genus Forsteropsalis, and describing other new genera and species using morphological 

characters (Taylor 2004, 2011, 2013; Taylor & Probert 2014). Today, the family is receiving 

much-needed molecular phylogenetic work and their taxonomy continues to be revised 

(Fernández et al. 2014; Vélez et al. 2014).  
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Fig. 1. Adult females of New Zealand Neopilionidae with reduced chelicerae. (a) 

Forsteropsalis bona from Waitomo. (b) Pantopsalis phocator from Stewart Island. (c) 

Pantopsalis listeri from Waitomo. (d) Mangatangi parvum from Waitomo. (e) Pantopsalis 

phocator from Stewart Island. (f) Forsteropsalis chiltoni from Catlins Forest Park, Southland. 

Photographs by E.C. Powell.  
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Fig. 2. The male morphological diversity among species of Forsteropsalis spp. in New 

Zealand. (a) Forsteropsalis bona from Waitomo. (b) Forsteropsalis chiltoni from Stewart 

Island. (c) Forsteropsalis photophaga from Waitomo. (d) Forsteropsalis fabulosa from 

Catlins Forest Park, Southland. (e) Forsteropsalis marpelsi from Dunedin. (f) Forsteropsalis 

pureora from Waitomo. Photographs by E.C. Powell.  
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Fig. 3. The diversity of adult male Pantopsalis spp. in New Zealand. Fig. 3a-d demonstrates 

the diversity within a single species in colour, body size, chelicera shape and chelicera size. 

(a) Pantopsalis phocator with short, broad chelicerae from Stewart Island. (b) Pantopsalis 

phocator with long, slender chelicerae from Stewart Island. (c) Pantopsalis phocator with 

small, slender chelicerae from Catlins Forest Park, Southland. (d) Pantopsalis phocator with 

long, slender chelicerae from Stewart Island. (e) Pantopsalis albipalpis from Dunedin. (f) 

Pantopsalis listeri from Waitomo. Photographs by E.C. Powell.  
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The Neopilionidae are unique in that the males of this family have extraordinarily 

exaggerated chelicerae used as weapons in male-male competition (Figs. 2-3), while females 

have small chelicerae used only for feeding (Fig. 1). In some of the most extreme cases (e.g., 

the largest males of Forsteropsalis bona and F. fabulosa), the chelicerae alone can comprise 

a remarkable 50% of the total body weight and extend up to six times the length of the body 

(E. Powell, unpublished data) (Figs. 2-3). Chelicerae shape varies among species, but what 

makes this group so fascinating is that complex male weapon polymorphisms occur within 

many of the species (Figs. 2-4). Male variation has long been noted by the taxonomists 

working on this group, but this was not formally described or quantified in any way until 

Painting et al. (2015) described a complex male weapon trimorphism in Pantopsalis 

cheliferoides. Here two large-bodied males occurred with different chelicerae shape and size: 

“long-slender” and “broad-short”. Males with a small body and small, reduced chelicerae 

comprised a third morph. Observations of several species in the genera Forsteropsalis and 

Pantopsalis suggest that these complex male polymorphisms are widespread (Figs. 2-4). 

Because complex weapon polymorphisms are rare across all animal taxa and little is known 

about the origin and maintenance of such diversity, the unique weapon polymorphisms of the 

Neopilionidae clearly present an excellent model system to ask broad questions about the 

evolution of sexually-selected traits. 
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Fig. 4. Examples of small-bodied adult males with reduced chelicerae among multiple 

species. (a) Forsteropsalis pureora from Waitomo. (b) Forsteropsalis chiltoni from Stewart 

Island. (c) Pantopsalis phocator from Stewart Island. (d) Forsteropsalis bona from Waitomo. 

Photographs by E.C. Powell.  

Despite their impressive diversity, extreme sexual dimorphism, and unique 

intraspecific male weapon polymorphisms, very little is known about the New Zealand 

Neopilionidae. In their work on Pantopsalis cheliferoides, Painting et al. (2015) also 

observed the fighting behaviour of males in this species, demonstrating that the chelicerae of 

male morphs perform differently in contests. Early notes on the ecology of Arachnocampa 

luminosa, the New Zealand glowworm (Diptera), described a troglophile neopilionid as a 

predator of glowworms in the cave systems where they both live (Richards 1960; Meyer-

Rochow & Liddle 1988; Broadley 2012). Opiliones, including the Neopilionidae, are 

documented as frequent visitors to bait stations used for invasive mammalian control (Sherley 
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et al. 1999). Finally, extensive work on the ecology of vertebrates in New Zealand has led to 

a long list of species that are known to predate Opiliones, but predated harvestmen have 

rarely been identified past the order-level, so this work tells us little about the Neopilionidae 

specifically. This literature describes all of what is known about the ecology, natural history, 

and behaviour of the New Zealand Neopilionidae.  

1.8 Thesis Outline 
 

This thesis focuses on both field observations to further understand the ecology of this 

group and targeted experiments to test for potential fitness trade-offs among male morphs of 

a single species. My thesis works to both fill gaps in knowledge about the New Zealand 

Neopilionidae specifically, and lends evidence to broader theoretical questions about the 

fitness trade-offs that might allow for the evolution and maintenance of secondary-sexually 

selected trait variation. I do this over four data chapters. In Chapter Two, I define a complex 

weapon polymorphism in Forsteropsalis pureora. To do this, I use traditional morphometrics 

and geometric morphometrics to capture both size and shape variation, statistically define a 

weapon trimorphism, and then generate allometric relationships between traits to show 

differing levels of investment among male morphs. Specifically, I describe three male morphs 

including (1) large-bodied males with wide, short chelicerae (‘alpha’), (2) large-bodied males 

with slender, long chelicerae (‘beta’), and (3) small-bodied males with reduced chelicerae 

(‘gamma’). In the following two chapters, I use the species Forsteropsalis pureora to 

investigate potential fitness trade-offs in relation to weapon trimorphism. In Chapter Three, 

I investigate leg autotomy as a proxy of predation pressure and a potential mechanism 

affecting the final male morph. I show that gamma males lose more legs during juvenile 

development but that morphs do not differ in rates of autotomy during adulthood. Leg loss 

during development influences final morph, suggesting that gamma males follow a 
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conditional strategy and make the most of a bad job once they are disadvantaged during 

development. In Chapter Four, I examine the resting metabolic rate (RMR) of males and 

compare this to male morph and chelicerae muscle mass. I show that RMR has a negative 

relationship with body size, weapon size, and muscle mass, suggesting that males do not pay 

higher energetic costs for muscle maintenance and bearing large chelicerae at rest. Further, I 

find that mass-specific resting metabolic rate (MSRMR) and is higher in gamma males than 

alpha males, beta males, and females. The scaling relationship between body mass and RMR 

was disproportionately higher in gamma males than in alpha males and females. 

Disproportionately higher RMR in gamma males may be indicative of higher aerobic poise 

corresponding to alternative reproductive tactics, where small males move across the 

environment in search of females rather than performing infrequent short bursts of power in 

resource defence. Finally, in Chapter Five, I combine my own observations, data sourced 

from iNaturalist, and a comprehensive literature review, to document the prey, predators, and 

defensive strategies of 13 species of Neopilionidae. I show that neopilionids are opportunistic 

predators that predate and scavenge a wide variety of invertebrate prey. I document 

cannibalism, prey-sharing between conspecifics, and competition with heterospecifics for 

prey. For the first time, I describe new accounts of seven spider species that predate on 

neopilionids and collate a list of 32 vertebrate species in New Zealand known to predate 

Opiliones. Lastly, I describe the defensive strategies used by neopilionids, namely leg 

autotomy and thanatosis. In the Appendix, I provide notes on the colour of neopilionids, 

mites associated with harvestmen, and other heterospecific interactions.  
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2.  Defining an intrasexual male weapon polymorphism in a 

New Zealand harvestman (Opiliones: Neopilionidae) using 

traditional and geometric morphometrics 
 

Published in the Biological Journal of the Linnean Society 

 

2.1 Abstract 
 

In many species, competition for mates has led to exaggerated male sexually-selected 

traits. Sexually-selected male weapons are used in male-male combat and include structures 

like horns, antlers, and enlarged teeth. Weapons often vary intraspecifically in size, resulting 

in either a continuum of weapon sizes or in discrete male polymorphisms. More rarely, 

complex weapon polymorphisms can also include variation in weapon shape, but these are 

difficult to quantify. Here we first use traditional linear morphometrics to describe a weapon 

trimorphism in the endemic New Zealand harvestman, Forsteropsalis pureora. We identified 

three male morphs: a small-bodied gamma male with reduced chelicera, a large-bodied beta 

male with long, slender chelicerae, and a large-bodied alpha male with shorter, but very 

broad, robust chelicerae. Chelicera length alone failed to fully capture the variation in 

weapon investment. Using geometric morphometrics, we show that alpha males are different 

in weapon shape, while beta and gamma males have similar weapon shape, but vary in their 

body size and chelicera length. Additionally, we describe how the chelicerae function during 

male-male combat from observations of contests. This work demonstrates how combining 

linear and geometric morphometrics can help to elucidate complex polymorphism. 
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2.2 Introduction 
 

Males across a variety of taxa brandish highly exaggerated structures used to enhance 

their mating success (West-Eberhard 1983; Andersson 1994). These exaggerated structures 

include ornaments that are used to signal male quality to potential female mates and 

structures that signal resource-holding potential (RHP) to rival conspecific males (Parker 

1974; Hurd 2006). When a sexually-selected trait specifically functions in male-male combat 

to acquire and defend valued territory and/or resources, such as a food source or an 

oviposition site, it is defined as a weapon (Emlen 2008; McCullough et al. 2016; Rico‐

Guevara & Hurme 2018). Weapon size frequently scales positively with body size (i.e., 

hyperallometry), with the largest males having disproportionally large weapons (Kodric-

Brown et al. 2006; Emlen 2008), but this is not a universal pattern (Bonduriansky 2007). 

Weapon size may vary along a linear continuum with males of all sizes between the two ends 

of the spectrum and/or exhibit a multimodal distribution of sizes where a male fits into one of 

two or more groups as discrete morphs (Kotiaho & Tomkins 2001; Moczek & Nijhout 2003; 

Rowland et al. 2017). The proximate mechanisms underlying intraspecific variation in male 

morphology may include conditional thresholds dependent on the nutritional resources 

accessed as a juvenile and/or a genetic polymorphism but this not yet fully understood 

(Emlen & Nijhout 1999; Moczek & Rose 2009; Gotoh et al. 2011; Emlen et al. 2012; Buzatto 

et al. 2014). 

A growing number of complex weapon polymorphisms have been identified in beetles, 

where intrasexual variation exists not only in weapon size, but also in weapon shape 

(Rowland & Emlen 2009; Iguchi 2013; Romiti et al. 2016; Matsumoto & Knell 2017; Goczał 

et al. 2019). Complex weapon polymorphisms require novel hypotheses about the evolution 

of intraspecific male variation that must consider how males with weapons of different 

shapes vary in fitness, whether different costs are incurred for different weaponry, and how 
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variable weapon shape might function in contests (Sinervo & Lively 1996; McCullough 

2015a; Painting et al. 2015). In these systems, the morph with the highest investment is not 

always clear, nor are the proximate mechanisms driving and maintaining weapon 

polymorphism fully understood (Painting et al. 2015; Matsumoto & Knell 2017). Clearly 

there is much work to be done to tease apart underlying trade-offs in these complex systems, 

such as identifying whether a “rock-paper-scissors” scenario arises where certain weapon 

morphs may be advantageous but only when paired with one morph but not another. 

When intrasexually-selected weapons are present, variation in their size among males is 

common, yet the exact forces allowing for the evolution and maintenance of such variation 

over evolutionary time are not yet clear (Kotiaho & Tomkins 2001; Emlen 2001, 2008). 

Because large males should honestly signal their RHP, theory predicts that the most extreme 

sexually-selected traits should incur costs to the bearer (Parker 1974; Mills et al. 2016). Total 

resources are limited and must be allocated across many traits that might increase fitness, 

thus trade-offs might arise between traits (e.g., eyes: Nijhout & Emlen 1998; wings: Mills et 

al. 2016; testes/sperm: Somjee et al. 2018a; metabolism: Allen & Levinton 2007, O’Brien et 

al. 2019, Somjee et al. 2018b; immunity: Demuth et al 2012; Körner et al. 2017; locomotor 

performance: Goyens et al. 2015a,b). In contrast, other studies have not found evidence for 

trade-offs (McCullough & Tobalske 2013; McCullough & Emlen 2013) and some studies 

have identified compensatory traits that mitigate the burden of large weapons (Kotiaho 2001; 

Painting & Holwell, 2013). Weapon polymorphisms are also often paired with alternative 

reproductive tactics (ARTs), where males with reduced weaponry adopt different behaviours 

to maximize their fitness (reviewed in Gross 1996 and Oliveira et al. 2008). Specifically, 

males with large weapons engage in combat to defend resources, while small males sneak, 

scramble or use satellite behaviours to gain copulation opportunities (examples in Oliveira et 

al. 2008). While weapon polymorphism presents a unique opportunity to further understand 
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broad evolutionary processes, it is first critical to adequately describe and define the variation 

in weaponry that occurs in the population.  

A variety of statistical approaches have been employed to quantify weapon variation 

(see Eberhard & Gutierrez 1991; Kotiaho & Tomkins 2001; Cook & Bean 2006; Knell 2009; 

Santos et al. 2013; McCullough et al. 2015b). Inconsistent methodology and the inability to 

use a single approach across datasets is reflective of the difficulty in using simple allometric 

relationships and linear models alone to capture variation on multiple planes in taxa with 

diverse morphology.  Unsurprisingly, a traditional morphometric approach using linear 

measurements has failed to capture the variation in weapon shape in taxa with complex 

intraspecific weapon variation (Knell 2009; Painting et al. 2015; Romiti et al. 2016; Goczał et 

al. 2019). Two-dimensional (2D) geometric morphometric techniques are often used to 

differentiate trait morphology for species delimitation (Mutanen & Pretorius 2007), examine 

geographic variation in within-species trait morphology (Holwell 2008), compare sexually 

dimorphic traits within species (Kaliontzopoulou et al. 2007), perform comparative analyses 

between the traits of different species (Goczał et al. 2019), and most recently, to define 

complex male morphs within species (Mills et al. 2016; Romiti et al. 2016; Matsumoto & 

Knell 2017; Kerman et al. 2018; Goczał et al. 2019). Geometric morphometrics eliminates 

variables associated with size by standardising the coordinate data of all specimens for 

position, orientation and scale, removing all non-shape variation and instead allows the 

quantification of shape alone (Adams et al. 2004; Klingenberg 2011; Adams & Otárola‐

Castillo 2013). 

Harvestmen (Opiliones) are a diverse order of arachnids with many taxa boasting 

intrasexually-selected weaponry (in the form of modified chelicerae, pedipalps, and hind 

legs) with accompanying alternative reproductive tactics (Buzatto & Machado 2014; Solano-

Brenes et al. 2018). In particular, New Zealand endemic harvestmen in the family 
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Neopilionidae (Opiliones, Eupnoi) present an ideal system to examine male weapon 

polymorphism. Males across the family have highly exaggerated, sexually dimorphic 

chelicerae (Taylor 2004; Fernández et al. 2014; Painting et al. 2015). Using traditional 

morphometrics, Painting et al. (2015) first defined a male weapon trimorphism in the species 

Pantopsalis cheliferoides (Colenso, 1882). Chelicerae are modified into weaponry in males 

but remain as small feeding appendages in females (Painting et al. 2015). In Pantopsalis 

cheliferoides, there is a small-bodied male morph with reduced chelicerae, and two large 

fighting morphs that are similar in overall body size, but are divergent in weapon shape 

(Painting et al. 2015). Chelicera width, rather than length, exhibits a trimodal distribution in 

this species, with one of the large-bodied morphs boasting long, slender chelicerae while the 

other large-bodied morph has shorter, wider chelicera (Painting et al. 2015). Quantification of 

a male weapon trimorphism was difficult using linear measurements alone (Painting et al. 

2015). As such, geometric morphometrics considering shape variation might have been 

useful to delineate the morphs.  

Here we describe and define a second example of male weapon trimorphism in the 

family Neopilionidae. Forsteropsalis pureora Taylor 2013 is an endemic New Zealand 

harvestman, distributed throughout the North Island. To quantify the intraspecific variation in 

weapon size and shape in F. pureora, we combined traditional morphometrics and 2D 

geometric morphometrics. We first examine the variation in weapon and body size among 

males of this species. Once we identified potentially discrete morphs, we tested whether they 

varied in the shape of their chelicerae. We also quantified the variance in body and weapon 

size for both males and females, as well as among morphs.  Finally, we provide the first 

evidence of fighting behaviour in this species and describe how the chelicerae interact in 

escalated contests. 
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2.2 Methods  
 

2.2.1 Species & Collection 

 

Forsteropsalis pureora (Arachnida, Opiliones) is a harvestman endemic to the North 

Island of New Zealand (Taylor 2013) (Fig. 1). Adult male and female F. pureora were 

collected at night between Waitomo and Te Anga, New Zealand across four sites (Ruakuri 

Bushwalk, Waitomo, 38°15'53.7"S 175°04'46.4"E; private land under Queen Elizabeth II 

National Trust covenant, Te Anga, 38°15'41.4"S 175°00'53.6"E; Tawarau Forest, Te Anga, 

38°17'24.8"S 174°56'50.2"E; Marokopa Falls Track, Te Anga, 38°15'33.6"S 174°50'54.6"E) 

and from two sites in Waioeka, Bay of Plenty, New Zealand (Little Manganaku Stream 

campground, Waioeka Gorge, 38°17'26.7"S 177°23'07.5 "E; Historic Tauranga Bridge, 

Waioeka Gorge, 38°17'26.8"S 177°23'07.3"E) in the summer months between December 

2013 to April 2018. 

 

Fig. 1. Morphological variation in adult Forsteropsalis pureora (a) alpha male (b) beta male 

(c) gamma male (d) female. Photographs by E.C. Powell.  
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2.2.2 Linear measurements  

 

We used digital callipers (to the nearest 0.01 mm) to measure 199 individuals (189 

males and 10 females) of F. pureora. First, the dorsal prosoma (carapace) width was 

measured as a proxy for body size. The sclerotized carapace on the dorsal surface is fixed in 

size while the opisthosomal somites are soft and flexible, being affected by feeding or 

desiccation. The chelicerae are paired feeding appendages, used to tear food and move it to 

the ventral mouthparts (labrum). In males, the chelicerae are highly exaggerated, yet variable 

between individuals, while in females chelicerae are small in size (EC Powell, personal 

observation). Each chelicera is made up of two segments: a proximal and distal segment, 

which ends in a two-fingered pinching claw (see Fig. 2). The total length of the second 

segment of the chelicera was measured (chelicera length) and the chelicera width was 

measured at the most dilated point of segment II.  

2.2.3 Geometric morphometrics 

 

Using a subset of 122 (n=112 males; n=10 females) individuals preserved in ethanol, 

we dissected the right chelicera at the articulation joining the basal and distal segments (Fig. 

2). The distal segment (including both the mobile and fixed digits) was the focus of the 

analysis. The chelicera was placed into a petri dish of table salt; the salt allowed us to 

manipulate the plane surface to ensure that the orientation and angle of view was as 

consistent as possible across each image. Digital images of each chelicera were recorded 

using a Canon 6D Mark II camera and Canon 65mm MP-E 65mm f/2.8 1–5x lens. Images 

were then imported into tpsDig2 (Rohlf 2001) for landmarking and geometric morphometric 

analysis. 
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Fig. 2.  An example of the placement of 11 fixed and 20 sliding landmarks superimposed 

onto a photograph of the distal chelicera segment. Fixed landmarks are indicated by smaller 

yellow circles and semi-landmarks (sliders) are indicated by larger peach circles.  

 

We combined fixed landmarks and sliding semi-landmarks which allowed us to analyse 

shape using both homologous fixed points and the curvature of the outline between sliding 

landmarks. 11 fixed landmarks and 20 sliding semi-landmarks were overlaid onto each image 

using tpsDig2 (Rohlf 2001). The fixed landmarks functioned as type-II landmarks, assuming 

homologous positioning across all specimens (see Fig. 2). Landmarks for this analysis were 

placed on the edges of the middle segment extending to the fixed finger of the distal segment 

II, including the major two teeth on the inside of the finger and smooth outer edges (see Fig. 

2). The second, mobile finger was excluded because the point of articulation between the two 

fingers was open at variable angles between individuals upon preservation, which meant that 

it was not clear in the photographs for all specimens. We were unable to correct this variation 

because manipulating the delicate joint of preserved specimens was impossible and 

inconsistent angles would alter the results of our shape analysis.  
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2.3 Statistical analysis 
 

2.3.1 Morph delineation  

 

For male data only, we first inspected the data by creating frequency histograms for 

chelicera length, chelicera width, and prosoma width and visually inspected whether 

multimodal discrete distributions may be present (Knell 2009). We used the package 

“mixsmsn” (Prates et al. 2013) in R to fit finite mixture models and used maximum 

likelihood ratios to determine morphs. We fitted one, two, and three skew-normal 

distributions to each of the values potentially useful for determining morph (chelicera length, 

chelicera width, prosoma width). We chose the model with the lowest AIC (Akaike 

Information Criteria), which is considered the most parsimonious. Upon finding that 

chelicera length was best described by a trimodal distribution, we then used the model 

estimates to assign individuals to one of three morphs where there was at least 95% 

confidence.  

2.3.2 Geometric morphometrics 

In the R package “geomorph” (Adams et al. 2020), we used a PCA to quantify shape 

variation for the subset of individuals (n=122) for which we had landmark data (Zelditch et 

al. 2004). We then generated regression scores for each individual, a summary variable for 

the total shape variation (Klingenberg & Marugán-Lobón 2013). We also calculated a 

centroid value for each individual. Centroid size is the square root of the sum of squared 

distances of every landmark on the chelicera from the centroid point (generated by averaged 

x, y coordinates of each landmark). This value essentially provides a 2D size value for one 

side of the chelicera. We used centroid size as another means to estimate differential 

investment in chelicera between morphs by testing for differences between the groups using 

ANOVA and Tukey-Kramer post hoc analysis. To examine the shape allometry and compare 
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shape between male morphs, we extracted regression residuals for regression score (shape 

summary variable) and centroid size. We then used ANOVA to compare shape among 

alphas, betas, gammas, and females and Tukey-Kramer post hoc analysis to perform pairwise 

comparisons between the groups.  

.  

2.3.3 Scaling relationships and variance  

 

 Using the R package “lmodel2” (Legendre 2018), we used ordinary least squares 

(OLS) regression (Kilmer & Rodriguez 2017) to calculate the slopes and intercepts (±95% 

confidence intervals) between prosoma width (body size) and chelicera length, chelicera 

width, and chelicera centroid size for each of the three male morphs (Table 5). All size values 

were log-transformed prior to analysis.  

To test whether males and females, and the three male morphs, had more variation in 

the sizes of each trait (prosoma width, chelicera length, and chelicera width), coefficients of 

variation (CV%) were calculated as CV% = ((standard deviation/mean)*100) for each trait 

measured. We tested whether there was a significant difference in the CV% of males and 

females for each trait using two-tailed Z-tests compared with critical values from the t-

distribution using the column where the degrees of freedom are infinite (Zar 1999). We did 

the same for the three male morphs with pairwise comparisons to test for a significant 

difference in the CV% between alpha, betas, and gammas (Table 1, 3). 

All analyses were performed in R 3.5.2 (R Core Team 2018). 

2.3.4 Contest behaviour 

 

 We collected live harvestmen from 2200-4000 hours over the summer season and 

housed them in 14 x 23 x 15cm plastic boxes lined with felt for traction and damp moss 
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substrate. Wet dog food, carrot, and apple were provided ad libitum, food was replaced once 

daily, and the enclosures were misted twice daily. We attempted to observe contests in a 

variety of ways. First, we observed harvestmen for hours in the field during the nocturnal 

active period (2200-0600 hrs) over weeks of the summer adult field season in an attempt to 

observe contests naturally, without success. We then attempted to add an additional male to 

another male’s territory in the field but this did not stimulate agonistic behaviour. Our next 

method to stimulate contests in captivity was to house various male-morph ratios and sex 

ratios with 24/7 video recording in the housing enclosures described above. We also 

attempted to affix live males to wooden dowels with non-permanent adhesive and as a 

puppet, moved the fastened male to antagonise a second unmanipulated male. However, in all 

cases, contests were rare. We were eventually able to promote more contact and interactions 

by placing pairs in smaller enclosures, which resulted in a small number of contests (n=5).   
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2.4 Results 
 

Table 1. Range, mean, standard deviation, and variation in body size (prosoma width) and 

chelicera weapon size (chelicera length and width) for males and females. Z-values were used 

to compare CV for males and females. 

 Males (n=189Ω)  Females (n=10)  

 Range 

(mm) 

Mean (SD) CV%  Range (mm) Mean (SD) CV% Z-value 

         

Prosoma width (mm) 2.2-4.74 3.45 (0.50) 14.49  2.49-3.1 2.75 (0.25) 9.29 1.45 

Chelicera length (mm) 3.22-14.89 9.78 (2.99) 30.57  2.24-2.41 2.32 (0.08) 3.54 3.47** 

Chelicera width (mm)  0.47-2.15 1.22 (0.38) 31.15  0.41-0.56 0.46 (0.05) 11.68 2.41* 

Centroid size  6.82-33.7 20.93 (6.42) 30.67  4.55-5.66 4.83 (0.33) 6.83 3.04** 

Ω n=189 for prosoma width, chelicera length, and chelicera width, but n=111 for centroid size. 

*P < 0.05; **P < 0.01 

CV, coefficient of variation, SD, standard deviation. 

Z-values were calculated then compared with critical values in a t-distribution to test whether the CV was 

significantly different between the sexes for each trait measured.  

 

 

2.4.1 Morph delineation 

 

We found that prosoma width and chelicera width were best described by a bimodal 

distribution (two skew-normal distributions), but chelicera length was best described by a 

trimodal distribution (three skew-normal distributions), though this was only by a difference 

of less than two units (Table 2, Fig. 3). The individuals (n=27) unable to be binned with 95% 

confidence into a morph by chelicera length were in the range of 7.5-9.5mm, indicating they 

could either be alpha or gamma males. Because we assumed that chelicera length was not 

fully capturing our intraspecific variation and so many individuals were unable to be 

categorized using chelicerae length only, we wanted to include these individuals rather than 
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discarding them from the analysis. The individuals in this intermediate chelicera range also 

diverged by both chelicera width and prosoma width. We binned the remaining 27 

individuals into a morph category by using the chelicera width bimodal mixture model 95% 

confidence assignment. This allowed the separation of alpha and gamma males, which are 

similar in chelicera length but diverge in chelicera width and prosoma width (Fig. 4).  

 We henceforth call the large-bodied male (i.e. highest mass) with shorter, but broader 

chelicerae the “alpha” male (Fig. 1a). The male with the longest, but thinner chelicerae and a 

large body size is “beta” (Fig. 1b) and the male with the small body size and reduced 

chelicera is “gamma” (Fig. 1c).  

 

Table 2. AIC values for one, two, and three skew-normal distributions for each of the size 

values. The lowest value, indicating the best fit, is shown in bold.  

 1 distribution 2 distributions 3 distributions 

AIC    

Prosoma width  266.84 257.58 263.07 

Chelicera length  920.90 907.21 905.53 

Chelicera width  175.12 137.19 143.71 
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Table 3. Mean, standard deviation, and variation in body size (prosoma width) and chelicera 

weapon size (chelicera length and width) for each of the male morphs. Z-values were 

calculated for pairwise comparisons between male morphs. 

 

 

   Mean (SD) CV (%) Z-values for pairwise comparisons  
 

n 
 

  Alpha Beta Gamma 

Alpha 25 Prosoma width 3.57 (0.30) 8.42 
 

0.38 0.67 
 

25 Chelicera length 8.34 (0.73) 8.7 
 

0.58 3.84** 
 

25 Chelicera width 1.72 (0.28) 16.5 
 

1.38 1.24 
 

17 Centroid Size 17.69 (8.50) 48.05 
 

0.17 0.39 

Beta 116 Prosoma width 3.69 (0.34) 9.15 0.38 
 

0.54 
 

116 Chelicera length 11.68 (1.17) 9.9 0.58 
 

8.30*** 
 

116 Chelicera width 1.33 (0.17) 12.56 1.38 
 

4.49*** 
 

68 Centroid Size 25.21 (12.70) 50.38 0.17 
 

0.35 

Gamma 48 Prosoma width 2.79 (0.27) 9.85 0.67 0.54 
 

 
48 Chelicera length 5.56 (1.52) 27.4 3.84** 8.30*** 

 

 
48 Chelicera width 0.69 (0.15) 22.3 1.24 4.49*** 

 

 
26 Centroid Size 11.86 (6.43) 54.25 0.39 0.35 

 

*P<0.05, **P<0.01, ***P< .00001 

CV, coefficient of variation, SD, standard deviation. 

Z-values were calculated then compared with critical values in a t-distribution to test whether the CV was 

significantly different between the male morphs for each trait measured.  
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Fig. 3.  Frequency histograms with best fit distributions (red lines) for (a) chelicera length (b) 

chelicera width and (c) prosoma width. Models with one, two, or three skew-normal 

distributions were tested against each other for chelicera length, chelicera width, and prosoma 

width. Model AIC was used to determine the most parsimonious model. Chelicera length (a) 

was best described by a trimodal distribution, while chelicera width (b) and prosoma width 

(body size) (c) were best described by bimodal distributions.
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2.4.2 Geometric morphometrics 

 

PCs for chelicera shape were generated for each individual. PC1 explained 88.97% of 

the variation and PC2 only described 3.16%. Because PC3 and all additional PC scores 

described less than 3% of the variation, we focused on PC1 and PC2 only to plot chelicera 

shape (Fig. 6) (Table 4). 

Table 4. Summary of the principal components (PCs) of the PCA performed on the distal 

chelicera segment describing 95% of the total variation in shape.  

PCs Eigenvalues % Variance Cumulative % 

1 4129.5 88.97 88.97 

2 2957.8 3.16 92.13 

3 2378.4 2.70 94.83 

4 1698.1 1.49 96.31 

 

We found that our shape value (the residuals of regression score against centroid size) 

differed significantly among the three male morphs and females (F =131.5, df=3, p<0.00001, 

n=122). Using Tukey-Kramer post hoc analysis, alpha, beta, gamma males, and females were 

all significantly different from one another (all pairs p<0.01) (Fig. 5). Centroid size also 

differed significantly among these groups (F =239.3, df=3, p<0.00001, n=122) and post-hoc 

analysis with Tukey-Kramer showed that all groups differed from one another (p<0.0001) 

(Fig. 5).  

2.4.3 Scaling relationships and variance  

 

When alpha, beta, and gamma males were analysed collectively, male chelicera 

length, width and centroid size exhibited hyperallometry (slope greater than 1) (Table 6) (Fig 

4). By focusing on beta males alone, chelicera length, chelicera width, and centroid size 

exhibited hypoallometry. Focusing on alpha males, chelicera length exhibited hypoallometry, 
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while chelicera width, and centroid size did not deviate from isometry. In gamma males, 

chelicera length, chelicera width, and centroid size did not deviate from isometry. 

CV values between males and females were significantly different for prosoma width, 

chelicera length, chelicera width, and centroid size indicating that males were more variable 

in size for every trait measured (Table 1). Gamma males had higher variance in chelicera 

length and width (Table 3). Alpha and gamma males had higher variance in chelicera length 

but the variance between the other traits (prosoma width, chelicera width, and centroid size) 

was not significantly different. Beta and gamma males had higher variance values for 

chelicera length and chelicera width but CV for prosoma width and centroid size did not 

differ. Alpha and beta males had no difference in the CV values for any of the traits 

measured.  
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Fig. 4. Scaling relationships between traits. (a) Chelicera length plotted against prosoma 

width for the three male morphs. Though the alpha and beta morphs have a hypoallometric 

relationship between body size and chelicera length, chelicera length increases as beta and 

gamma males grow larger in all three morphs. (b) Chelicera width and prosoma width scales 

hypoallometrically in all three male morphs. (c) Chelicera width and chelicera length plotted 

against one another to further illustrate where alpha males (yellow) diverge in shape. Females 

(purple) are also included here to visualize their chelicera size compared with males. 
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Fig. 5. Regression score (chelicera shape summary value) and centroid size plotted against 

prosoma width. (a) Regression score plotted against prosoma width. This figure illustrates 

that while regression score values overlap in beta and gamma males (which vary little in 

shape), their body size represents a distinct threshold separating the small-bodied gamma 

males (with shorter chelicerae) (red) and the large-bodied beta males (with long chelicerae) 

(yellow). As such, regression scores have a bimodal distribution and are unable to define the 

trimorphism alone. An example of the thin plate spline is included on the figure for the three 

male morphs and females. (b) Centroid size, representing total chelicera size on a 2D plane, is 

largest for beta males (blue). Centroid size and body size scales most steeply for gamma 

males (red) and has the most shallow slope in alpha males (yellow). Centroid size was 

significantly different among all groups.  
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Table 6. Scaling relationships for each male morph. Slopes, intercepts, and 95% confidence intervals for chelicera length against body size 

(prosoma width), chelicera width against body size, and chelicera centroid size against body size using ordinary least squares regression. 

Morph   Slope    Intercept  

 n Estimate

  

Lower CI Upper CI   Estimate Lower CI Upper CI 

Chelicera length (mm)         

All males 189 1.92 1.71 2.14  -0.06 -0.18 0.06 

Alpha 25 0.04 -0.40 0.47  0.90 0.66 1.14 

Beta 116 0.60 0.44 0.76  0.73 0.64 0.82 

Gamma 48 0.98 0.21 1.75  0.29 -0.05 0.64 

Chelicera width (mm)          

All males  189 1.78 1.55 2.00  -0.89 -1.01 -0.77 

Alpha 25 0.66 -0.26 1.48  -0.11 -0.59 0.37 

Beta 116 0.64 0.41 0.87  -0.24 -0.37 -0.11 

Gamma 48 0.42 -0.21 1.04  -0.36 -0.63 -0.08 

Centroid size         

All males 111 2.24 1.90 2.58  0.09 -0.10 0.27 

Alpha 17 0.61 -0.01 1.23  0.90 0.56 1.25 

Beta 68 0.60 0.27 0.93  1.06 0.87 1.24 

Gamma 26 2.13 0.96 3.30  0.08 -0.46 0.62 
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Fig. 6. (a) Plot of shape coordinates PC1 against PC2. PC1 explained 88.97% of the variation 

and PC2 explained 3.16% of the variation in shape. (b) An illustration of shape variation in 

the chelicerae of F. pureora. Alpha males and females (right) fall out away from the beta and 

gamma males (left) in shape space.  

 

2.4.4 Contest behaviour 

 

We observed five contests, two contests between pairs of alpha males, and three 

contests between pairs of beta males. In each of these contests, the males waved their 

chelicerae at their opponent with the terminal pinching claw of segment II attempting to grasp 

onto the opponent’s chelicerae. When successful, both alpha and beta morphs used their 

cheliceral claws to grasp and lock onto the underside of the opponent’s joint where the first 

and second chelicerae segments fold over (Fig. 7). Upon flipping the opponent to a nearly 
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180o angle, the winning male would hold the rival in this position. The fighting pair would 

sometimes move short distances as they attempted to use their legs to gain traction as they 

struggled. Not all males were able to perfectly grasp onto both of the rival’s chelicerae, as 

sometimes only one chelicera would be able to grasp a single chelicera of the opponent. In 

these cases (two of five contests), no male was able to immobilize the opponent fully and 

chelicera were far more active across the duration of the fight. Losing males attempted to 

retreat once the winner’s chelicerae disengaged. In one instance with a pair of alpha males, 

once the winning male let go of the losing male, the losing male retreated while the winning 

male stood his ground and oriented continuously towards his rival as he tried to escape the 

enclosure. While no formal statistical comparison was performed due to low sample sizes, all 

males that were able to the pin the opponent (perceived winners) had large prosoma widths 

and wider chelicera than losers in these five contests.   
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Fig. 7. In contest, paired (a) alpha males and (b) beta males attempted to use the pinching 

claw to lock onto the chelicerae of rivals, flipping and immobilising the rival. Illustrations by 

Emma Scheltema.  
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2.5 Discussion 
 

Here we add the harvestman Forsteropsalis pureora to a growing list of arthropod taxa 

with complex male weapon polymorphisms, where weapons vary not only in size, but also in 

shape within a single species. Described cases of intraspecific weapon polymorphisms are 

currently dominated by beetles (Rowland & Emlen 2009; Iguchi 2013; Romiti et al. 2016; 

Matsumoto & Knell 2017; Goczał et al. 2019), which is likely a reflection of the attention 

beetles receive as model systems for investigating the evolution of sexually-selected traits. 

Here we describe only the second known complex weapon trimorphism in a harvestman 

(Painting et al. 2015). Many examples of potentially conditional dimorphisms in weaponry 

are known among harvestmen (Buzatto et al. 2011; Zatz et al. 2011; Buzatto & Machado 

2014; Buzatto et al. 2014; Solano-Brenes et al. 2018), but the Neopilionidae appear to be 

unique in that weapon trimorphism, with three discrete morphs, occurs across multiple 

species (Taylor 2004; Fernández et al. 2014; Painting et al. 2015). Like Pantopsalis 

cheliferoides, we found a male weapon trimorphism in F. pureora where morphs include a 

small-bodied male with reduced chelicerae (“gamma”), and two large-bodied morphs which 

diverge in weapon shape, with long, slender chelicerae (“beta”) or short, broad chelicerae 

(“alpha”). However, in contrast to P. cheliferoides, chelicera width in F. pureora is best 

described by a bimodal distribution while chelicera length is best described by a trimodal 

distribution, though there was little difference between the models for bimodal and trimodal 

distributions. In the case of both species this measure alone failed to capture the full extent of 

variation across multiple planes.  

In our study, traditional morphometrics using linear size measurements indicated 

weapon trimorphism. However, this did not capture the variation in shape between the three 

morphs. Superficially, a trimodal distribution in chelicera length weakly appeared to show a 

small male, an intermediate male, and a large male (see Fig. 3a). However, when chelicera 
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width, prosoma width, and shape measures are included, it becomes clear that the male with 

intermediate-length chelicerae are investing the most in weapon width. Female chelicerae 

were most similar to the chelicerae of alpha males in weapon shape, but these are far smaller 

than even the reduced chelicera of gamma males (Table 1, Figs. 4-6).  

We then explored the allometric relationships between multiple traits for each of the 

male morphs to investigate differential investment in different aspects of weaponry. Overall, 

males demonstrated steep hyperallometric relationships between body size and chelicera 

length, chelicera width, and centroid size. As males grow larger, they invest 

disproportionately more in weaponry. The shallow hypoallometric relationship (with a slope 

near zero, see Table 5, Fig. 3) between chelicera length and body size in alpha males suggests 

that once males have invested heavily into chelicera width, they have maximized their 

investment and cannot build longer weapons. This may be due to resource allocation trade-

offs, energetic constraints and/or locomotory costs (e.g., shifting centre of balance) (Nijhout 

& Emlen 1998; Emlen 2001; Goyens 2015a,b). In contrast, chelicera width and body size 

exhibited a steeper (though still hypoallometric) slope in alpha males, demonstrating their 

disproportionate investment into this aspect of their weaponry. Beta males had a steeper slope 

between body size and chelicera length than alpha males demonstrating their investment in 

the length of their chelicera. Gamma males had a nearly isometric slope between body size 

and chelicera length and the relationship between body size and centroid size was 

hyperallometric. These results mirror what has been found for beetle species where minor 

males have steeper slopes and curved allometries indicate maximization of resource 

allocation (Knell et al. 2004; McCullough et al. 2015b). Furthermore, positive allometry is 

not always a result of sexual selection; sexually-selected traits do not always exhibit positive 

allometry and differential sexual selection often acts on intercept rather than slope 

(Bonduriansky 2007).  
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We found that variation in chelicera size was significantly higher in males than 

females, lending further evidence to the prediction that male traits are sexually-selected and 

condition-dependent (Painting et al. 2014). Higher variance in the chelicera length and width 

of gamma males compared to alpha and beta males may also correspond to hyperallometric 

relationships between these traits. Further, higher levels of variance in small gamma males 

follow the same pattern found in beetles where minor males have more variation in weapon 

size and/or shape than major males of the same species (Romiti et al. 2016; Goczał et al. 

2019). Higher variance may correspond with less constraint on the size of weaponry because 

the weapons of small males do not function in contest (Romiti et al. 2016) and the 

consequences of biomechanical failure are not as great (Goyens et al. 2014). In alpha and 

beta males where chelicerae must function in contests, it is possible that weapons are more 

strongly canalized during their development, which may also explain the lower variance 

compared with the weaponry of gamma males (Simmons & Emlen 2006).  

In this study, we also describe for the first time escalated contest behaviours in F. 

pureora. Overall, we found that contests seemed to be rare in the field and difficult to 

encourage in the lab, suggesting that fighting is a costly behaviour and that males minimise 

conflict before escalating to a fight (Briffa & Sneddon 2007; Lane & Briffa 2017). Mutual 

rival assessment is important in many taxa, where males “size up” a rival before escalating to 

costly contests, unless perceived male RHP is similar enough to warrant escalated contest 

(Elias et al. 2008; Arnott & Elwood 2009; Walker & Holwell 2018). The few male contests 

we could observe meant that we were limited in our ability to test whether certain male 

morphs may have the advantage during competition or whether different morphs escalate 

contests at all. 

While we were unable to investigate potential rival assessment between males, the 

contests we were able to observe were valuable as they allowed us to see how the chelicerae 
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function during fights. In the few contests observed with male Pantopsalis cheliferoides in 

larger enclosures, males used weapons differently at the start of contests, with long-slender 

males waving chelicerae in unison with their rival while short-broad males jabbed and 

thrusted their chelicerae at their rivals. Though we did not observe rival assessment, in 

escalated contests with F. pureora, both alpha and beta males used the pinching claw of the 

chelicerae to grasp onto the undersides of the opponent’s chelicerae where the 1st and 2nd 

segments join (see Fig. 7). The male that managed to pinch onto the opponent’s chelicerae 

then had the advantage and pinned the opponent down in an effort to immobilize him. In the 

contests we observed, the male that managed to grasp on and immobilize the opponent 

continued to have the advantage until the contest ended and the losing male retreated. Though 

we only observed like-morph pairs engaged in contests, the male with the larger body size 

and wider chelicerae had the advantage and won each observed contest (measured by the 

losing male retreating or attempting to escape) (n=5). These observations follow consistent 

evidence in the literature where overall body and weapon size predicts contest outcome. 

While it is still unknown whether unlike morphs would escalate contests in a natural 

encounter, we predict that if a contest were to escalate between alpha and beta morphs, the 

alpha males, with shorter, thicker chelicerae, might have an advantage over beta males (with 

longer, thinner chelicerae). In some taxa, weapon length does not seem to be as important as 

total body size for contest outcome (Walker & Holwell 2018) while in others, weapon size 

but not body size predicts contest outcomes (Fea & Holwell 2018). Alpha males have more 

muscle in cheliceral segment II (EC Powell, unpublished data) and thus more power when 

pinching. The gape width of the pinching claws (cheliceral segment II) of alpha males is 

upwards of twice the width of the gape of beta male claws and the curvature of these claws 

differs between the two morphs. Alpha males have a gap between the closed fingers of the 

claws while the fingers of beta male claws nearly touch when closed. If males of these two 
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morphs were to fight each other in the same way as like-morphs, using the pinching claw to 

immobilize the opponent, a beta male with thin claws might not even be able to grasp or lock 

onto the thick joint of an alpha male (up to 1mm, which is double the width of this 

articulation in betas). However, beta males with longer chelicerae could have an advantage if 

the contest never escalates to where weapons are interlocked, because they have enhanced 

reach and can keep their delicate bodies further away from an opponent. An advantage of 

length and reach might serve beta males on certain substrates, such as hanging off branches 

and vegetation in complex environments (Miller and Svensson 2014). Further, longer 

chelicerae may first function as a signal, conferring a size advantage when chelicerae interact 

during mutual rival assessment and early stages of contests even if they are not as powerful in 

fully escalated contests, or as a signal in courtship with potential female mates. Further work 

to examine the functional and mechanical properties of different weapon shapes will be 

important to further understand performance in contests (McCullough et al. 2015b). 

Drastic variation in weapon shape and size leading to complex weapon polymorphism 

is a relatively newly discovered phenomenon. In this study, we have described a novel 

trimorphism and provided evidence that complex weapon polymorphisms occur in at least 

two genera of Neopilionidae. We compared the investment of each of the three male morphs 

into different aspects of weapon morphology (chelicera length, width, and centroid size) by 

comparing allometric relationships, showing that while beta males have higher centroid 

values and longer chelicerae, the wider, more spherical chelicerae of alpha males suggest 

they are investing in muscle tissue more than cuticle. The use of the chelicerae in contests 

supports the hypothesis that investment into chelicera muscle may pay off in escalated 

contest, but the length and reach of beta males may have an advantage in complex 

environments. Identifying fitness trade-offs in systems exhibiting complex intraspecific 
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variation like the New Zealand neopilionids presents a unique opportunity to further our 

understanding of the evolution and maintenance of weapon polymorphism.  
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3. Weapon polymorphism intersects with leg autotomy 

in the New Zealand harvestman Forsteropsalis pureora 
 

3.1 Abstract 
 

Competition for mates has driven the evolution of exaggerated traits in males across a 

wide variety of animal groups. Sexual selection and natural selection pressures may intersect, 

imposing costs on males. For example, exaggerated traits might make males more 

conspicuous or impede locomotion, increasing the risk of predation. Such costs experienced 

by males may help to explain why we see such extreme variation in the sexually-selected 

traits exhibited by males in a population. Here I used leg autotomy as a proxy of predation 

pressure to explore how costs might influence the evolution of weapon trimorphism in the 

long-legged harvestman, Forsteropsalis pureora (Opiliones, Neopilionidae). By determining 

whether legs were lost during adulthood or during development in field-collected individuals 

and by conducting a manipulative predator-simulation experiment to induce autotomy, I 

tested three hypotheses: (1) different male morphs should experience different rates of 

autotomy during adulthood (2) male morph, leg type, and number of legs missing should 

influence the latency to drop an additional leg in a simulated-predator experiments and (3) 

autotomy experienced during juvenile development may influence final male morph. I found 

that (1) adult male morphs do not experience different rates of autotomy (2) latency to 

autotomise is influenced by the number of legs already missing before inducing autotomy of 

an additional leg, but not influenced by male morph and the type of leg targeted in the 

experiment and (3) small gamma males had lost more legs during development than alpha or 

beta males. This finding suggests that gamma males may be forced to make the best of a bad 
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job when legs are lost during development. I discuss the implications of this study towards 

further understanding the evolution of alternative reproductive tactics.   

 

3.2 Introduction 
 

In many animal groups, competition for mates has selected for exaggerated male 

weapons, such as horns, antlers, modified jaws, teeth, and legs. These weapons function 

during male-male contests and may also be used as signals of resource-holding potential 

(Emlen 2008; McCullough et al. 2016; Rico‐Guevara & Hurme 2019). Usually there is great 

intraspecific male variation in weapon size, which may follow a linear continuum or occur as 

a bimodal distribution, where two discrete male morphs are found in the same species 

(Gadgil 1972). In recent years, more complicated intraspecific male polymorphisms in 

weapon size and shape have been described, with three (Rowland & Emlen 2009; Kelly & 

Adams 2010; Iguchi 2013; Painting et al. 2015) or four morphs recorded in the same species 

(Matsumoto & Knell 2017). Both genetic polymorphism and conditional dependent 

thresholds corresponding to nutritional resources acquired during development may underlie 

male weapon polymorphism (Emlen & Nijhout 1999; Tomkins and Moczek 2009; Gotoh et 

al. 2011; Matsumoto & Knell 2017; Rowland et al. 2017). Despite a basic understanding of 

the proximate mechanisms driving polymorphic males, there is still much to understand about 

how multiple male morphs are maintained within populations. 

Males of large major morphs possessing large weapons may suffer costs if they do not 

have enough remaining resources to allocate to other traits. Trade-offs between exaggerated 

weaponry and other traits are apparent in reduced investment in testes size (Simmons & 

Emlen 2006; Simmons et al. 2007; Simmons et al. 2018), reduced traits (e.g., eyes or wings) 

developing in proximity to weapons (Nijhout & Emlen 1998), compromised locomotory 
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performance (Basolo & Alcarez 2003; Goyens et al. 2015), and greater metabolic costs to 

maintain muscle associated with large weaponry (Bywater et al. 2014; O’Brien et al. 2019; 

Somjee et al. 2018b). However, such trade-offs are not consistently detected across all taxa 

and general trends are not yet clear. For instance, in some species, testes investment is not 

negatively correlated with weapon size (Munguía-Steyer et al. 2012; Simmons et al. 2018), 

larger males pay few locomotory costs (McCullough & Emlen 2013; McCullough & 

Tobalske 2013), or males with large weapons are able to compensate with larger traits, such 

as larger wings, that support locomotion despite their large weaponry (Painting & Holwell 

2013). 

In addition to these trade-offs, smaller-bodied males with reduced or absent weaponry 

often adopt alternative reproductive tactics, which are behaviours that maximise fitness in 

two or more different ways when intra- or intrasexual competition is intense (Gross 1996). 

Examples include male behaviours such as sneaking copulations, acting as satellites close to 

displaying males, scrambling to find unguarded mates, or even mimicking females as a way 

to invade the territory of large males (examples in Oliveira et al. 2008). These tactics may 

increase the fitness of small males by allowing them to gain access to females, but the 

alternative reproductive behaviours may come with their own costs. In many spider species, 

where males use a scrambling mating tactic while females live in webs or burrows, males 

encounter more potential predators than females as they are more exposed during mate 

searching (e.g., Andrade 2003; Kasumovic et al. 2006; Berger-Tal & Lubin 2011). This may 

also be the case for males that adopt different reproductive tactics, where one morph is 

stationary (defending territories or displaying in certain spots) and invests in mate 

monopolisation and the other is more vagile and invests in sequential mate acquisition. 

However, variation in the risks of predation associated with male polymorphisms and their 

corresponding alternative reproductive tactics have rarely been considered in field studies. 
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One particular defence mechanism employed by individuals to escape from a predator’s 

attack is limb autotomy, i.e., the shedding of a body part at a pre-defined breakage plane 

when a stimulus is applied (Maginnis 2006; Fleming et al. 2007; Emberts et al. 2019). 

Numerous species across diverse animal groups have evolved the ability to drop a leg, claw, 

or tail, likely because this behaviour confers the immediate advantage of escaping an attack 

(Maginnis 2006; Fleming et al. 2007). Despite the immediate benefit of escape, there are 

many subsequent costs associated with limb loss, such as reduced performance in intrasexual 

contest and/or courtship (Dodson & Beck 1993; Taylor & Jackson 2003), reduced ability to 

forage (Riechert 1988; Johnson & Jakob 1999), reduced vigilance (Cooper Jr. 2003), reduced 

locomotor performance, including the ability to flee from future predatory attacks (Apontes 

& Brown 2005; Fleming & Bateman 2007), and increased energetic costs related to limb 

regeneration (Ramsay et al. 2001; Chapple et al. 2002). 

Limb autotomy occurs in some animal groups exhibiting intraspecific male 

polymorphism and alternative reproductive tactics, such as lizards that lose their tail 

(Calsbeek & Sinervo 2008), crabs that lose their claws (Shuster 2008), and long-legged 

harvestmen that lose their legs (Buzatto & Machado 2014). In comparison to lizards and 

crabs, harvestmen are unique in that they fail to regrow the lost limb (Gnaspini & Hara 2007), 

which means that resources and energy are not expended in regeneration, but also that the 

potential costs of autotomy are retained across the lifetime. The costs of leg loss in 

harvestmen include being disadvantaged in male-male competition (Macías-Ordóñez 1997), 

reduced locomotor performance (Guffey 1999; Houghton et al. 2011; Escalante et al. 2013; 

Domínguez et al. 2016), and reduced foraging ability (Guffey 1999). It is not known, 

however, if the frequency of autotomy varies between male morphs. In fact, to my 

knowledge, this information is not available for any species exhibiting intraspecific male 

polymorphism (see Maginnis 2006; Fleming et al. 2007; Emberts et al. 2019). 
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To understand the interplay between intraspecific male polymorphism and leg 

autotomy, I focused on the New Zealand harvestman Forsteropsalis pureora (Opiliones: 

Neopilionidae). This species exhibits male trimorphism, with male morphs differing in 

overall body size, and the size and shape of weaponry (see Chapter Two; Fig. 1a-c). The 

morphs include a small-bodied male with tiny chelicerae (gamma), a large-bodied male with 

long-slender chelicerae (beta), and a large-bodied male with short but very broad chelicerae 

(alpha), which all coexist within single populations (Chapter Two; see also ‘Study species’ 

below). Gamma males adopt a scrambling strategy, wandering around to find mates and 

avoiding contests with other males, while alpha and beta males use their exaggerated 

chelicerae as weapons to defend territories that probably contain resources valued by females 

(Painting et al. 2015). Assuming that: (i) gamma males are more vagile and encounter more 

potential predators than alpha and beta males, (ii) exaggerated chelicerae may serve alpha and 

beta males as an efficient defence mechanism that avoids the costs of leg autotomy, and (iii) 

leg loss may make locomotion with exaggerated chelicerae more difficult for alpha and beta 

males, I tested the hypothesis that adult gamma males will exhibit a higher frequency and 

likelihood of leg autotomy than adult males of the other two morphs. Alternatively, a 

mutually exclusive hypothesis is that gamma males will have a lower frequency and 

likelihood of leg autotomy than males of the other two morphs because their reproductive 

tactic relies mostly on moving around, and thus leg loss may reduce both their locomotor 

performance and their mating success. 

The hypotheses presented above considered adult individuals and how male 

morphology and reproductive tactics may influence leg autotomy. However, because 

harvestmen autotomise legs across their entire lifespan (including juvenile stages) with no 

regeneration (Gnaspini & Hara 2007), leg loss could potentially influence which morph a 

male can develop into at adulthood. If legs are lost at the juvenile stage, males may have less 
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ability to search for, detect, and capture food than conspecifics with intact legs (Guffey 

1999). This may mean autotomised individuals would be unable to access the necessary 

resources to reach the conditional threshold required to become a large-bodied alpha or beta 

male (Tomkins & Hazel 2007). Moreover, if intact legs are important for success during 

male-male contests for territory possession (Macías-Ordóñez 1997), a juvenile male that has 

lost legs may benefit from cutting his losses and investing more in other fitness traits (e.g., 

testes size) rather than weapon size. Therefore, I predicted that juveniles that moult to 

adulthood with missing legs have a higher chance of developing into gamma males, while 

juveniles that moult to adulthood with intact legs have a higher chance of developing into 

alpha or beta males. 

3.3 Methods 
 

3.3.1 Study species 

 

Forsteropsalis pureora is a long-legged harvestman endemic to New Zealand and 

distributed throughout the North Island (Taylor 2013). Individuals are active mainly at night, 

when they are found resting on broad leaves, tree trunks, and mossy banks in native forest, 

most often near streams and other water sources. Like most harvestmen species, F. pureora is 

sexually dimorphic, with males and females differing in body size, cheliceral size and 

morphology, and colour (Fig. 1). Gamma males have up to 7 times lower mass than alpha and 

beta males. Moreover, gamma males possess chelicerae that are up to 4.5 times narrower than 

those of alpha males and up to 4.5 times shorter than those of beta males (Fig. 1). Individuals 

of both sexes use the chelicerae, the third segment of which is a pinching claw, for grabbing 

and manipulating food. Because chelicerae are highly sexually dimorphic and intrasexually 

polymorphic, they primarily function as weapons in alpha and beta males, rather than anti-

predator defence (Taylor 2004; Painting et al. 2015). However, like other harvestmen species 
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(Gnaspini & Hara 2007), individuals of both sexes and all male morphs do use their 

chelicerae to pinch potential aggressors (E.C. Powell, pers. obs.). The other defence 

mechanism commonly exhibited by males and females of F. pureora is leg autotomy, for 

which the breakage point occurs at the femoral-trochanter joint. 

 

 

Fig. 1. Intraspecific variation in Forsteropsalis pureora. (a) gamma male (b) beta male (c) 

alpha male (d) female. Photographs by E.C. Powell.  

 

3.3.2 Field collection 

 

Adult males (n = 130) of F. pureora were collected between Waitomo and Te Anga, 

New Zealand, across four sites: Ruakuri Bushwalk, Waitomo (38°15'53.7"S 175°04'46.4"E); 

private land, Te Anga (38°15'41.4"S 175°00'53.6"E); Tawarau Forest, Te Anga 

(38°17'24.8"S 174°56'50.2"E); Marokopa Falls Track, Te Anga (38°15'33.6"S 

174°50'54.6"E). These four sites are located 5 to 20 km from each other, and I considered all 

individuals collected in the field as belonging to the same population. Individuals were hand 

collected between 0900 and 1400 hours in January and February 2018. They were then 
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contained in individual large vials and transported to the field laboratory. Sexual maturity 

was confirmed by the presence of a functional genital operculum, which is fused during the 

juvenile stage, but can be opened upon the adult moult. 

3.3.3 General approach 

 

I used both autotomy data from field-caught individuals and manipulative predator-

simulation experiments to test my hypotheses. First, to show that autotomy is prevalent in F. 

pureora, I calculated the overall frequency of leg loss in wild-caught individuals. I compared 

rates of leg loss for leg types (I = 1st pair; II = 2nd pair; III = 3rd pair; IV = 4th pair) because 

legs in harvestmen may serve different purposes, such as locomotion (mainly I, III and IV), 

chemo- and tactile reception (mainly I and II), male-male contests (mainly I and II), and 

female courtship (mainly I and II) (Guffey 1998, 1999; Sensenig & Shultz 2006; Willemart et 

al. 2009). I went on to use data from field-caught individuals (n=86) to investigate whether 

difference among morphs in the adult stage influence frequency of autotomy. To do so, I 

carefully examined preserved specimens and, based on the scars present in the coxa-

trochanter joint, I was able to classify leg autotomy as occurring before the adult moult or 

during adulthood (see ‘Age of autotomy’ below). This distinction allowed me to tease apart 

whether autotomy was a likely result of the differing morphology and/or reproductive tactics 

of each male morph, or if losing legs during development somehow influenced the morph a 

male would become at adulthood.  

Finally, using 130 males, I performed a predator-simulation experiment to test whether 

males of the three morphs differed in latency to autotomise legs, signifying potential sexual 

and intrasexual differences in the costs individuals may incur after autotomy of legs. In the 

predator simulation experiment, over 1/3 (35%) of all individuals (n = 45) failed to 

autotomise a leg during a trial, which suggests that autotomy is a costly behaviour, employed 
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only when all other defensive mechanisms have failed (Edmunds 1974). In this analysis, I 

also considered whether the type of leg targeted by a predator may affect latency to drop, 

because it is known that leg types have different functional roles and harvestmen may pay 

different costs for losing different legs. Lastly, I considered whether missing legs prior to a 

predator-simulation experiment (i.e., the presence of previous autotomy) affected the latency 

to autotomise further legs.  

3.3.4 Morphometric measurements and morph identification 

 

I used digital callipers (to nearest 0.01 mm) to measure male body size and weapon 

size. First, the dorsal prosoma (carapace) width was measured as a proxy for body size 

because it is fixed in size, thus not affected by feeding or desiccation. The total length of the 

fused second and third segments of the right chelicera was measured (chelicera length) and 

the chelicera width was measured as the most dilated point of the second cheliceral segment. 

For another study, geometric morphometric analyses were conducted for a subset of the 

sample and a trimorphism (with three discrete morphs) was detected by combining both 

linear measurements and geometric morphometrics (see Chapter Two). Following this 

designation of morphs, I assigned each male to one of three morphs (Fig. 1a-c): gamma (n = 

39), beta (n = 79), and alpha (n = 12).  

3.3.5 Frequency of leg autotomy 

 

Upon collection, individuals were visually inspected and the legs that were missing, 

including overall number and type of leg (i.e., I, II, III, or IV), were recorded. Using 

observational data from field-collected individuals, I first calculated the overall frequency of 

missing legs in the population. I then tested whether leg types were lost at unequal rates using 

a chi-squared test.  

 



 

55 

 

3.3.6 Age of autotomy 

 

To determine the age of autotomy, I inspected the remaining trochanter and coxa of my 

preserved specimens that had experienced autotomy. Because harvestmen do not regenerate 

legs, scars remain at the location of legs lost across the individual’s life, even if the leg was 

autotomised early on in development. Thus, it was possible to tell if legs were autotomised 

prior to or after the most recent moult. Fresh scars representing autotomy during adulthood 

were characterised by a fully intact trochanter (Fig. 2-3). If autotomy occurred before 

adulthood, the trochanter was reduced or absent, with a sclerotised patch of cuticle over the 

location where the trochanter joint used to be (Macías-Ordóñez pers. comm.; Fig. 2-3). 

Further, this patch of cuticle sometimes had associated setae (Fig 3b,d) and in some 

specimens the coxa joint of the missing leg was highly reduced and compressed by the coxa 

of the still present legs (E.C. Powell, pers. obs.; Fig. 3a). Although I was able to tell if a 

moult had occurred since autotomy, it was impossible to determine exactly at what instar 

autotomy occurred. Thus, I classified scars as “recent”, if they occurred during adulthood, or 

“old”, if they occurred at least one moult before adulthood. For this portion of the study, I 

used a random subset of specimens (n = 86) where the body was intact. For the 50 (of 86 

total) individuals that experienced autotomy, I classified the autotomy as recent or old for 

each leg missing upon collection. 
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Fig. 2. An in situ example of both old autotomy that occurred during development and new 

autotomy that occurred during adulthood. The trochanter of leg II remains intact indicating 

new autotomy that has recently occurred while leg III is missing the trochanter joint entirely 

and only the healed coxa remains. Note, this is not the focal species of this study, rather 

another species of neopilonid harvestman, an adult male Mangatangi sp. photographed in 

Waitomo, New Zealand. I chose this photo because the side-by-side comparison of old and 

new autotomy was most clear in this example. Photograph by E.C. Powell.  
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Fig 3. Examples of the types of scars (see arrows) remaining when juvenile autotomy occurs 

in leg II in four gamma males of F. pureora. Note the compressed coxa II in (a) and 

associated setae on the scars in (b) and (d). Figure (c) may indicate autotomy that occurred in 

an even earlier instar because of how flat the scar is, but I was unable to determine the exact 

time during juvenile development that autotomy occurred.  

 

With autotomy events classified as recent or old, I was then able to explore rates of 

autotomy among male morphs at different life stages. First, I compared autotomy that 

occurred during adulthood, following my assumptions that morphological and behavioural 

differences might drive differential predator exposure. To do so, I performed a generalised 

linear mixed model (GLMM) that compared the number of legs missing with an interaction 

variable of leg type among the three male morphs. For post-hoc comparisons, I used the 

emmeans function to compare groups using the emmeans package in R (Lenth & Herve 

2019).  
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Next, I used data for juvenile autotomy to test whether gamma males had lost more legs 

during development than the two larger-bodied major morphs: alpha and beta. To do so, I 

generated a generalised linear model (GLM) with a binomial factor of gamma male or not 

(including the alpha and beta males). I first produced a model with the number of legs 

missing and their type (leg I, II, III, or IV) as a predictor variable. I then conducted a GLM 

with only the total number of juvenile autotomies as a predictor. I compared the AIC between 

models to determine whether (a) total number of legs and their type lost during development 

or (b) only total number of legs lost during development best predicted the final male morph.  

3.3.7 Latency to drop a leg 

 

Individuals (n = 130) were placed in a 14 x 23 x 15cm (width x length x height) clear 

plastic chamber and allowed to acclimate for one minute. The bottom of the chamber was 

lined with white felt fabric to provide traction and grip. After acclimation, I used metal 

forceps to grasp the middle of the femur of the targeted leg. I held the leg consistently 

without pulling it for 10 minutes or until a leg was autotomised. If the leg was autotomised, 

the time at which the leg was dropped was recorded. I first examined this predator-simulation 

data by exploring the number of individuals that autotomised during the test and examined 

the proportion of the overall sample that autotomised within ten seconds and within one 

minute. This information was important to visualise potential bet-hedging and explore 

whether autotomy is always an immediate response, or whether costs and benefits may be 

weighed and based on a decision to autotomise or not.  

When analysing the latency to drop data, I considered three variables that might 

influence latency to autotomise a leg with the following predictions: 1.) I predicted that the 

variation between male morphology and behaviour might cause the three male morphs to 

experience variable costs after losing a leg. 2.) Different leg types have different functions in 
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harvestmen, with leg II serving a sensory function and leg I important for food detection and 

handling, while legs III and IV are more important for locomotion. Thus, costs of autotomy 

could differ between leg type and the leg type targeted may affect leg retention in a predator 

attack. 3.) I predicted that individuals with missing legs, that had already autotomised before 

the predator-simulation may be less likely to autotomise or have higher latency to autotomise 

because costs should rise with more missing legs.  

To test my hypotheses, I used the coxph function from the “survival” package in R 

(Therneau & Lumley 2013) to perform a Cox proportional-hazards model of survival to 

analyse the effect of these variables on the time it took for a harvestman to autotomise a leg 

(or not) in my predator simulation experiment. I first employed a model with predictive 

variables of male morph (alpha, beta, and gamma), leg type (I, II, III, or IV) targeted in the 

experiment and the number of legs missing prior to the experiment (0, 1, 2, or 3), along with 

interactive effects of these three variables. Upon finding no support for interactive effects, I 

performed a reduced model, with additive variables of male morph, leg type, and number of 

legs missing. I then employed post-hoc tests using the function “pairwise_survdiff”, which 

calculates multiple pairwise comparisons and corrects for multiple testing, in order to 

compare the leg retention for the significant variables in the models.  

All statistical analyses were completed in R 3.5.2 (R Core Team 2018).  

3.4 Results 
 

3.4.1 Frequency of autotomy: Across Forsteropsalis pureora 

 

When adult and juvenile autotomy was combined, I found that 54% of 86 males were 

missing at least one leg upon collection. I compared the rate of leg type lost across the sample 

and found that leg types were missing at unequal rates in field-collected individuals 
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(X2=17.8413, df=3, p=0.0005) (Fig. 4). Leg II was missing most frequently and leg I was 

missing least often (Fig. 4). 

 

 

Fig. 4. Proportions of leg types autotomised during the adult and juvenile stages in field 

caught individuals.  

 

3.4.2 Adult autotomy among male morphs 

 

         I generated three GLMM models to test whether adult autotomy differed among the 

three male morphs. First, I considered total legs lost during adulthood (model AIC=240.9). I 

then created a model adding leg type to the model (model AIC=246.9). Finally, I included 

both leg type and whether an individual had also lost legs during juvenile development as a 

binomial factor (yes/no) (model AIC=261.9). The reduced model comparing the total number 
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of legs lost during adulthood between morphs had the lowest AIC, but none of the three 

models found any significant effects for any of the three variables (total legs lost, leg type 

lost, or whether legs were lost during juvenile development). Leg II was lost most often at the 

adult stage (Fig. 4.).  

3.4.3 Age of autotomy: Effect of autotomy during development 

 

When I compared the proportion of legs lost during the juvenile stage between gamma 

males and the two major male morphs using a GLM, I found that gamma males had 

significantly more “old” autotomised legs that were lost during development (z=5.321, 

p<0.00001) (model AIC=59.965) (Fig. 5). Further, leg type lost during the juvenile stage was 

a significant predictor of final adult moult (model AIC=62.472), leg II (z=4.185, p=0.00003), 

leg III (z=3.303, p=0.001), and leg IV (z=2.828, p=0.005) were lost more during the juvenile 

stage in gamma males than in major alpha and beta male morphs (Fig. 5). There was no 

difference in juvenile autotomy among male morphs for leg I (z=0.011, p=0.99). Because the 

AIC was lower for the model based on total number of juvenile autotomies than the model 

including leg type, total number lost during juvenile stage is a stronger predictor of final 

gamma male morph than leg type lost during juvenile stages. Juvenile autotomy for each leg 

type followed the rates of leg type lost in my overall sample, with leg II missing most often 

and leg I missing least often (Figs. 4-5).  

3.4.4 Latency to drop 

 

45 of 130 individuals did not autotomise a leg during my predator-simulation 

experiment. Of the 85 individuals that autotomised, 25 took 10 seconds or less to autotomise 

and 48 autotomised within one minute. The remaining 37 individuals autotomised after being 

trapped for at least one minute, and 3 individuals took over nine minutes before autotomising 

the limb (Fig. 6). 
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Fig. 5. Proportion of juvenile autotomy by male morph. “Minor” indicates gamma males and 

“major” includes both large-bodied alpha and beta males. Minor males lost more legs of each 

type and more legs in total during the juvenile stage than major males.  

 

I performed a survival analysis (Cox Proportional-Hazards model) to determine 

whether male morph, leg type, or number of legs missing prior to the experiment might affect 

the likelihood of a leg remaining intact, being autotomised in a predator-simulation 

experiment and the latency at which the leg is autotomised. Upon finding no interactive 

effects between the three variables, I performed an additive model. The model was significant 

(Likelihood ratio=20.77, df=3, p=0.0001). Male morph was not significant (z=-1.789, 

p=0.0736) (Fig. 6a) nor was the type of leg targeted during the predator-simulation (z=1.563, 

p=0.1181) (Fig. 6b). However, the number of missing legs was a significant predictor of leg 
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survival (z=-3.963, p=0.00007) (Fig 6c). In a log-rank comparison, the difference between 

missing no legs and missing a single leg was not significant (p=0.1802) nor was there a 

significant difference in individuals missing one leg and individuals missing two legs 

(p=0.0849), but individuals missing two legs had higher leg retention than individuals 

missing no legs (p=0.0021) (Fig 6c).  

 

Fig. 6. (a) Survival curve showing leg retention among the three male morphs. Morphs did 

not differ in retention of legs in a predator-simulation experiment. (b) Survival curve showing 

the difference in leg retention between each of the leg types targeted in the predator-

simulation experiment. There was no significant difference in the retention of leg types. (c) 

Survival curve showing the difference in leg retention for individuals missing legs prior to the 

predator-simulation experiment. Individuals missing legs prior to the experiment autotomised 

more slowly and at lower rates overall.  
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3.5 Discussion   
 

Forsteropsalis pureora are sexually dimorphic with male intrasexual variation in body 

size, weapon size, and weapon shape resulting in three discrete morphs (alpha, beta, and 

gamma). Like other Eupnoi harvestmen, leg autotomy is frequently employed as an 

antipredator defence tactic in this species. In harvestmen, autotomised limbs fail to regenerate 

even if they are lost early on in development, resulting in costs carried through the rest of the 

life. I found that: (a) there was no evidence for differences in adult autotomy among the three 

male morphs, (b) the number of legs lost influenced the likelihood and time taken to 

autotomise when subjected to a predator simulation experiment, and (c) the number of legs 

lost as juveniles predicted the final morph of adult males. 

I predicted that juvenile leg loss would affect final adult morph, influencing the morph 

an adult male is able to become at maturity. When I compared legs lost during development, I 

found that gamma males with small body size and reduced chelicerae weaponry indeed had 

autotomised more legs during development than the two major male morphs, alphas and 

betas. Both total number of legs lost during development and leg types lost during 

development were significant predictors of being gamma male at maturity. While missing 

legs during development is not required to be a gamma male morph, most gamma males 

experienced juvenile autotomy. Here, predation pressures during development intersect with 

sexual selection in a species with discrete weapon polymorphism. My study provides some of 

the first evidence that loss of legs during development predict the adult size of other 

appendages that serve as weaponry (chelicerae) either by compromising foraging ability 

and/or via a mechanism that reduces body size, and potentially development time prior to the 

final adult moult. Indeed, my evidence lends support for the theory that alternative male 

reproductive tactics, are in this case, a conditional strategy for making the best of a bad job 

(Dawkins 1980).  
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Conditional strategies have been shown for a number of species to explain the 

reproductive tactics of males unlikely to be competitive in traditional male contests (e.g., 

bluegill sunfish (Gross 1991); crickets (Rowell & Cade 1993); harvestmen (Buzatto et al. 

2011); dung beetles (Emlen 2012)). The adoption of alternative tactics by minor males can 

maximise the reproductive potential of these males as much as possible, even if equal 

paternity success is unattainable (Gross 1996). For example, ART’s might arise when males 

fail to reach a conditional threshold because of low food availability or developing later in the 

season and having a disadvantage compared with males that had a head start in growth and 

development (Hutchings & Myers 1994; Taborsky 1998). Alternatively, discrete 

polymorphisms (with a discontinuous distribution) are expected to have underlying genetic 

mechanisms and an equal frequency of males that adopt each tactic, suggesting that there 

may be multiple optimised strategies (with equal mating success) that support the evolution 

and maintenance of polymorphisms in a population (Repka & Gross 1995; Shuster & Wade 

2001). As evidence accumulates, it seems that conditional strategies and genetic 

polymorphisms cannot be viewed as mutually exclusive (Hazel et al. 1990; Taborsky et al. 

2008). Indeed, in the case of the focal harvestman, F. pureora, where there are three discrete 

male morphs, it seems most plausible that both a conditional strategy and a genetic 

polymorphism is underlying this variation, where conditional thresholds affect total body size 

producing small and large males, and then a genetic polymorphism drives shape variation in 

two large-bodied major male morphs (Fig. 1). Given that complex weapon polymorphisms 

are relatively rare and have only started receiving more attention in recent years, little is 

understood about their underlying mechanisms or associated behaviours. However, a 

combination of conditional threshold and genetic polymorphism is also expected (Matsumoto 

& Knell 2017).   
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My results suggest that the loss of legs during juvenile development may, directly or 

indirectly, play a part in a conditional strategy, influencing the final morph a male becomes 

as an adult. There are many ways that juvenile experience, such as poor nutrition, stress, 

predator encounters and leg autotomy, may lead to direct, indirect, and latent “carryover 

effects” that affect morphology throughout development, final adult phenotype, performance, 

and fitness (reviewed in Moore & Martin 2019; O’Connor et al. 2014). For instance, nutrition 

during development causes latent carryover effects in the adult horns in dung beetles, where 

body size, condition, and horn size have redundant developmental pathways (Moczek & 

Emlen 1999; Emlen et al. 2012). Higher body condition during development of dragonflies 

yields enhanced wing ornaments at adulthood, but higher body condition also increases 

predation risk during development (Moore & Martin 2018). Similar trade-offs may occur in 

male F. pureora if they increase their exposure to predators during development while 

acquiring the nutritional resources to invest in sexually-selected traits at adulthood. The loss 

of legs owing to increased risk of predation, may however ultimately make developing into a 

major morph either unattainable or a poor strategy.  

 Legs lost during development likely has direct potential consequences for future 

foraging ability. Leg loss in other Eupnoi harvestmen is known to compromise foraging 

ability, particularly food detection in Leiobunum sp. (Guffey 1998) but there have been no 

studies examining how leg loss during development might impact adult size in any species of 

harvestman, with or without exaggerated sexually-selected traits. Further supporting the idea 

that leg loss affects foraging ability, I found that gamma males most often lost leg II during 

development. Leg II is longer and thinner than the other pairs and is used for sensory 

functions rather than locomotion (i.e., “antennaform”) (Sensenig & Shultz 2006). The 

importance of leg II as a sensory appendage for food detection in other long-legged 

harvestmen taxa (Guffey 1998) suggests that the loss of this type of leg during development 
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in male F. pureora could reduce foraging ability, providing a mechanism by which males fail 

to reach a conditional threshold to become major morphs. Juvenile limb autotomy results in 

smaller final adult size in other predatory arthropods, such as damselflies (e.g., Stoks 1998). 

Similarly, in beetle species with polymorphic weaponry, acquisition of nutritional resources 

and reaching a conditional threshold during development is important for determining morph 

at adulthood (Emlen et al. 2012).  

While leg loss is likely to reduce foraging potential, it is unclear whether gamma males 

simply do not reach the conditional threshold required to become a large-bodied male with 

exaggerated weaponry, or whether there might be an ontogenetic switch signalled by slow 

growth rates or even leg loss itself, that leads to the alternative reproductive tactic (Taborsky 

1998; Taborsky et al. 2008). Ontogenetic acceleration may occur where males moult to 

adulthood early, even skipping developmental instars, to make the most of any reproductive 

potential the male has, rather than extending the life with costs of missing legs (e.g. future 

predator attacks with compromised escape ability) when there is no longer the potential to be 

a fighting major morph (Taborsky 1998; Kelly & Adams 2010). For example, tree wētā have 

three male morphs driven by ontogenetic acceleration and hypermorphosis (Kelly & Adams 

2010) and in amphipods, maturation time differs between the male morphs where major 

morphs take longer to develop than minors (Kurdziel & Knowles 2002). Limb autotomy 

often may accelerate or delay moulting in other arthropod species (reviewed in Fleming et al. 

2007) but moulting in these taxa is an opportunity to regenerate a limb, which does not occur 

in harvestmen. However, it is known that ecdysteroid (moulting hormone) titres raise after 

leg damage in species such as cockroaches (Roberts et al. 1983) and crabs (Mykles 2001). 

Given that weaponry in beetles are well-known to be endocrine-mediated traits (Emlen & 

Nijhout 1999; Moczek & Emlen 1999; Gotoh et al. 2011; Emlen et al. 2012), it is likely that 

weaponry in harvestmen is also driven by compartmentalised hormone regulation. If the 



 

68 

 

stress of leg autotomy initiates an increase in ecdysteroid hormones as it does in other 

arthropods, this could act on the same system that regulates ultimate weapon size.  

I originally hypothesised that adult males may experience differential predation 

pressure because of the drastic variation in male morphology and behaviour (i.e., alternative 

reproductive tactics). However, when I compared legs lost during the adult stage, I found no 

difference in autotomy rate for the three male morphs. I therefore found no evidence for 

differential predation pressure among male morphs of F. pureora. This finding was surprising 

as I predicted that gamma males would experience more predation pressure due to a small 

body size and riskier behaviours (i.e., scrambling across the environment to search for 

unguarded females). Although a number of vertebrate and invertebrate predators were found 

to eat neopilionid harvestmen in New Zealand (see Chapter Five), it seems that intraspecific 

size variation is unlikely to affect predation rate. Though it should also be considered that 

individuals who are successfully captured and eaten are not included in the sample and thus 

using autotomy as a proxy of predation has some limitations.  

In other taxa with exaggerated weaponry but without autotomy, males with large 

weapons of certain taxa pay locomotory costs (Goyens et al. 2015b) while other taxa do not 

appear to suffer any biomechanical disadvantages (McCullough & Tobalske 2013; 

McCullough & Emlen 2013), possibly eliminated by compensatory mechanisms. While it is 

not yet known if the exaggerated chelicerae of alpha and beta males compromise locomotion 

generally, it is possible that gamma males have higher speed and manoeuvrability, and are 

therefore able to escape predator attacks even if they are attacked at disproportionate rates by 

predators while scrambling for mates.  

The predator-simulation experiment aimed to help determine whether morphs 

potentially hedge their bets because of different costs after autotomy and to investigate 

whether particular leg types may be more costly to lose. A third of individuals failed to 
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autotomise their legs over a 10-minute trial and only 43 of 189 autotomised a leg within 10 

seconds. Where individuals did not autotomise right away, most employed their chelicerae 

claws for defence, regardless of chelicerae size. Thus, while prior autotomy was common in 

field collected individuals, with the majority of individuals having autotomised a leg, there is 

clear evidence that individuals may bet-hedge, weighing costs of autotomised legs with the 

benefit of escaping a perceived predator.  

I predicted that three main factors would affect leg retention in a predator-simulation 

experiment, (1) male morph (2) leg type targeted and (3) previous legs missing. I found no 

evidence for differential leg retention among male morphs or among the leg type targeted. 

However, the number of legs missing did affect leg retention. While leg retention rate did not 

differ between individuals missing no legs and individuals missing one leg, individuals 

missing two legs autotomised more slowly or not at all. These results follow previous 

evidence that leg loss is costly for the other long-legged harvestmen studied (Macías-Ordóñez 

1997; Guffey 1998, 1999; Houghton et al. 2011; Escalante et al. 2013; Domínguez et al. 

2016) and is compounded by losing additional legs (Guffey 1999; Houghton et al. 2011). For 

instance, walking speed and prey detection was significantly compromised for Leiobunum 

spp. harvestmen when individuals lost three legs (Guffey 1999), but other studies detected 

costs after only a single leg was lost (Houghton et al. 2011; Escalante et al. 2013; Domínguez 

et al. 2016). Because I found very few individuals missing three or four legs in the field, and 

individuals missing at least two legs autotomised slowly or not at all in my manipulative 

experiment, it is likely that harvestmen survive with one or two legs missing with some costs 

but losing three or more is beyond what individuals can cope with. Thus, bet-hedging is 

mediated by prior experience and the individual’s current state.  

Overall, leg autotomy was frequent amongst my entire sample, with 65% of individuals 

missing at least one leg. Individuals collected for this study with autotomised legs were most 



 

70 

 

frequently missing one leg and were never missing more than four legs. Missing three or four 

legs was rare in field-collected individuals. The overall frequency of autotomy that I found in 

F. pureora matches the high rates of leg autotomy found in studies of other Eupnoi 

harvestmen in North America. Thus far, autotomy rates had only been calculated for 

members of the family Sclerosomatidae (Eupnoi) that also inhabit forests: Leiobunum 

nigripes (47%, Guffey 1998), L. vitattum (45%, Guffey 1998), L. formosum (61%, Houghton 

et al. 2011), L. politum (36%, Houghton et al. 2011), and Prionostemma ssp. (71%, 

Domínguez et al. 2016).  

In summary, leg autotomy is a common defensive strategy for the harvestman, F. 

pureora. While leg autotomy allows escape from predators, harvestmen must live with the 

costs of leg loss from there forward. I found little evidence for differential predation pressure 

on the three adult male morphs or for variation in male behaviour when faced with a predator 

attack. However, I did find evidence that leg loss during juvenile development affects final 

adult morph. Losing legs is known to impose costs for locomotion, foraging and competitive 

ability during the adult stage in other harvestmen, but in this species I show that leg loss 

during development represents an even more severe cost that alters the trajectory of a male’s 

future development. My results herein have important implications for our broader 

understanding of the evolution and maintenance of male polymorphisms across animal 

groups.  
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4. Poised to scramble? Minor males have 

higher resting metabolic rates in a male 

polymorphic harvestman, Forsteropsalis 

pureora 
 

4.1 Abstract  
 

 Male morphology under sexual selection, such as weapons used in intrasexual 

combat, can vary substantially among males of a single species. Intraspecific morphological 

variation is often accompanied by alternative reproductive tactics used to maximise fitness in 

males without the largest weapons. Trade-offs associated with these alternative tactics are 

theorised to promote the evolution of multiple male morphologies, which sometimes results 

in discrete polymorphisms rather than a continuum across a spectrum of size. Both pre-

copulatory (i.e., morphology, locomotion, immune responses) and post-copulatory (i.e., testes 

and ejaculate) trade-offs have been explored for many species that brandish exaggerated yet 

variable weaponry. Resting metabolic rate (RMR) might also correlate with alternative male 

morphology and behaviour, but this concept has not been studied in species that exhibit 

discrete weapon polymorphism. Here I use the weapon trimorphic harvestman, 

Forsteropsalis pureora, to explore two different hypotheses: (1) the relationship between 

RMR and body mass should scale more steeply in small, minor males than expected if they 

are aerobically poised for a scrambling reproductive tactic. Further, gamma males should 

have the highest mass-specific resting metabolic rates (MSRMR) because of their small body 

size. (2) Additional muscle maintenance for the largest weapons should increase respiration 

rate for large males. My results are consistent with the first hypothesis but not the second. 

Small, gamma males had disproportionately higher MSRMR compared with both alpha 



 

72 

 

males, beta males, and females. Chelicera (weapon) mass differed by male morph and did not 

predict an increase in RMR for the largest males.  

 

4.2 Introduction 
 

 To maximise mating success, males across animal taxa possess intrasexually-selected 

weapons, which are diverse and often exaggerated traits (e.g., tusks, horns, antlers, enlarged 

hind legs, etc.) used in male-male competition (Rico‐Guevara & Hurme 2019; McCullough et 

al. 2016; Emlen 2008; Andersson 1994). While weapons should be honest signals that 

accurately convey an individual male’s resource holding potential, they may also be costly to 

produce and maintain (Zahavi 1975; Kodric-Brown & Brown 1984; Johnstone 1995; 

Berglund et al. 1996). Within a single species, body and weapon size can vary dramatically 

(Emlen & Nijhout 2001; Painting & Holwell 2013; McCullough et al. 2015b). In some taxa, 

weapons can be absent in the smallest males, yet develop to extreme sizes in the largest males 

(Eberhard 1982; Emlen 1997; Moczek & Emlen 2000). Weapons most often scale 

hyperallometrically with body size, where weapons are disproportionately large in 

individuals with larger overall body size (Bonduriansky & Day 2003; Kodric-Brown et al. 

2006; but see Bonduriansky 2007 for exceptions). Weapon size does not always exist along a 

simple linear size continuum; discrete polymorphisms (with multimodal distributions) where 

weapons vary in size and shape also occur (Kotiaho & Tomkins 2001; Moczek & Nijhout 

2003; Rowland et al. 2017). In either of these situations, large weapons allow males to defend 

resources such as territories, food, oviposition sites, or directly defend females (Zeh et al. 

1992; Emlen 2008; Zatz et al. 2011). Males with small or absent weaponry however, can still 

achieve matings, often by adopting alternative reproductive tactics (ART’s) (Gross 1996; 

Oliveira et al. 2008), whereby instead of engaging in contests with rivals, small males 

scramble or sneak to copulate with females.  
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In addition to performing different behaviours to access females, small males also 

invest in the development of different traits, which correspond with the tactics employed to 

maximise their fitness (Parker et al. 2013; Van den Beuken et al. 2019). Historically, studies 

that explored intraspecific male variation (in body size and weapon size) have considered 

differential investment across fitness traits as evidence for trade-offs (Kawano 1997; Nijhout 

& Emlen 1998; Emlen 2001; Kotiaho 2001; Allen & Levinton 2007; Doake et al. 2010; 

McCullough et al. 2013; Goyens et al. 2015a, 2015b; Glazier et al. 2016; Simmons et al. 

2017). This concept assumes that large males must invest more in growth and maintenance of 

exaggerated traits. Specifically, this theory also suggests that males have limited resources to 

allocate, or “trade off”, and that they must differentially invest among traits depending on the 

optimal strategy for their size. Alternatively, males differ in their ability to acquire resources 

from the environment and trade-offs may not be detectable (Van Noordwijk & de Jong 1986; 

de Jong 1993; Zera & Harshman 2001). For instance, small males may be able to divert 

investment towards traits such as testes and ejaculate when weapons are smaller or lost 

during development (Simmons & Emlen 2006; Simmons et al. 2007; Somjee et al. 2018a; 

Joseph et al. 2018). In Onthaphagus dung beetles, the size of traits in close proximity to their 

horns – such as eyes, antennae, and wings - show a developmental trade-off with weapon size 

because resources are limited and must be partitioned (Nijhout & Emlen 1998; Emlen 2001). 

Large size and the burden of heavy weapons can also reduce locomotory capacity (Goyens et 

al. 2015a, 2015b; Mills et al. 2016). However, compensation for the locomotory challenge of 

bearing large weapons has been shown to occur in some beetles, through an increase in wing 

size (Painting & Holwell 2013, McCullough & Tobalkse 2013). Regardless, the increased 

mass of weapons and tissues supporting and activating weapons likely presents a metabolic 

cost that underlies intrasexual variation of fitness traits (Hulbert & Else 2000; Allen & 
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Levinton 2007; Oufiero & Garland Jr. 2007; Bywater et al. 2014). Metabolism may therefore 

interact with or underpin the evolution and maintenance of weapon polymorphism. 

Body mass variation within and among individuals typically has profound effects on 

metabolism (Kleiber 1932). While metabolic rate scales positively with body mass, this 

relationship is not 1:1 (Kleiber 1932; Savage et al. 2004; Glazier 2015). Metabolic rate per 

unit mass typically scales negatively, such that smaller animals generally have higher resting 

mass specific metabolic rates (MSRMR) than larger animals (Kleiber 1932; Savage et al. 

2004; Glazier 2015). Specifically, most theory predicts a low metabolic scaling relationship 

of 0.66-0.75 (Kleiber 1932; Savage et al. 2004; Glazier 2015). Therefore, larger animals 

should use less energy per gram of tissue (Kleiber 1932; Savage et al. 2004; Glazier 2015). 

While this phenomenon is mostly explored comparatively across species, it is less commonly 

explored within species (Glazier 2005; Konarzewski & Książek 2013), in particular those 

with significant intrasexual morphological variation.  

A small number of studies on arthropods have provided evidence that somatic 

maintenance of weapons may incur a metabolic cost (Allen & Levinton 2007; Bywater et al. 

2014; O’Brien et al. 2019). While not universal, heavier males of those species studied 

typically had higher resting metabolic rates (RMR) as weapon size and associated muscle 

mass increased (Allen & Levinton 2007; O’Brien et al. 2019; Somjee et al. 2018b). In a 

comparative study of arthropods with weaponry, mass-specific metabolic rate had a positive 

relationship in the three species (frog-legged beetles, stag beetles, and stick insects) with the 

highest relative muscle mass associated with their weaponry (O’Brien et al. 2019). To test the 

influence of large weapons on RMR, Somjee et al. (2018b) removed the exaggerated hindleg 

weapons from male leaf-footed bugs (Leptoscelis tricolor) by inducing autotomy, a defence 

mechanism naturally used to avoid predation or escape failed moults. They were then able to 

compare metabolic expenditure of males with and without weapons to determine the 
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metabolic costs of the weapons themselves (Somjee et al. 2018b). While larger males had 

higher RMR, the respiration rate required to maintain the weapon did not scale proportionally 

with mass, as the heaviest males used proportionately less oxygen to maintain larger and 

heavier weapons (Somjee et al. 2018b). While this work found that male weaponry did 

appear to incur increased maintenance costs, this was consistent with mass-specific metabolic 

scaling laws, where the increased mass resulting from larger and heavier weapons, does not 

incur a proportionate increase in mass-specific metabolism (Somjee et al. 2018b). This 

illustrates that although intrasexual weapon variation can increase metabolic costs, these 

metabolic trade-offs likely follow allometric scaling laws.  

Here I put forward the hypothesis that different reproductive strategies and 

behaviours, matched with corresponding variation in morphology, may account for metabolic 

differences among male morphs. Although male-male contest behaviours are known to be 

metabolically costly themselves, studies have not considered metabolic variation among 

discrete weapon morphs and their associated ART’s at rest (Briffa & Sneddon 2007; Clark 

2012).  

Fighting style, weapon type, and the broader ecology of a species may influence the 

type of metabolic expenditure (Benso-Lopes et al. 2019). Consistent differences in 

aggression and growth rates, for example, have been shown to associate with an individual’s 

metabolic rate (Careau et al. 2008; Biro & Stamps 2010). However, the relationships between 

individual behaviour and metabolic rate may be complex (Mathot and Dingemanse 2015; 

Mathot et al. 2019).  In both crabs and cichlid fish, escalated contests utilise anaerobic 

metabolism, with most studies comparing metabolite levels of winners and losers (Neat et al. 

1998; Briffa & Elwood 2005; Matsumasa & Murai 2005; Ros et al. 2006; Copeland et al. 

2011). Where males of the same species perform distinctly different behaviours via ART’s, 

we might expect different physiological adaptations. Like other traits, individuals likely trade 
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off strength or speed for endurance, typically failing to excel in both areas (Reidy et al. 2001; 

Vanhooydonck et al. 2001). In vertebrates, for instance, this is driven by a trade-off in white 

versus red muscle types (i.e., aerobic and anaerobic poise) (Mosse & Hudson 1977; Jayne & 

Lauder 1994). I would predict that small bodied non-fighting males with smaller weapons 

that adopt ART’s such as sneaking and scrambling, might harness more aerobic and 

endurance poised strategies to search for females (Kelly 2014) (i.e., higher RMR/VO2max, 

higher mitochondria densities (Garland Jr. 1984). In contrast, a fighting male morph that 

defends territories, moves less around the environment, and engages in contests may employ 

anaerobically poised muscle (i.e., lower RMR/VO2 max, lower mitochondria densities per 

gram of muscle, with higher lactate dehydrogenase (LDH) activities (Garland Jr. 1984)), 

which support short intense contests that require strength. I am unaware of any studies that 

explicitly test whether intrasexual morphological variation and associated ARTs correlate 

with underlying energetic variation (Miles et al. 2007; Mathot et al. 2019).  

An ideal model to test this concept are endemic New Zealand harvestman, 

Forsteropsalis pureora Taylor 2013. Males are weapon trimorphic with chelicerae weapons 

that vary in shape and size. There are three morphs: gamma males which are small-bodied 

with reduced chelicerae, beta males which are large-bodied with long, slender chelicerae, and 

alpha males which are large-bodied with short, wide chelicerae (see Chapter Two). Males 

may vary over 7-fold in body mass in addition to variable chelicerae morphology. Gamma 

males do not engage in contests and instead scramble across environments searching for 

unguarded females. In contrast, alpha and beta males defend resources and escalate conflict 

to direct agonistic contests. I tested two mutually exclusive predictions: (1) that large morphs 

might incur energetic costs to maintain weapons (and their associated muscle) at rest, with a 

higher scaling relationship, and (2) that smaller males have a higher mass specific resting 

metabolic rates because energetic principles posit that larger animals pay less per unit mass 
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than smaller animals. Associated with this second prediction, small males are likely more 

aerobically poised for a scrambling reproductive tactic, requiring a higher mass specific 

resting metabolic rate. In this case, I would also expect the relationship (slope) between body 

mass and RMR to be higher than typical values of low metabolic scaling (0.66-0.75). Alpha 

and beta males do not rely on sustained locomotion and should therefore be less endurance 

adapted with lower mass specific resting metabolic rates (Harrison 2017). Because gamma 

males resemble female morphology and behaviour, I also predicted that the MSRMR of 

gamma males and females would be most similar. 

To test these two hypotheses, I looked at the scaling relationship between body mass 

and resting metabolic rate across all males and female, comparing these findings with 

expected scaling laws. I then investigated the slopes between body mass and RMR for each 

of the male morphs, and further tested these relationships relative to general ranges expected 

for allometric scaling. Next, I calculated mass-specific metabolic rate (MSRMR) and 

compared this among the three morphs. Finally, to test whether maintenance of muscle 

associated with the weaponry increased metabolic expenditure, I digested muscle tissue from 

the chelicerae weapons for a measure of associated muscle, compared weapon-associated 

muscle mass for male morphs and scaled this against metabolic rates.  

4.3 Methods  
 

4.3.1 Collection 

 

Adult male (n=83) and female (n=21) Forsteropsalis pureora were collected between 

Waitomo and Te Anga, New Zealand across four sites (Ruakuri Bushwalk, Waitomo, 

38°15'53.7"S 175°04'46.4"E; private land, Te Anga, 38°15'41.4"S 175°00'53.6"E; Tawarau 

Forest, Te Anga, 38°17'24.8"S 174°56'50.2"E; Marokopa Falls Track, Te Anga, 38°15'33.6"S 

174°50'54.6"E). Harvestmen were hand collected between 2200 and 0600 hours from January 
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to May of 2018 and 2019. Specimens were contained in individual vials and transported to 

the field laboratory. Sexual maturity was confirmed by the presence of a functional genital 

operculum, which is fused during the juvenile stages and can be opened upon the adult moult.  

 

 

Fig. 1. Morphological variation in adult Forsteropsalis pureora (a) alpha male (b) beta male 

(c) gamma male (d) female. Photographs by E.C. Powell.  

 

4.3.2 Morphometric measurements 

 

Total body mass was taken for each individual immediately prior to measuring 

respiration (± 0.001 g). I used digital callipers (± 0.01 mm) to measure male body size and 

weapon size. First, the dorsal prosoma (carapace) width was measured as a proxy for body 

size because it is fixed in size, thus not affected by feeding or desiccation. The total length of 

the fused second segment of the right chelicera was measured (chelicera length) and the 

chelicera width was measured as the most dilated point of the second cheliceral segment. For 

another study, geometric morphometric analyses were conducted for a subset of the sample 
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and a trimorphism (with three discrete morphs) was detected by combining both linear 

measurements and geometric morphometrics (see Chapter Two). Following this designation 

of morphs, I assigned each male to one of three morphs: a small-bodied “minor” morph with 

small, thin chelicerae (gamma), a large-bodied “major’ morph with long, slender chelicerae 

(beta), and a large-bodied “major” morph with broad, short chelicerae (alpha) (Fig. 1). Adult 

males in my sample varied up to 7-fold in body mass (Fig. 2).  

 

Fig. 2. Range of body mass in our sample labelled by group. Body mass ranged up to 7-fold 

in my sample, gamma males were as small as 0.021g and alpha males were as large as 

0.139g. (a) Histogram and (b) cumulative distribution function to visualise the same data.  

 

4.3.3 Resting Metabolic Rate (RMR): Method 1  

 

Closed-system Warburg manometers were constructed from plastic syringes and 

three-way valves to measure RMR of F. pureora. These systems permitted multiple RMR 

measurements soon after the collection of healthy animals (n=75) in a field setting. This 

method utilises the reaction between soda lime soaked cotton wool (a mixture of Ca(OH)2 

and NaOH) and CO2 produced by the animal. Solid CaCO3 is formed which decreases the 

pressure and gas volume within the 60 ml syringes, sealed to a graduated 1ml syringe 



 

80 

 

containing an ink filled water bubble. Movement of the water followed over time provided a 

measure of CO2 formation (proxy for O2 consumption). Temperature was recorded and 

empty/control manometers were run concurrently to correct for the baseline CO2 and changes 

in atmospheric pressure. Respiration measures were adjusted for atmospheric pressure and 

temperature variation using a Q10 temperature coefficient of 2.3 using values for arachnids 

(Nentwig 2013). Animals were allowed to settle for five minutes within the chamber prior to 

measurement over 20 minutes. As these animals are nocturnal and phototactic, manometers 

were covered to reduce the likelihood of movement, and animals were tested within four 

hours of collection between 0000 and 0500 hours (the natural period of activity).  

 Using the circumference of the 1ml syringe, I calculated the rate of change over 20 

minutes as ml CO2/minute. I assumed 1:1 conversion for CO2 production to O2 consumption 

with the expectation that glycogen would be the primary fuel used over the first 20 minutes. I 

converted this to uW/s for analysis of resting metabolic rate. Mass-corrected metabolic rate 

was calculated by dividing the metabolic rate by the mass of each individual.  

 

4.3.4 Resting Metabolic Rate (RMR): Method 2 

 

In a second set of experiments, where I was able to transport harvestmen back to the 

laboratory, I utilised fibre optic oxygen sensors to measure resting metabolic rate (n=29). 

Animals were removed from housing, where they were fed soft wet dog food, carrot, and 

apple ad libitum, provided water, and kept on moist moss substrate, weighed to the nearest 

0.0001g and then placed in glass syringes (5 ml). I used an Ocean Optics Neofox fibre optic 

oxygen sensor (NeoFox, Ocean Optics, Dunedin, FL, USA). The oxygen sensitive fluorescent 

sensor probe was calibrated to zero under a pure nitrogen flow and O2 20.95% at ambient air 

pressure. Individual harvestmen were placed into an open 20 ml glass gas-tight syringe and 

left to acclimate in the open syringe suspended in a large covered water bath (to buffer 
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temperature) for an hour prior to trials. Because respiration measures are sensitive to 

variations in water vapour (Lighton 2018), air was humidified within the chamber leaving a 

small water droplet in one end of the syringe. This was partitioned from the animal using a 

piece of tissue paper placed between the harvestman and the water to keep the animal dry. 

The fibre optic sensor was inserted through the neck of the syringe, sealed with putty and the 

glass stopper was inserted to seal the syringe and adjust the chamber volume. Once the 

system was closed, I submerged the syringe into a blacked-out water bath (Styrofoam 

container). The system was submerged to reduce potential gas leakage and maintain a more 

constant temperature. The entire water bath was covered to reduce stress and phototactic 

behaviour. Further, harvestmen legs were in an upright, immobilised position in the syringe 

respiration chamber so movement was limited. Oxygen consumption was measured over an 

hour.  

I disregarded the first 10 minutes of data readings to minimise possible noise caused 

by temperature stabilisation. Subsequently, the period of consistent O2 depletion over 10 

minutes with the smallest slope (indicating lowest rate of consumption and thus, resting 

metabolic rate) was used for analysis. I converted the rate of change in O2 mass to 

uW/seconds. To mass-correct resting metabolic rate, I divided the uW/s by the animal’s mass.  

4.3.5 Method comparison  

 

 Over two years, I utilised the two different stop-flow methods to measure resting 

metabolic rate as described above. Different methods were employed because the first 

method (Warburg) was able to be conducted in the field-setting, giving us flexibility to 

measure a large number of individuals over many nights of collection no longer than 4 hours 

from the time they were collected from the field. In the next season, I used fibre optic oxygen 

sensors (Neofox) when I was able to move the animals to the laboratory for testing. However, 
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sample sizes were limited because fewer harvestmen could be located and transported. 

Animals were tested within 48 hours to ensure they were still in good condition. For data 

analysis, I considered each method to be a separate dataset and analysed each separately. 

Comparing individual RMR rates within these two methods, but not between methods, was 

most appropriate for two reasons. (1) The Warburg manometer method did not allow me to 

calculate rate of oxygen consumption in real time, and also removes CO2. In contrast, the 

Neofox system was fully closed and oxygen was drawn from a consistent known volume. I 

measured oxygen consumption over an hour and took a steady 10-minute period of oxygen 

depletion (with the most shallow slope) as my measure of resting metabolic rate. (2) The 

Warburg manometer measured the first 20 minutes of carbon dioxide production (which is 

1:1 to oxygen consumption assuming glycogen is being used first). If we consider respiration 

as a negative non-linear curve, the Warburg manometer captured respiration rate from 0 to 20 

minutes, a potentially steeper slope, while with the Neofox method, I captured the shallow 

steady consumption rate as my measure of resting metabolic rate. I eliminated noise caused 

by fluctuating temperature (sensitive to hands touching the chamber but steadied when the 

chamber was submerged into the bath) by ignoring the first 10 minutes of measurement in the 

Neofox method and did the same with the Warburg by using a control chamber and 

subtracting the control change from the total change in each individual.  

4.3.6 Muscle digestion  

 

For a subset of individuals (n=54 males), I digested muscle from the cheliceral 

segment to test whether individuals may pay higher costs while resting to maintain the 

associated weapon muscle. Upon the completion of respiration measurements, harvestmen 

were stored in 95% ethanol. The right chelicera was excised at the prosoma so that both 

chelicera segments, which comprise the weapon, were removed from the body. The 

chelicerae were each placed individually into 1.7 mL micro-centrifuge tubes and dried at 
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50 oC for three days until a stable mass was reached. Mass was measured to the nearest 0.01 

mg using a UMX5 Comparator (Mettler Toledo AG, Greifensee, Switzerland). Within the 1.7 

mL micro-centrifuge tube, the chelicera was then submerged in 18.5 U.mL-1 papain in 100 

mM TRIS-HCl pH 7 buffer and left for three days to digest muscle fibres. The remaining 

exoskeleton was washed in water and dried at 50 oC for three days until a stable mass was 

reached. The remainder of the chelicera exoskeleton mass was subtracted from the total 

chelicera mass to determine how much tissue had been digested.  

4.4 Statistical analysis 
 

 As explained above, I performed all analyses for the Warburg and Neofox methods 

separately.  

 Because metabolic rate is expected to be different between the sexes (because of egg 

production, natural history, sexually dimorphic morphology, etc), and the harvestmen are 

highly sexually dimorphic with respect to weapon morphology and body size, I analysed 

males and females separately. I first tested the slope of the relationship between log10 body 

mass to log10 resting metabolic rate for all males using Ordinary Least Squares (OLS) 

regression (Kilmer & Rodriguez 2017). I did the same for females and examined the 

relationship between log10 body mass and log10 RMR. I compared the slopes to a slope of 

0.75 (low metabolic scaling) to test whether this species was following the ¾ power law.  

Because males of this species vary significantly not only in body mass but also in 

chelicera morphology with associated behavioural differences (ART’s), I had a priori 

predictions that these morphs may differ in metabolic rate. Because no one quantitative 

variable accurately describes the variation in males (see Chapter Two), I separated each 

morph into qualitative categories: alpha, beta, and gamma males.  
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For each of the three male morphs using Warburg data (which had high enough 

sample sizes to allow for calculating slopes between each group), I calculated a separate 

slope of the relationship for log10 body mass and log10 resting metabolic rate using OLS 

regression. I then compared the slopes to a slope of 0.75, to test whether each morph differed 

from the expected low metabolic scaling ¾ power law. Differences in the slopes of male 

morphs will show to what extent male morphs have disproportionately higher or lower RMR 

for their body size and may elucidate whether males are operating near the physiological 

limits per gram of tissue.  

I constructed a generalised linear model with slope between log10 body mass and 

log10 RMR as the response variable and the three males morphs (alpha, beta, and gamma) 

and females as the predictor variable to see if these four groups differed in the slopes 

(interaction) or the intercept. To further tease apart the differences in RMR between male 

morphs, I mass-corrected resting metabolic rate and tested for differences among the male 

morphs using an ANOVA.  

To test whether males with more muscle associated with their weaponry may pay 

higher costs to maintain weaponry, I compared raw RMR values and mass-corrected RMR 

and the amount of muscle tissue associated with the weapon. I first tested whether morphs 

differed in muscle content using an ANOVA, with the prediction that chelicera size, and thus 

male morph, would have a tight relationship with the associated muscle mass. Using the 

Warburg manometer dataset for which I had muscle digestion data (n=54 males), I measured 

the relationship of RMR and mass-specific RMR (MSRMR) against chelicera muscle mass 

using OLS regression for all males.  

To allow for comparison against the metabolic rates of other harvestmen, I adapted a 

table from Lardies et al. (2008) and added data for my study using mean J h-1 values 
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uncorrected for body mass. I presented the average for the entire Neofox sample, the means 

for each male morph, and for females. I chose to use the Neofox sample for this comparison 

because the Neofox chamber had a known, unchanging volume and is likely most accurate 

for comparing absolute values against other datasets.  

 

4.5 Results 
 

 With both methods, I found a weak relationship between mass and resting metabolic 

rate for males. The Neofox method had a weak relationship between mass and RMR with a 

hypoallometric slope but mass did significantly predict RMR (y=0.63 x + 2.37, R2=0.29, 

p=0.005, n=22). The slope differed significantly from a scaling relationship of 0.75 (OLS, 

F1,21=9.80, p=0.006). The Warburg method similarly demonstrated a weak relationship 

between mass and RMR but mass failed to significantly predict RMR (y=0.11x + 1.42, R2= -

0.012, p=0.57). 

 Female data also indicated a weak relationship between mass and RMR but mass 

significantly predicted metabolic rate (Warburg, y=0.32x + R2= -0.061, p=0.0014, n=15; 

Neofox, y=1.83x+ 3.85, R2=0.62 p=0.039, n=6),  and slope did not differ significantly from 

0.75 for the Warburg method (OLS, F1,13=0.20, p=0.67) but did differ for the Neofox method 

(OLS, F1,4=9.08, p=0.04).  

I found a significant effect of male morph on the slope between log10 mass and log10 

metabolic rate for the Warburg dataset (GLM Wald: F2,54 =5.74, p =0.005). The slope of 

gamma males was significantly different than the other groups (p=0.001). There was no 

effect of morph on the intercept (GLM Wald: F2,54 =1.43, p =0.25). I found no effect for 

morph in the Neofox method for either slope (GLM Wald: F2,17 =0.63, p =0.54) or intercept 

((GLM Wald: F2,17 =0.25, p =0.79). 
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For the Warburg data (where I had a higher sample size and more power), I calculated 

individual slope values for each of the male morphs (Fig. 3). For alpha males, metabolic rate 

scaled weakly and negatively with log10 mass (y= -0.23 + 0.86, R2= -0.20, p=0.57, n=6) and 

did not differ against a 0.75 scaling relationship (OLS against 0.75: F1,4=0.01, p=0.92). Beta 

males had the steepest slope compared with alphas, gammas and females (2.33x + 3.71, R2= 

0.22, p=0.005, n=30) which differed from a slope of 0.75 (OLS, F1,28=1.98, p=0.048). 

Gamma males also had a positive slope (y= 1.05x + 2.89, R2= 0.15, p=0.0, n=21) and the 

slope differed significantly from 0.75 (OLS, F1,21=5.00, p=0.04) (Fig. 3).  
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Fig. 3. Log10 RMR (uW) plotted against log10 body mass (g) for (a) Warburg and (b) 

Neofox and labelled by group. (c) Warburg data with slopes for each group included.  

 

When RMR was mass-corrected, I compared MSRMR between alphas, betas, 

gammas, and females using ANOVA. With the Warburg method, I found that the groups 

were significantly different (F =45.50, df= 3,71, p=0.00001, n=75) (Fig. 4). I performed 

Tukey post-hoc analysis to detect differences between pairs. Alpha and beta males did not 

differ in MSRMR rates (p=0.97). Gamma males differed significantly from alpha males 

(p=0.00001) and beta males (p=0.00001). MSRMR of females differed significantly from 

alpha males (p=0.008), beta males (p=0.0004), and gamma males (p=0.00001).  

For the Neofox method, the groups significantly differed in MSRMR (F =7.24, 

df=3,25 p=0.0001, n=29) (Fig. 4). Gammas had higher MSRMR than females (p=0.003), beta 



 

88 

 

males (p=0.001), and alpha males (p=0.001). Alpha did not differ from females (p=0.69) or 

betas (p=0.99). Females and betas did not differ (p=0.62).  

 

Fig. 4. Mass-specific resting metabolic rate (log10 uW) by morph for (a) Warburg method 

and (b) Neofox method. Gamma males had disproportionately higher MSRMR than females, 

alpha, and beta males. Females followed with the next highest MSRMR. Significantly 

different groups are indicated by letters.  

 

Muscle content of the chelicera was significantly different for male morphs 

(ANOVA: F2,51= 34.11, p=0.0001), where gamma males had less muscle content in the 

chelicera than alpha and beta males (p=0.0001). Thus, it is unsurprising that log muscle 

content of the chelicera weapon (for the subset of 54 males using the Warburg method) 

scaled weakly with log RMR (y=0.02x + 1.29, R2= -0.02,  p=0.77) and had a steep negative 

relationship with MCRMR (y= -13.29x + 10.19, R2=0.32, p=0.0001) (Fig. 5).  
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Fig. 5. Log chelicera (weapon) muscle mass plotted against mass-specific RMR. Chelicera 

muscle mass is predicted by morph meaning that there is a similar negative relationship 

between chelicera muscle mass and MSRMR as there is with morph and MSRMR.  

 

Mean values for resting metabolic rate (J h– 1) are presented in Table 1 with a 

synthesis of other harvestmen species for which metabolic rate is known (sourced from 

Lardies et al. 2014). Harvestmen in my study fit into the range of metabolic rate found for 

other species.  

 

4.6 Discussion  
 

In the trimorphic harvestman, F. pureora, I found that small, gamma males have 

disproportionately higher RMR than the two large-bodied male morphs, alphas and betas. 

Though my two datasets could not be analysed together (see Methods), both methods 
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revealed that gamma males had higher mass-specific metabolic rates. While higher mass-

specific metabolic rates are expected for smaller animals, when slopes were compared for 

each male morph and for females, beta males had the steepest relationship between RMR and 

body mass, followed by gamma males. Beta males had a positive hyperallometric slope and 

gammas had a slope near isometry (a slope of 1), which surpasses the expected low metabolic 

scaling rate expected for animals (~0.75) (Kleiber 1932; Savage et al. 2004; Glazier 2015).  

This study is the first to explore intraspecific variation in RMR in a species with a 

discrete weapon polymorphism. My results suggest that gamma males may be 

physiologically poised to follow a scrambling tactic to increase their potential fitness. Alpha 

and beta males have large bodies and large weaponry used for male-male combat, but small 

gamma males with reduced chelicerae are expected to adopt alternative strategies (ART’s) 

rather than engage in physical competition (Gross 1996; Oliveira et al. 2008). Other studies 

have considered how males that adopt different strategies may differ across various traits 

(e.g., Shuster & Wade 1991; Emlen 2001; Simmons & Emlen 2006), but metabolic rate has 

rarely been considered (Miles et al. 2007).  
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Table 1. Mean resting metabolic rates for all of the harvestmen where metabolic rate has been studied. Harvestmen are grouped by suborder.  

Suborder Family Species Mean body 

mass (mg) 

Mean RMR 

(J h– 1 ) 

Mean MSRMR  

(J h– 1mg-1) 

Source  

Dyspnoi Ischyropsalididae Ischyropsalis luteipes 55.00 0.2031 0.0037 Dresco-Derouet (1967) 

 Nemastomatidae Paranemastoma 

 quadripunctatum 

18.86 0.0958 0.0051 Schmitz (2005) 

Laniatores  Gonyleptidae Pachylus paessleri  349.15 0.3143 0.0009 Lardies et al. (2008) 

 Cosmetidae Vonones ornatus 45.00 0.1873 0.0042 Anderson (1993) 

Eupnoi Leiobunidae Leiobunum townsendi 91.00 0.4364 0.0048 Lighton (2002) 

 Leiobunidae Leiobunum aurugineum 91.00 0.4246 0.0047 Anderson (1993) 

 Phalangiidae Lophopilio palpinalis 11.14 0.0546 0.0049 Schmitz (2005) 

 Neopilionidae  Forsteropsalis pureora 

Average of all  

 

73.40 0.1829 0.0029 This study  

  F. pureora  

Alpha males 

 

107.67 0.1968 0.0019 This study 

  F. pureora  

Beta males 

 

101.36 0.2170 0.0022 This study 

  F. pureora  

Gamma males 

 

31.64 0.1203 0.0040 This study 

  F. pureora  

Females 

70.83 0.2076 0.0029 This study 

*Note that values for Pachylus paessleri were originally presented separately for males and females but they have been averaged here.
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Some aspects of the metabolic processes underlying alternative reproductive tactics 

have been considered in fish with ART’s. Atlantic salmon undergo different growth rates and 

mature at different times, resulting in two male tactics. Small-sized mature male “parr” had 

higher RMR than larger males that would adopt the anadromous adult tactic (Rossignol et al. 

2011). Similar differences among males have been explored for the energetics of sperm. For 

instance, in bluegill fish where there are sneaker and parental males (two reproductive 

tactics), sperm was tested for differences in swimming speed, ATP, and metabolic enzymes 

(creatine phosphokinase (CPK) to citrate synthase (CS)) but no differences were found for 

swimming speed or sperm motility overall (Burness et al. 2005).  

One major difference in testing for differences in the energetics between males that 

adopt one of multiple reproductive tactics is that many alternative reproductive tactics are 

mediated by growth rate and age (Thorpe 1986, Taborsky 2008). These factors covary 

significantly with metabolic rate (Jørgensen 1988; Czarnołęski et al. 2008; Burton et al. 

2011). Harvestmen and other arthropods with closed development represent a unique 

opportunity to investigate the variation in traits underlying different ART’s at the adult stage 

where individuals are no longer growing and are investing most of their metabolic processes 

to maintenance and reproduction rather than growth (Jørgensen 1988; Czarnołęski et al. 

2008; Burton et al. 2011; Hirst et al. 2011). 

O’Brien et al. (2019) conducted a multi-species comparison across seven arthropod 

species which included my pilot study data from Forsteropsalis pureora. Here muscle 

associated with weaponry scaled positively with mass-specific resting metabolic rate in the 

three species (frog-legged beetles, stag beetles, and stick insects) with the most muscle 

associated with their exaggerated weaponry relative to body size (O’Brien et al. 2019).  

Harvestmen chelicerae have relatively low muscle mass in the weapon compared with the 

other species studied (O’Brien et al. 2019). Following the results of the pilot study reported 
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in O’Brien et al. (2019), here I found no evidence that resting metabolic rate increases with 

muscle mass associated with exaggerated weaponry in F. pureora. The pilot study did not 

however consider females or alpha males, nor was the proxy of weapon size (cheliceral 

length) able to fully capture the intraspecific variation found in F. pureora (see Chapter 

Two). 

Forsteropsalis pureora represents one of only a handful of harvestmen for which 

resting metabolic rate has been measured. Lardies et al. (2008) compiled a table of metabolic 

measures conducted on harvestmen (data for 7 species from 5 studies with data that could be 

compared) and transformed each to J h– 1 for comparative purposes (see Table 1 in Lardies et 

al. 2008). The metabolic rates I found in this study fell within the range of other harvestmen 

studied with comparable body mass for both metabolic rate and mass-specific metabolic rates 

(Dresco-Derouet 1967; Anderson 1993; Lighton 2002; Schmitz 2005). Overall, arachnids, 

such as ticks and scorpions, have lower metabolic rates than other arthropod taxa which is 

hypothesised to be a result of their “sit and wait” life strategies and ability to withstand long 

stretches of time without food (Lighton & Fielden 1995; Lighton et al. 2001). In contrast, 

harvestmen are omnivorous and forage more frequently (reviewed in Acosta & Machado 

2007) so may have higher metabolic rates accordingly. Yet despite this, for most harvestmen, 

low metabolic rates have been found (Phillipson 1962; Anderson 1993; Lighton 2002; 

Lardies et al. 2008). For instance, data from the harvestman Pachylus paessleri most closely 

resembled the metabolic rates of scorpions than other arthropods of similar body size 

(Lardies et al. 2008). Forsteropsalis pureora falls between the values for scorpions and other 

“typical arthropods” when RMR and body mass are compared against various metabolic rate 

data for arthropods (see Fig. 3 in Lighton et al. 2001).  

Gamma males have a small body size and reduced chelicerae corresponding with a 

lack of competitive ability in contests. Thus, they must adopt alternative reproductive tactics 
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in an attempt to increase their fitness. Much work has focused on quantifying the metabolic 

expenditure required for behaviours that increase male fitness such as fighting, singing, 

drumming, dancing, and calling (reviewed in Clark 2012). Here I show that gamma males 

may be physiologically adapted to adopt an alternative scrambling tactic, searching for 

unguarded females in the environment for a chance at copulation, by pushing the 

physiological limits of energetic potential for their body size (Kleiber 1932; Savage et al. 

2004; Glazier 2015). Though increased expenditure in an attempt to increase fitness is not 

necessarily a fitness “cost” (Kotiaho 2001), if RMR corresponds to increased nutritional 

requirements to sustain metabolic rate or ultimately a shorter lifespan (Beckman & Ames 

1998; Ruggiero & Ferrucci 2006; but see Speakman 2005 for debate), gammas may 

experience costs via higher RMR. If high RMR does not lead to deleterious effects, it could 

in fact represent an adaptation that enhances fitness by maximizing gamma male potential to 

scramble and locate unguarded females. Another potential explanation for high mass-

corrected RMR gamma males could come from a change in intraspecific brain-body 

allometry, where metabolically-active brain tissue is retained while the body is miniaturised, 

as is the case in spiders and other invertebrates when interspecific comparisons are employed 

(Eberhard & Wcislo 2011).  

Most theory predicts that large males (i.e., alpha and beta males) should be the ones 

experiencing costs (or handicaps) to keep their signals honest (Zahavi 1975; Johnstone 1995). 

Here harvestmen males may not pay equal costs for weapon muscle maintenance per gram of 

additional tissue, which Somjee et al. (2018b) also showed to be true in leaf-footed bugs. 

However, it is likely that muscle associated with harvestmen weaponry in large males is 

likely anaerobic “white muscle” with less mitochondria to support at rest, but under effort, 

proves very expensive (because anaerobic activity is less efficient for production of energy 

and requires additional recovery) (Briffa & Elwood 2005). Indeed, contests often lead to an 
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increase in lactate indicating anaerobic activity (e.g., crabs, Sneddon et al. 1999; Mastsumasa 

& Murai 2005; cichlid fish, Neat et al. 1998; snakes, Schuett & Grober 2000; and lizards 

Pough & Andrews 1985; Brandt 2003). Future work to explore differences in aerobic and 

anaerobic metabolites among male morphs would be useful to explore this idea further.  

Metabolism is rarely explored in the pursuit to understand the costs and trade-offs 

driving the evolution of intraspecific male variation and ART’s, yet metabolic rate during 

activity (e.g., courtship, fighting, mate searching, etc.) is known to be an important trait that 

influences total male fitness (Clark et al. 2012; Kasumovic & Seebacher 2013; De Luca et al. 

2015). Where males perform different activities to enhance fitness (ie., alternative 

reproductive tactics), we are less able to make comparisons about differential costs because 

the behaviours performed to increase fitness are so different (Oliveira et al. 2008). Here I 

have provided some of the first evidence that males with complex weapon polymorphisms 

and associated alternative reproductive tactics have underlying physiological differences at 

rest, suggesting they may be differently poised to perform their respective behavioural tactic. 

This is an area that deserves further exploration in order to further our understanding of how 

males of the same species have come to be so different in their morphology and behaviour.  
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5. Prey, predators, and defensive behaviours of the New 

Zealand Neopilionidae 
 

5.1 Abstract   
 

The Neopilionidae is a highly diversified harvestman family in New Zealand, 

comprising eight genera and 30 species. Although individuals of many species are abundant 

in the field, basic information on their natural history is completely absent. Here I work to 

amend this by describing the prey items, predators, and defensive behaviours of 13 species 

across three genera, Forsteropsalis, Mangatangi, and Pantopsalis. First, I provide new 

records of the prey items for this family using three years of field observations. I found that 

New Zealand neopilionids are opportunistic, generalist foragers with a diet made up of a 

wide-variety of both predated and scavenged soft-bodied invertebrates, including worms, 

amphipods, species from nine orders of insects, and two orders of arachnids (including 

conspecifics). I then describe the first known invertebrate predators of New Zealand 

harvestmen, including seven spider species, and conduct a review of the literature to collate a 

list of 32 species of native and non-native vertebrates (frogs, lizards, fish, birds, and 

mammals) that prey on harvestmen, including neopilionids. Finally, I describe the defensive 

behaviours of neopilionids, providing the first reports of autotomy and thanatosis in the 

family. In general, the diet of New Zealand neopilionids is similar to other harvestman 

species, and the list of predators includes mostly insectivorous taxa known to feed on 

harvestmen elsewhere. The defensive repertoire of neopilionids includes behaviours 

previously recorded for other species of Eupnoi, such as leg autotomy, but also unique 

behaviours that are only known for species of Dyspnoi and Laniatores, such as thanatosis. 
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5.2 Introduction 
 

Harvestmen are a highly diversified group of arachnids, comprising nearly 6,500 

species worldwide, with great variation in their morphology, ecology, and behaviour 

(Machado et al. 2007). Unlike most arachnids, which are mainly predators, harvestmen are 

mainly omnivorous with the ability to masticate and ingest solid food (reviewed in Acosta & 

Machado 2007). Some species are known to be competent predators (e.g., Castanho & Rocha 

2005; Benson & Chartier 2010; Wolff et al. 2016), while also heavily relying on 

opportunistic scavenging of animal remains (e.g., Sankey 1949; Gnaspini 1996; Morse 2001). 

Plant materials, such as fruits and inflorescences, are also consumed, though animal matter is 

usually preferred (Halaj & Cady 2000; Machado & Pizo 2000; Gnaspini 1996; but see Schaus 

et al. 2013). A few examples of dietary specialists are found among the order, most notably 

the gastropod specialists in the family Trogulidae that eat live snails and then utilise the 

remaining shell for oviposition (Pabst 1953; Martens 1978; Komposch 1992). However, most 

species of harvestmen for which the diet is known are generalists that accept a wide range of 

prey, primarily made up of invertebrates (reviewed in Acosta & Machado 2007). 

To date, the foraging behaviour of only a few species of New Zealand harvestmen has 

been documented. In his monograph on New Zealand harvestmen of the family 

Triaenonychidae, Forster (1954) reported that the food items consumed by the species 

“consist mainly of insects and other small arthropods”. He never observed the capture of live 

prey, and under laboratory conditions the individuals fed only on dead insects. A more 

detailed account on the diet of a New Zealand harvestman was provided for Forsteropsalis 

photophaga (previously misidentified as Megalopsalis tumida (see Taylor & Probert 2014)), 

a representative of the family Neopilionidae that predates upon the larvae, pupae, and winged 

adults of the endemic glow-worm Arachnocampa luminosa (Diptera: Keroplatidae) in the 

cave systems in which they live (Richards 1960; Meyer-Rochow & Liddle 1988; Broadley 
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2012). With an interest in the ecophysiology of troglophile predators exposed to 

bioluminescent light sources in these otherwise dark cave systems, Meyer-Rochow & Liddle 

(1988) investigated the vision of F. photophaga and another troglophile harvestman, the 

triaenonychid Hendea myersi. The authors showed that individuals of F. photophaga find the 

glow-worms using the light they emit, which constitutes the only record of a harvestman 

using visual cues to find prey (Meyer-Rochow & Liddle 1988). However, it is unclear 

whether F. photophaga solely specialises on A. luminosa or whether other prey types are 

accepted. 

Like many other arachnids, harvestmen are also prey for other species, including both 

invertebrates and vertebrates. An extensive review of their natural enemies demonstrated that 

harvestmen are consumed by a wide range of generalist predators, such as flatworms, spiders, 

scorpions, centipedes, ants, ground beetles, assassin bugs, amphibians, reptiles, mammals, 

and birds (Cokendolpher & Mitov 2007). However, no predators listed in this review were 

known from New Zealand studies. Curiously, the review on harvestmen predators mentions 

that hedgehogs (Erinaceus europaeus) include harvestmen in their diet in Europe (Sankey 

1949), but no studies from New Zealand were cited, even though this mammal species was 

introduced in the country in the late 19th century and is now well established (Brockie 1990). 

European birds, such as the dunnock (Prunella modularis), starlings (Sturnus vulgaris), and 

rook (Corvus frugilegus), which were also introduced in New Zealand, are known to feed on 

harvestmen (see references in Cokendolpher & Mitov 2007), but all studies included in the 

review were conducted their native range (Tomek 1988; Cramp 1994). Thus, despite no 

representation of predation on New Zealand harvestmen specifically mentioned in the review 

by Cokendolpher & Mitov (2007), I expect that many invasive, and perhaps some native 

species known to be insectivorous, would also predate upon harvestmen. 



 

99 

 

To cope with a wide variety of predators, harvestmen exhibit highly diverse defensive 

strategies that include both primary defences, such as camouflage, aposematism, and 

aggregations, and secondary defences, such as thanatosis, leg autotomy, chemical defence, 

and “bobbing” (reviewed in Gnaspini & Hara 2007). Some of these defensive strategies, such 

as camouflage, aggregations, thanatosis, and chemical defence are widespread in the order, 

with records in the suborders Eupnoi, Dyspnoi, and Laniatores, which are the most 

intensively studied suborders of Opiliones (see examples in Gnaspini & Hara 2007). In turn, 

other defensive strategies, such as leg autotomy and bobbing, are restricted to certain clades 

of the suborder Eupnoi, which includes many of the long-legged harvestmen (see examples in 

Gnaspini & Hara 2007). Although it should be expected that at least leg autotomy would be 

present in species of the family Neopilionidae (Eupnoi), there is no formal record of this 

behaviour reported for a New Zealand species. Indeed, like most aspects of the natural history 

and ecology of harvestmen in the country, the defensive strategies have not been formally 

described for any native species of the order Opiliones. 

Here I provide the first detailed account on the natural history of several species of New 

Zealand Neopilionidae, a family with great diversity in the country. First, I describe a list of 

prey items consumed by neopilionids and provide a few accounts of notable behaviours 

associated with foraging, such as scavenging and predation behaviours, conspecific and 

heterospecific competition, prey sharing, and cannibalism. Second, I present direct 

observations of predation events in the field to produce a list of invertebrate predators of 

neopilionids. I also conducted a literature review of prey records for New Zealand taxa and 

collated a list of species for which harvestmen were known prey (32 species across reptiles, 

amphibians, fish, birds, and mammals). Finally, I briefly describe the defensive behaviours 

utilised by the neopilionids, with emphasis on leg autotomy. 
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5.3 Methods 
 

5.3.1 Study species and localities 

 

My field observations on the prey items, predators, and defensive behaviours were 

focused on 13 species of the family Neopilionidae from New Zealand: Forsteropsalis bona 

Taylor & Probert 2014, F. chiltoni (Hogg, 1910), F. fabulosa (Phillipps & Grimmett, 1932), 

F. inconstans (Forster, 1944), F. marplesi (Forster, 1944), F. photophaga Taylor & Probert 

2014, F. pureora Taylor 2013, F. wattsi (Hogg 1920), Mangatangi parvum Taylor 2013, 

Pantopsalis albipalpis Pocock 1902, P. coronata Pocock, 1903, P. listeri (White, 1849), and 

P. phocator Taylor 2004. With the exception of F. photophaga, which is a cave dweller only 

encountered in this habitat, and F. bona, which is frequently found deep inside caves but may 

also venture out to associated rock walls and stream banks, all other species are forest 

dwellers that are found mainly on low vegetation, tree trunks, and boulders, and are often 

associated with freshwater aquatic environments, such as streams, waterfalls, gorges, and 

dams. Field observations were concentrated at night (between 2200 h and 0400 h), when 

individuals are most active. Some species (e.g., F. bona, F. pureora, and P. listeri) were 

maintained in captivity for behavioural observations, and I fed them with several food items. 

All food items accepted by captive individuals were included in the list presented in Table 1. 

The following localities were visited for data collection: Ruakuri Bushwalk 

(38°15'53.7"S 175°04'46.4"E), Waitomo, North Island; private land (38°15'41.4"S 

175°00'53.6"E), Waitomo, North Island; Tawarau Forest (38°17'24.8"S 174°56'50.2"E), Te 

Anga, North Island; Marokopa Falls Track (38°15'33.6"S 174°50'54.6"E), Te Anga, North 

Island; Mangapohue Natural Bridge (38°15'39.6"S 174°53'56.4"E), Te Anga, North Island; 

Tauranga Bridge (38˚12'16.2”S, 177˚17'46.6”E), Waioeka Gorge, North Island; Belmont 

Regional Park (41°09'25.7"S 174°57'57.6"E), Upper Hutt, North Island; Golden Fleece 
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Battery Walk (42°07'48.7"S 171°52'57.8"E), Victoria Forest, South Island; Emily Falls Track 

(43°53'45.6"S 171°13'40.8"E), Peel Forest, North Island; Sullivan's Dam (45°48'19.4"S 

170°31'10.2"E), Leith Valley Road, Dunedin, South Island; McLean Falls (46°34'23.7"S 

169°20'47.7"E), Catlins Forest Park, Owaka, South Island; Raroa Track (46°54'01.7"S 

168°07'20.1"E), Oban, Stewart Island; Fuschia Track (46°54'00.1"S 168°07'30.0"E), Oban, 

Stewart Island; and Track at Peterson Hill Road and Deep Bay (46°54'12.7"S 168°08'08.6"E), 

Oban, Stewart Island. This list represents the coordinates of sites I visited for observations 

presented herein, but does not capture localities included in personal communications, 

iNaturalist observations, or the published literature on harvestmen predators from my 

literature review. The locations for these other records are listed in Tables 1 and 2. 

5.3.2 Prey items 

 

I describe the prey of New Zealand harvestman species based on direct observations. 

To add to this dataset, I then sourced research-grade photographs from iNaturalist 

(inaturalist.org), where locality and dates were provided, and photos were clear enough to 

identify harvestmen to genus or species level and prey items to at least order level. Prey was 

considered scavenged if it appeared dried (often broken into several pieces), otherwise 

deteriorated, or if it had apparently begun to decompose (following Machado et al. 2000). 

Where prey capture was observed and where prey was still moving or if the location where 

the harvestman opened the integument was clearly fresh tissue, I determined that live prey 

had most likely been caught alive by the harvestman (following Machado et al. 2000). If I 

was still not sure if prey was scavenged or predated, I attempted to contact the photographers 

of iNaturalist photos for more information about the observation. In the cases where it was 

impossible to determine, I note that it is unknown whether prey was scavenged or predated. 
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I also conducted a literature search to find any documented prey of Neopilionidae by 

performing Google Scholar record searches for any records pertaining to the taxa: 

“Neopilionidae”, “Monoscutidae” (former family name), “Acihasta”, “Americovibone”, 

“Forsteropsalis”, “Mangatangi”, “Megalopsalis”, “Monoscutum”, “Pantopsalis”, and 

“Templar”. I also conducted more generic searches for “New Zealand” paired with 

“Opiliones”, “harvestmen”, or “harvestman” in case harvestmen were mentioned but not 

identified to the family-level. 

5.3.3 Predators  

 

I collected information on the predators of the New Zealand Neopilionidae via direct 

observations in the field and by reviewing prey records across the literature for species 

known to forage on invertebrates. Unfortunately, but unsurprisingly, I found that prey types 

for invertebrate predators in New Zealand are largely undocumented and prey records for 

vertebrate species (which usually relied on gut content or faecal analysis), while far more 

abundant in number, rarely identified the harvestmen predated past the order level. In fact, 

many studies I found during my review did not classify prey types past class Arachnida and 

these studies were not included here. Thus, it was possible that Opiliones prey listed in the 

literature could belong to any of the following taxa present in New Zealand: (1) the 

introduced European harvestman Phalangium opilio (Eupnoi, Phalangiidae), which has 

occurred in New Zealand since at least 1947 (Forster 1947); (2) endemic short-legged 

harvestmen in the family Triaenonychidae and Synthetonychiidae (Laniatores), with over 100 

species recorded in the country (Forster 1954); (3) endemic species of mite harvestmen in the 

family Pettalidae (Cyphophthalmi), with over 30 species recorded in the country (Boyer & 

Giribet 2009); (4) the endemic Acropsopilio neozelandiae (Dyspnoi) (Forster 1948); and (5) 

my focal group, the long-legged Neopilionidae (Taylor 2004, 2011). In some cases, where 

predators were surveyed on farmland versus native forest, it is much more likely that the 
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harvestmen predated were the non-native P. opilio, as this species is much more likely to 

occur in open habitats, including cleared pastureland, dirt tracks, and near urban dwellings 

(Edgar 1971; Curtis & Machado 2007). In contrast, endemic harvestmen are largely restricted 

to native forest (Forster 1954; Vélez et al. 2014). Despite my inability to determine the exact 

taxa of harvestmen, most vertebrate predators that live in disturbed habitats also thrive in 

native forest. If these species feed on P. opilio, they are also likely to feed on native species, 

such as neopilionids, which are similar in size and have similar defence strategies. 

To thoroughly search for prey records of all potential predators in New Zealand, I used 

the key word “New Zealand” paired with generic terms “Opiliones”, “harvestmen”, or 

“harvestman”, performing several Google Scholar searches which included harvestmen not 

identified past order-level. I also conducted literature searches for any records pertaining to 

the taxa: “Neopilionidae”, “Monoscutidae” (former family name), “Acihasta”, 

“Americovibone”, “Forsteropsalis”, “Mangatangi”, “Megalopsalis”, “Monoscutum”, 

“Pantopsalis”, and “Templar”. I then searched with key words “New Zealand” and “prey”, 

paired with either “mammal”, “reptile”, “bird”, “spider”, “arachnid”, or “invertebrate”, and 

exhaustively searched text and tables for any papers about species expected to be 

insectivorous. From there, I inspected every source that met these criteria and back searched 

using the cited and citing references of those papers. My aim was not to quantify the 

proportion of Opiliones that each predator species consumed in their overall diet, but to 

document any predators known to take harvestmen as prey. Methodology and sample sizes 

varied greatly between studies and prey records varied between localities when predator 

species were surveyed multiply. However, I do make note of the few taxa for which 

harvestmen made up a significant proportion (more than 10%) of the total prey in the study. 

 



 

104 

 

5.3.4 Defensive behaviours  

 

During collections in the field, I recorded the defensive behaviours exhibited by the 

individuals of all neopilionid species I found. Given that the definition of some defensive 

behaviours varies in the literature, I present here the concepts I used to characterise the most 

common defensive behaviours observed in the neopilionids: (1) leg autotomy: is the act of 

self-amputating a leg in response to a stimulus such as being grabbed by a predator (Roth & 

Roth 1984); (2) thanatosis (or tonic immobility): is the adoption of a motionless posture by a 

prey individual triggered by physical contact or very close proximity of a predator 

(Humphreys & Ruxton 2018); (3) aggregation: in harvestmen, it is a group of three or more 

motionless individuals, with their bodies 0–5 cm apart from each other and legs overlapping 

(Machado et al. 2000); (4) bobbing: in harvestmen, it is a rapid up-and-down vibration of the 

body (Berland 1949); (5) fleeing: consists of a rapid movement away from the stimulus 

source, i.e., the predator (Edmunds 1974). 

5.4 Results  
 

5.4.1 Prey items 

 

I found that members of the genera Forsteropsalis, Pantopsalis, and Mangatangi are 

both opportunistic predators of live prey and readily scavenge on a wide range of invertebrate 

prey (Table 1; Figs. 1-3). Prey (both scavenged and predated) included earthworms, 

amphipods, insects such as bees, beetles, bugs, cockroaches, dragonflies, flies, mayflies, 

moths, and wētā, and arachnids such as spiders and harvestmen, including conspecifics 

(Table 1). Individuals of both sexes were able to capture and subdue live prey as large as 

themselves despite having no venom or silk (Fig. 1). It is important to note that observations 

are likely biased towards larger prey items, which are easier to identify and take longer to 

consume and are thus more likely to be observed in the field. Multiple observations (n = 17) 
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were made where harvestmen were clearly feeding on some animal matter, but prey was too 

small to be identifiable. 
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Fig. 1. New Zealand Neopilionidae with an assortment of freshly captured invertebrate prey. 

(a) Adult male Forsteropsalis chiltoni feeding on a large crane-fly (Diptera, Tipulidae) in 

Oban, Stewart Island. (b) Adult female F. bona feeding on a small wētā (Orthoptera: 

Anostostomatidae) nymph in Waitomo. (c) Adult male Pantopsalis phocator feeding on a fly 

(Diptera) in Dunedin. (d) Adult male F. inconstans feeding on a mayfly (Ephemeroptera) in 

Upper Hutt. (e) Juvenile F. pureora feeding on a moth (Lepidoptera) in Waitomo. (f) Adult 

male F. inconstans feeding on a steelblue ladybird prey, Halmus chalybeus (Coleoptera, 

Coccinellidae), in Lower Hutt. (g) Subadult male F. inconstans feeding on a live captured 

Schedotrigona sp. (Diplopoda: Metopidiotrichidae) in Lower Hutt. Photographs (a), (c), (h) 

by U. Schneehagen, (f) by C. Painting, and (b), (d), (e), (g) by E.C. Powell.  
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Fig. 2. Adult male Forsteropsalis pureora with captured and scavenged prey in Waitomo, 

New Zealand. (a) Adult feeding on a live-captured Lepidoptera larva. (b) Adult feeding on a 

scavenged chafer beetle (Coleoptera, Scarabaeidae). (c) Adult feeding on a scavenged 

cockroach (Blattodea) nymph. (d) Adult feeding on a scavenged dragonfly (Odonata). (e) 

Adult feeding on amphipod prey. All photographs by E.C. Powell. 
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Fig. 3. New Zealand Neopilionidae with scavenged arachnid prey. (a) Juvenile Forsteropsalis 

pureora feeding on a leg of the sheet-web spider Cambridgea sp. (Desidae) in Waitomo. (b) 

Adult female F. pureora feeding on a leg of the spider Cycloctenus sp. (Cycloctenidae) in 

Waitomo. (c) Adult male F. inconstans feeding on scavenged Cycloctenus sp. 

(Cycloctenidae) in Lower Hutt. (d) Adult female Pantopsalis listeri feeding on scavenged 

remains of a short-legged harvestman (Triaenonychidae) in Westland. Photographs (a) and 

(b) by E.C. Powell, (c) by U. Schneehagen, and (d) by J. Warfel. 
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In two instances, multiple individuals shared or competed over prey: (a) three females 

of Pantopsalis sp. were found sharing a large dead worm (Oligochaeta), and (b) a male P. 

listeri was observed tearing open a scavenged calliphorid fly and stepping back to allow a 

conspecific female to feed (S. Pollard pers. comm.) (Fig. 4). Harvestmen also competed with 

heterospecifics for scavenged prey. In one observation, a juvenile F. inconstans was 

witnessed struggling to keep scavenged amphipod prey from a millipede (Fig. 5). While it 

was unclear whether the harvestman or the millipede had the amphipod prey first, the 

juvenile F. inconstans was successful in keeping the amphipod from the millipede and carried 

it away (U. Schneehagen pers. comm.). 

 

 

Fig. 4. Pantopsalis listeri male and female with scavenged blowfly prey. The male (left) 

began by opening the cuticle of the prey item, exposing the soft integument. He then backed 

away and the female (right) stepped forward to feed. Photograph by S. Pollard.  
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Fig. 5. Subadult male F. inconstans competing with a Schedotrigona sp. millipede over a 

scavenged amphipod prey in Lower Hutt. (a) Millipede and harvestman with amphipod prey. 

(b) The harvestman was successful in retaining the scavenged prey and moves away from the 

millipede. Photographs by U. Schneehagen.  

 

To capture live prey, individuals of all neopilionids studied here rest upon vegetation at 

night and use a sit-and-wait hunting strategy, probably relying on movement and/or 

vibrations detected by the legs to recognise potential live prey. As invertebrates pass by, 

individuals first use their chelicerae to strike and subdue prey. Chelicerae are then aided by 

the pedipalps in manipulating the prey and bringing it to the mouthparts. My observations of 

non-cavernicolous neopilionids hunting mirrored the observations for F. photophaga, which 

also used their chelicerae to grab and subdue Arachnocampa luminosa prey (Richards 1960, 

Broadly 2012). Like some species of Australian Neopilionidae described in Wolff et al. 

(2016), some New Zealand species have plumose setae on the pedipalps. In adult male and 

female F. photophaga, the pedipalps are covered in plumose setae. No other species studied 
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here have as apparent plumose setae in adult males. As plumose setae on the pedipalps are 

linked to adhesive properties used in hunting (Wolff et al. 2016), it is possible that the 

pedipalps of F. photophaga function specifically for hunting in the cave environment, 

perhaps to aid in capturing the A. luminosa they are known to predate. 

Apparently, there are no marked differences in the type of prey or frequency of 

predation on live prey versus opportunistic scavenging between males and females (Table 1). 

One of the most impressive prey captures  was by the female F. marplesi (with reduced 

chelicerae when compared with conspecific males) that I observed capturing a live honeybee 

(Apis mellifera) at night. Another interesting observation was an adult female F. pureora 

resting on the broad leaves of parataniwha (Elatostema rugosum) beneath the web of a long-

jawed orb-weaver spider Leucauge dromedaria (Tetragnathidae). While the spider’s prey was 

unidentifiable, I observed the female harvestman foraging on the bits of exoskeleton as it 

dropped onto the leaves beneath. 

I also observed predation of harvestmen by harvestmen in natural field settings and also 

in captivity. First, an adult male of P. phocator was discovered feeding on a juvenile 

neopilionid (unidentifiable to species level) that was clearly freshly predated, rather than 

scavenged. Without confirmation of species identification for the juvenile individual, I refrain 

from terming this cannibalism. Further, I also observed confirmed cannibalism in a lab 

setting, where adult males of F. bona killed and consumed other adult males and subadults of 

the same species despite also eating the lab diet I provided. In contrast, adult and subadult F. 

pureora and P. listeri were frequently housed in variable densities in a lab setting with lab 

diet and never engaged in cannibalism. Upon successfully completing a moult, I observed an 

adult male F. bona and a juvenile F. bona feeding on their shed exoskeleton (Fig. 6) and an 

adult male P. listeri was observed doing the same (S. Pollard, pers. comm.).   
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Fig. 6. Cave-dwelling Forsteropsalis bona extracting fluids from shed exuviae after moulting 

inside caves in Waitomo, New Zealand. (a) Adult male F. bona and (b) juvenile F. bona. 

Both photographs by E.C. Powell. 
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Neopilionids may also eat plant matter, such as detritus or vegetation, but I did not 

observe this in the field. In captivity, I found that F. pureora, F. bona, and P. listeri readily 

accepted wet dog food as well as plant matter including apple and carrot (Table 1). Cereal 

baits delivering sodium monofluoroacetate “1080” to control mammalian pest species (e.g., 

possums, rats, mice, stoats, and hedgehogs) are commonly deployed across New Zealand 

(reviewed by Eason et al. 2011). Poison baits are often fed upon by invertebrates and other 

non-target endemic species. In at least one study, there is a specific mention to individuals of 

Megalopsalis sp. (a genus name which is no longer valid) as a visitor to bait stations, where 

they consume baits made up of cereals and carrot (see Table 1).  
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Table 1. A complete list of identified prey items of several species of New Zealand Neopilionidae. Prey status is abbreviated as P = predated,    

S = scavenged, U = unknown, N/A = not applicable.  

Species Sex (maturity)  Prey item Prey status Location Source 

Forsteropsalis bona Male (adult) Conspecifics (adult males and 

juvenile) 

P In captivity (collected 

in Waitomo) 

E.C. Powell pers. obs. 

 Male (adult) Diptera: Calliphoridae S Waitata, Bay of Plenty C.J. Painting pers. obs. (Fig. 1f) 

 Female (adult) Orthoptera: Anostostomatidae P  Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. (Fig. 1d)   

 Males & females 

(juveniles & adults) 

Wet dog food, carrot, and apple  NA In captivity (collected 

in Waitomo) 

E.C. Powell pers. obs. 

Forsteropsalis chiltoni Male (adult) Leptotarsus sp. (Diptera: 

Tipulidae) 

P Oban, Stewart Island E.C. Powell pers. obs. (Fig. 1b) 

Forsteropsalis fabulosa Female (adult) Ephemeroptera  P Upper Hutt, 

Wellington 

E.C. Powell pers. obs.  

Forsteropsalis inconstans Male (adult) Cycloctenus sp. Araneae: 

Cycloctenidae) 

S  Wainuiomata, Lower 

Hutt 

iNaturalist (U. Schneehagen) (Fig. 3c) 
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Forsteropsalis inconstans 

(cont’d) 

Male (subadult) Amphipoda S  Wainuiomata, Lower 

Hutt 

iNaturalist (U. Schneehagen) (Fig. 5) 

 Male (subadult) Schedotrigona sp. (Diplopoda: 

Schedotrigonidae) 

P  Korokoro, Lower Hutt iNaturalist (U. Schneehagen) (Fig. 1a) 

 Male (adult) Ephemeroptera P Wainuiomata, Lower 

Hutt 

iNaturalist (U. Schneehagen) (Fig. 1c) 

 Female (adult) Orthoptera P Brooklyn, Wellington iNaturalist (W. Brockelsby) 

 Unknown sex 

(juvenile) 

Hemideina sp. leg only 

(Orthoptera: Anostostomatidae) 

S Brooklyn, Wellington iNaturalist (W. Brockelsby) 

 Male (adult) Halmus chalybeus (Coleoptera: 

Coccinellidae) 

P Waiwhetu, Lower 

Hutt 

iNaturalist (U. Schneehagen) (Fig. 1h)  

 Female (adult) Coleoptera, Scarabaeidae, 

Melolonthinae 

S Rimutaka Hill, 

Tauherenikau 

iNaturalist (L. Bennett) 

 Female or juvenile Apis mellifera (Hymenoptera: 

Apidae) 

U  Karori, Wellington iNaturalist (A. Simpson) 

 Male (subadult) Diptera S Wellington iNaturalist (D. Townsend) 
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Forsteropsalis marpelsi  Female (adult) Apis mellifera (Hymenoptera: 

Apidae) 

P Sullivan’s Dam, 

Dunedin 

E.C. Powell pers. obs.  

Forsteropsalis photophaga  Males & females 

(adult) 

Arachnocampa luminosa 

(Diptera: Keroplatidae): larvae, 

pupae & adults 

P Waitomo Caves Richards (1960); Pugsley (1984); Meyer-

Rochow & Liddle (1988); Broadley 

(2012) under the misidentified name 

Megalopsalis tumida 

Forsteropsalis pureora Unknown sex 

(juvenile) 

Cambridgea sp. (Araneae: 

Desidae) 

S Te Anga E.C. Powell pers. obs. (Fig. 3a) 

 Female (adult) Cycloctenus sp. (Araneae: 

Cycloctenidae) 

S Te Anga E.C. Powell pers. obs. (Fig. 3b) 

 Female (adult) Droppings from the web of 

Leucauge dromederia (Araneae: 

Tetragnathidae)  

S Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell & M. Merien pers. obs. 

 Male (adult) Amphipoda Un Mangapohue Natural 

Bridge, Te Anga 

E. C. Powell pers. obs. (Fig. 2e) 

 Male (adult)  Odonata (Anisoptera) S Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. (Fig. 2d) 
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Forsteropsalis pureora 

(Cont’d) 

Male (adult) Celatoblatta sp. (Blattodea: 

Blattidae) 

S Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. (Fig. 2c) 

 Male (adult) Hemiptera, Pentatomorpha U Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. 

 Male (adult) Scolypopa australis (Hemiptera: 

Ricaniidae) 

S (wrapped 

in silk) 

Hamilton  B. McQuillan pers. comm. 

 Male (adult) Coleoptera: Scarabaeidae, 

Melolonthinae 

S Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. (Fig. 2b) 

 Male (adult) Vespula sp. (Hymenoptera: 

Vespidae) 

U Ruakuri Natural 

Bridge, Waitomo 

E.C. Powell pers. obs. 

 Male (adult) Lepidoptera (larva) P Te Anga E.C. Powell pers. obs. (Fig. 2a) 

 Male (subadult) Lepidoptera: Tortricidae (adult) P Te Anga E.C. Powell pers. obs. (Fig. 2e) 

 Male (adult) Diptera: Muscidae (adult) P In captivity (collected 

in Waitomo) 

E.C. Powell pers. obs. 

 Males & females 

(juveniles & adults)  

Wet dog food, carrot, lettuce, 

apple, and mango 

NA In captivity (collected 

in Waitomo) 

E.C. Powell pers. obs. 

Forsteropsalis wattsi  Male (adult) Annelida P Marlborough Sounds D. Hegg pers. comm.  
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Mangatangi sp. Male (adult) Hymenoptera: Megachilidae S Wilton, Wellington iNaturalist (W. Brocklesby) 

 Unknown Lepidoptera (larva) S Karori, Wellington iNaturalist (T. Wills) 

Pantopsalis listeri Male (adult) Hemiptera: Pentatomidae U Te Anga E.C. Powell pers. obs.  

 Male and female 

(adults) 

Diptera: Calliphoridae S Hari Hari, West Coast S. Pollard pers. comm. (Fig. 4) 

 Males & females 

(juveniles & adults) 

Wet dog food, carrot, and apple  NA In captivity (collected 

in Waitomo and Te 

Anga) 

E.C. Powell & C.J. Painting pers. obs. 

Pantopsalis phocator Male (adult)  Opiliones: Neopilionidae 

(juvenile) 

P Sullivan’s Dam, 

Dunedin  

E.C. Powell pers. obs.  

 Male (adult) Diptera (adult) S Oban, Stewart Island E.C. Powell pers. obs. (Fig. 1g) 

Pantopsalis sp. Females Oligochaeta S Paparoa National Park iNaturalist (Aeterno) 

 Female (adult) Nuncia sp. (Opiliones: 

Triaenonychidae) 

S Haast, Westland J. Warfel pers. comm. (Fig. 1d) 

Pantopsalis sp. (Cont’d) Female (adult) Lepidoptera: Geometridae 

(larva) 

P Papatowai iNaturalist (D. Holland) 
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Megalopsalis sp.* Unspecified  Carrot and pollard baits (with 

and without sodium 

monofluoroacetate “1080”) 

NA  Ohakune Sherley et al. (1999) 

Opiliones (unspecified)  Unspecified  Decomposing squid bait NA Aorangi and 

Remutaka Forests 

Vergara Parra (2018) 

*All but one species in the genus Megalopsalis in New Zealand have now been transferred to the genus Forsteropsalis (Taylor 2011).
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5.4.2 Predators 

 

I directly observed predation of New Zealand neopilionids by multiple species of 

spiders in the field, which adds several new species to the known arachnid predators of 

Opiliones worldwide (Table 2, Fig. 7). First, I observed an adult male of the brown vagrant 

spider, Uliodon sp. (Zoropsidae), consuming a freshly killed (still moving) adult male of F. 

pureora (Fig. 7c). I also observed an adult female of the square-ended crab spider, Sidymella 

angularis (Thomisidae), with a freshly captured juvenile of F. chiltoni (Fig. 7a). Another 

spider that uses sit-and-wait hunting tactics, the nursery web spider, Dolomedes minor 

(Pisauridae), captured a male F. pureora in Te Rapa, Hamilton (B. McQuillan pers. comm.). 

Moreover, I observed several neopilionids captured by web-building spiders, including two 

separate observations of an adult male of F. pureora trapped in the web of the sheet-web 

spider, Cambridgea sp. (Desidae) (Fig. 7d), and an adult male of P. phocator trapped in the 

web of an unidentified araneoid spider (Araneidae or Theridiidae). A web-building pirate 

spider, Australomimetus sennio (Mimetidae), captured a female of F. pureora in Rotorua (B. 

McQuillan pers. comm.). An adult male F. inconstans was observed being eaten by a cave 

orbweaver, Meta rufolineata in Kahurangi National Park, Tasman (D. Hegg pers. comm). 

Finally, in Lower Hutt, Wellington, an adult male of F. inconstans was captured and eaten by 

a cobweb spider, Theridion zantholabio (Theridiidae) (U. Schneehagen pers. comm) (Fig. 

7b). 
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Fig. 7. Spider predators of New Zealand Neopilionidae. (a) Female of the square-ended crab 

spider Sidymella angularis (Thomisidae) consumes juvenile Forsteropsalis chiltoni in Oban, 

Stewart Island. (b) Forsteropsalis inconstans male captured and eaten by a female cobweb 

spider Theridion zantholabio (Theridiidae) in Muritai, Lower Hutt. (c) Adult male of the 

brown vagrant spider Uliodon sp. (Zoropsidae) feeding on a male F. pureora prey in 

Waitomo. d.) Adult male F. pureora in the web of the sheet-web spider Cambridgea sp. 

(Desidae) in Te Anga. Photographs (a), (c), and (d) by E.C. Powell, and (b) by U. 

Schneehagen. 
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In a literature review of prey records for New Zealand species, I found several 

vertebrate species (including reptiles, amphibians, birds, and mammals) known to feed on 

Opiliones, but it was unclear in most studies whether these harvestmen were endemic 

Neopilionidae, Pettalidae, Triaenonychidae, Synthetonychiidae, Acropsopilio, or the 

introduced Phalangium opilio because harvestmen were almost never identified past order 

level (see Table 2). Most of the species with prey records that included Opiliones showed that 

harvestmen made up little of the overall diet. In contrast, one study found that the European 

harvestman P. opilio was found in 46% of 53 hedgehog (Erinaceus europaeus) stomachs 

analysed in New Zealand pastureland (Campbell 1973). 

I confirmed that some passerine birds, including the dunnock Prunella modularis, the 

starling Sturnus vulgaris, and the rook Corvus frugilegus, which are known to feed on 

harvestmen in Europe (Cokendolpher & Mitov 2007), also feed on harvestmen in New 

Zealand (Table 2). Moreover, other invasive species, including hedgehogs, three species of 

rats, and less importantly, stoats and brushtail possums also included harvestmen in their diet 

(Table 2). Multiple native species also use harvestmen as prey, including the tuatara 

Sphenodon punctatus, the frog Leiopelma sp., an amphibious climbing fish Galaxias 

brevipinnis, five species of skinks in the genus Leiolopisma, the bat Mystacina tuberculata, 

and several bird species, such as the kiwi Apteryx australis (Table 2). For most species, the 

frequency of harvestmen in their diet was low, but for the skinks L. zealandicum and 

Leiolopisma sp., harvestmen constituted 14% and 23% of the prey, respectively (Gill 1976). 
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Table 2. List of the known predators of Opiliones in mainland New Zealand and offshore islands. This list combines new observations of 

predators and a review of diet records in the literature. Method: DO = direct observation, SC = stomach contents, GC = Gizzard contents, FS = 

faecal samples, RP = regurgitated pellets. 

Predator  Opiliones prey  Location Method Source 

Invertebrates     

Australomimetus sennio (Araneae, 

Mimetidae) 

Forsteropsalis pureora 

(adult female) 

Rotorua, North Island  DO B. McQuillan pers. comm.  

Cambridgea sp. (Araneae: Desidae) Forsteropsalis pureora 

(adult male) 

Waitomo, North Island DO E.C. Powell pers. obs. (Fig. 

7d) 

G.I. Holwell pers. obs.  

Dolomedes minor (Araneae, Pisauridae) Forsteropsalis pureora 

(adult male)  

Hamilton, North Island  DO B. McQuillan pers. comm. 

Meta rufolineata (Araneae, Tetragnathidae) Forsteropsalis inconstans 

(adult male) 

Kahurangi National Park, 

Tasman, South Island 

DO D. Hegg pers. comm.  
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Sidymella angularis (Araneae: Thomisidae): 

female 

Juvenile Neopilionidae 

(unidentifiable)  

Oban, Stewart Island DO E.C. Powell pers. obs. (Fig. 

7a) 

Theridion zanthalabio (Araneae: 

Theridiidae): female 

Forsteropsalis inconstans 

(adult male) 

Muritai, Lower Hutt, North 

Island  

DO U. Schneehagen pers. 

comm. (Fig. 7b) 

Uliodon sp. (Araneae: Zoropsidae) Forsteropsalis pureora 

(adult male) 

Waitomo, North Island DO E.C. Powell pers. obs. (Fig. 

7c) 

Unknown araneoid spider (Araneae) Forsteropsalis pureora 

(adult male) 

Waitomo, North Island DO E.C. Powell pers. obs. 

Unknown araneoid spider (Araneae) Pantopsalis phocator (adult 

male) 

Waitomo, North Island DO E.C. Powell pers. obs. 

Forsteropsalis bona (Opiliones: 

Neopilionidae): adult male 

Conspecific juveniles and 

adult males 

In captivity (collected in 

Waitomo, North Island) 

DO E.C. Powell pers. obs. 

Pantopsalis phocator (Opiliones: 

Neopilionidae): adult male 

Juvenile Neopilionidae 

(unidentifiable)  

Catlins Forest Park, 

Southland, South Island 

DO E.C. Powell pers. obs. 
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Table 2. Continued. Vertebrates known to predate harvestmen in New Zealand.  

Predator  Opiliones prey  Location Method Source 

Vertebrates     

Leiopelma hochstetteri & L. archeyi 

(Amphibia, Anura: Leiopelmatidae) 

Opiliones (unspecified) Coromandel Peninsula & 

Pureora Forest, North Island 

SC Shaw et al. (2012) 

Sphenodon punctatus (Reptilia, 

Rhynchocephalia: Sphenodontidae) 

Opiliones (unspecified) Stephens Island, Cook Strait FA Walls (1981) 

Sphenodon punctatus (Reptilia, 

Rhynchocephalia: Sphenodontidae) 

Opiliones (unspecified) Lady Alice Island SC Ussher (1999) 

Leiolopisma inconspicuum, L. maccanni & L. 

nigriplantare polychrome (Reptilia, Squamata: 

Scincidae) 

Opiliones (unspecified) Central Otago, South Island SC Patterson (1992) 

Leiolopisma zealandicum & Leiolopisma sp. 

(Reptilia, Squamata: Scincidae) 

Opiliones (unspecified) Manawatu, North Island SC Gill (1976) 
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Oligosoma smithi (Reptilia, Squamata: 

Scincidae) 

Opiliones (unspecified)  Tawharanui, Regional Park, 

North Island 

DO*  Wedding et al. (2010) 

Galaxias brevipinnis (Actinopterygii, 

Galaxiiformes: Galaxiidae) 

Opiliones (unspecified)  South Westland, South 

Island 

SC Main & Winterbourn 

(1987) 

Anas chlorotis (Aves, Anseriformes: Anatidae) Opiliones (unspecified) Great Barrier Island SC & 

FS 

Moore et al. (2006) 

Apteryx mantelli (Aves, Apterygiformes: 

Apterygidae) 

Opiliones (unspecified) Waihi, North Island SC Gurr (1952) 

Urodynamis taitensis (Aves, Cuculidae: 

Cuculiformes) 

Opiliones (unspecified) Auckland, North Island GC  Gill (1980) 

Corvus frugilegus (Aves, Passeriformes: 

Corvidae) 

Opiliones (unspecified) Hawkes Bay, North Island GC Porter (1979) 

Gerygone igata (Aves, Passeriformes: 

Acanthizidae) 

Opiliones (unspecified) Orongorongo Valley, 

Wellington, North Island 

FS Moeed & Fitzgerald (1982) 
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Gymnorhina tibicen (Aves, Passeriformes: 

Artamidae) 

Phalangium opilio Christchurch airport, South 

Island 

GC Moeed (1976) 

Megalurus punctatus (Aves, Passeriformes 

Locustellidae): nestlings 

Opiliones (unspecified) Invercargill, South Island GC Barlow & Moeed (1980) 

Petroica macrocephala toitoi (Aves, 

Passeriformes: Petroicidae) 

Opiliones (unspecified) Orongorongo Valley, 

Wellington, North Island 

FS Moeed & Fitzgerald (1982) 

Prunella modularis (Aves, Passeriformes: 

Prunellidae) 

Opiliones (unspecified) Orongorongo Valley, 

Wellington, North Island 

FS Moeed & Fitzgerald (1982) 

Rhipidura fuliginosa (Aves, Passeriformes: 

Rhipiduridae) 

Opiliones (unspecified) Orongorongo Valley, 

Wellington, North Island 

FS Moeed & Fitzgerald (1982) 

Sturnus vulgaris (Aves, PasseriformesL 

Sturnidae): adults 

Phalangium opilio Christchurch airport, South 

Island 

GC Moeed (1976) 

Sturnus vulgaris (Aves, Passeriformes: 

Sturnidae): nestlings 

Phalangium opilio Hawkes Bay, North Island GC Moeed (1980) 
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Zosterops lateralis (Aves, Passeriformes: 

Zosteropidae) 

Opiliones (Phalangiidae) Nelson, South Island SC Moeed (1979) 

Athene noctua (Aves, Strigiformes: Strigidae) Opiliones (unspecified) Birds included from across 

New Zealand 

SC Marples (1942) 

Ninox novaeseelandiae (Aves, Strigiformes: 

Strigidae) 

Opiliones (Phalangida) Pureora Forest, North Island RP Haw & Clout (1999); Haw 

et al. (2001) 

Mustela erminea (Mammalia, Carnivora: 

Mustelidae) 

Opiliones (unspecified)  South Westland, South 

Island 

SC Rickard (1996) 

Mystacina tuberculata (Mammalia, Chiroptera: 

Mystacinidae) 

Opiliones (unspecified) Little Barrier Island FS Arkins et al. (1999) 

Trichosurus vulpecula (Mammalia, 

Diprotodontia: Phalangeridae) 

Opiliones (unspecified) Orongorongo Valley, 

Wellington, North Island 

SC Cowan & Moeed (1987) 

Erinaceus europaeus (Mammalia, 

Eulipotyphla: Erinaceidae) 

Phalangium opilio Canterbury, South Island SC & 

FS 

Campbell (1973) 
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Erinaceus europaeus (Mammalia, 

Eulipotyphla: Erinaceidae) 

Opiliones (unspecified) Auckland, North Island SC Jeffries (2011) 

Erinaceus europaeus (Mammalia, 

Eulipotyphla: Erinaceidae) 

Opiliones (unspecified) Auckland, North Island SC Nottingham et al. (2019) 

Rattus exulans (Mammalia, Rodentia: Muridae) Opiliones (unspecified)  Rakiura, Stewart Island  SC  Sturmer (1988) 

Rattus norvegicus (Mammalia, Rodentia: 

Muridae) 

Opiliones (unspecified)  Kapiti Island SC Dick (1985) 

Rattus norvegicus (Mammalia, Rodentia: 

Muridae) 

Opiliones (unspecified) Rakiura, Stewart Island SC Sturmer (1988) 

Rattus rattus (Mammalia, Rodentia: Muridae) Opiliones (unspecified) Rakirua, Stewart Island SC Sturmer (1988) 

Rattus rattus (Mammalia, Rodentia: Muridae) Opiliones (one Eupnoi 

noted) 

Fiordland National Park, 

South Island 

SC Clapperton et al. (2019) 

Rattus rattus (Mammalia, Rodentia: Muridae) Opiliones (long-legged 

specified) 

South Westland, South 

Island 

SC Rickard (1996) 

* Skinks ate harvestmen in pitfall traps associated with bait station study. 
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5.4.3 Defensive behaviours 

 

Leg autotomy is a frequent defence tactic in neopilionids. I found 65% of individuals 

missing at least one leg in F. pureora (males and females) in this study and 53% missing at 

least one leg in P. listeri (males) (S. Pollard unpub. data). Leg autotomy had occurred in 

individuals of every species I collected from the field, including F. bona, F. chiltoni, F. 

fabulosa, F. inconstans, F. marplesi, F. photophaga, F. pureora, M. parvum, P. albipalpis, P. 

coronata, P. listeri, and P. phocator (Fig. 8b-c), and confirmed for F. wattsi using photos 

provided by D. Hegg (pers. comm). I did not explicitly compare the rates of autotomy among 

these species, but I noticed general trends suggesting that the cave-dwelling species, F. bona 

and F. photophaga, autotomised legs less frequently than forest-dwelling species. 

Upon detecting light, most individuals first attempted to flee. Thanatosis was also 

employed by all species of Neopilionidae I collected, where harvestmen dropped to the 

ground with all legs straight up and did not move (Fig. 8d). This behaviour usually occurred 

only after individuals had attempted but failed to flee and was sometimes used in conjunction 

with leg autotomy. I also found that neopilionids, including F. pureora and P. listeri, 

occasionally aggregate in smaller numbers (up to seven at a time) (Fig. 9), but this behaviour 

was never accompanied by bobbing when the individuals were disturbed. 

Finally, I detected no chemical defence secretions in New Zealand neopilionids by my 

direct observation (including close inspection, smelling, and tasting) when individuals of 

many species were handled, but it is unknown whether there could be chemical defences that 

are not perceived by our human sensory systems. The only non-evasive defence recorded 

among neopilionids was the attack with their chelicerae during a simulated predator attack 

with forceps. Females, with reduced chelicerae, seemed to employ this behaviour as much as 

males, which have exaggerated, sexually-selected chelicerae (Figs. 1-4, 9). 
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Fig. 8. Predator damage and defence strategies of New Zealand Neopilionidae. (a) Adult 

male Forsteropsalis pureora with broken left chelicera and autotomised left leg (2nd pair) in 

Waitomo. (b) Juvenile F. bona missing its left pedipalp and autotomised right leg (1st pair). 

(c) Adult male Mangatangi sp. with two autotomised legs. Legs II and III have been 

autotomised at different times over the harvestman’s life. Leg II was recently autotomised, as 

evident by the remaining trochanter joint. Leg III was autotomised during the juvenile stages, 

evident by the missing trochanter and healed cuticle “scar”. (d) An adult male F. pureora 

utilizing the defensive posture known as thanatosis. All photographs by E.C. Powell. 
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Fig. 9. (a) Aggregation of sexually-mature Pantopsalis listeri in Westland, South Island, New 

Zealand. On the left, four adult males and on the right, two females (with more cryptic 

colouration). (b) Two sexually-mature male Forsteropsalis pureora at Waioeka Gorge, Bay 

of Plenty. Photograph (a) by J. Warfel and (b) by C.J. Painting. 
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5.5 Discussion 
 

5.5.1 Prey items 

 

In the first part of this study I provide a list of prey for the New Zealand Neopilionidae 

using direct observations, iNaturalist records online, and a comprehensive literature review. 

Previously, only a single prey type for the species Forsteropsalis photophaga was noted in 

the literature and nothing was known for the remainder of the neopilionids. I show here that 

several other New Zealand species in this family are generalist predators, predating upon and 

scavenging on a wide variety of invertebrate prey (Table 1). My findings are consistent with 

other literature examining the diet of species belonging to the suborders Eupnoi and 

Laniatores, which are most often generalist predators with a preference for soft-bodied 

invertebrate prey (reviewed in Acosta & Machado 2007). When scavenging, however, a 

much wider range of food items can be consumed, including large items that would be 

difficult or dangerous to subdue alive. Thus, scavenging may confer a great advantage by 

expanding the food base of the individuals and increasing their energy intake. 

The opportunistic aspect of the diet of neopilionids is reinforced by the use of discarded 

spider prey by F. pureora (Table 1). Because spiders feed extra-orally, they discard the 

exoskeleton of prey items after liquifying and eating their inside (Foelix 2011). Evidence for 

another potential instance of opportunistic use of spider prey, or even potential theft, was 

observed for a mature male of F. pureora. Using photographs, I discovered that a hemipteran 

prey appeared to be wrapped in silk upon closer inspection (B. McQuillan pers. comm.; Table 

1). Although discarded spider prey probably has poor nutritional value, it is used by several 

other harvestman species (see list in Sabino & Gnaspini 1999). For instance, individuals of 

Phalangium opilio were reported to frequently scavenge on the carcasses of prey discarded 

by thomisid crab spiders in the United States (Morse 2001). Additionally, a female of 
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Acutisoma longipes (Laniatores, Gonyleptidae) was observed stealing a moth prey directly 

from a spider (Ctenidae) in Brazil (Sabino & Gnaspini 1999). Discarded spider prey, faeces, 

and other decaying matter may be particularly important in the diet of harvestmen during 

periods of food shortage, when the availability of potential prey is very low. 

Neopilionds interacted with heterospecifics, competing for scavenged prey, and with 

conspecifics, sharing scavenged prey. First, a juvenile F. inconstans competed with a 

millipede over scavenged amphipod prey. This observation is interesting in itself because 

millipedes rarely consume animal matter (Hopkin & Read 1992). Second, three conspecific 

females of Pantopsalis sp. were photographed consuming a large worm. Finally, an 

observation by S. Pollard suggested that there could be prey sharing between sexes in P. 

listeri, where males provide females with a food resource. In this case, an adult male used his 

chelicerae to open the exoskeleton of a scavenged blowfly, exposing the soft integument. The 

male then stepped back from the prey, allowing the female to come forward and feed on it 

(Fig. 4). This male behaviour could be interpreted as nuptial gift offering, but given the lack 

of further details, it is not possible to be sure. The only known cases of nuptial gifts in 

harvestmen are glandular secretions, which are produced by the males and transferred to the 

females via male genitalia during copulation (Wijnhoven 2011; Fowler-Finn 2018). In the 

case of neopilionids, males have highly exaggerated chelicerae used for male-male 

competition (Painting et al. 2015). Though males and females did not exhibit any striking 

differences in prey size or type (see Table 1), enlarged cheliceral claws could aid males in 

exposing nutritious prey and decrease the time and energy expended by females to get 

through less nutritious cuticle of invertebrate prey.  

Another example of the opportunistic feeding habits of neopilionids is the fact that 

juveniles and adults of at least two species, F. bona and P. listeri, feed on their exuvia after 

moulting. Early nymphs of many harvestman species are known to feed on their exuvia after 
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moulting or simply to masticate them, which is probably a way to recover water (Gnaspini 

2007). To my knowledge, however, there is no reported case of later nymphs and adults 

feeding on their exuvia in harvestmen. As opportunistic scavengers that will feed on low-

quality food when it is available, it is possible that neopilionids use their exuvia as a source of 

food and not water. This may especially be the case in cave-dwelling species such as F. bona. 

Food is usually scarce inside caves (Romero 2009) but humidity is high and unlimited 

freshwater is provided by streams running through the caves year-round.  

Cannibalism of large juveniles and adults is a rare behaviour in harvestmen, and occurs 

more frequently during the moulting cycle, when individuals are less mobile, and the 

tegument is still soft (reviewed in Acosta & Machado 2007). My observation of P. phocator 

consuming a small juvenile neopilionid in a natural setting follows this trend. Here I also 

describe cannibalism of adults in F. bona, in which adult males killed and consumed other 

adult males and subadults in the laboratory. Cannibalism was not recorded for captive F. 

pureora and P. listeri, which were also maintained in the laboratory in variable densities. 

Once more, the occurrence of cannibalism in F. bona may be related to the cavernicolous 

habitat, where food availability is usually small (Romero 2009). The consumption of vegetal 

matter was also only recorded in the laboratory, where they accepted carrot, lettuce, apple, 

and mango (Table 1). Captive diets of vegetal matter have been tested with harvestmen with 

varying degrees of success. However, animal matter with high lipid and protein content is 

most readily accepted overall (reviewed in Acosta & Machado 2007), probably because it 

promotes greater growth and reproductive output (Naya et al. 2017). Fitting with their 

preference for animal matter under laboratory conditions, one field study also showed that 

New Zealand harvestmen were more attracted to poison baits including squid than poison 

baits without squid (Vergara Parra 2018). There is no evidence that the consumption of 

sodium monofluoroacetate “1080” causes any direct negative effects to harvestmen or other 
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invertebrates (Spurr & Berben 2004; Powlesland et al. 2005) nor is there evidence that 

feeding on poison baits indirectly impacts their native (non-mammalian) vertebrate predators, 

such as birds, lizards, and frogs (Wedding et al. 2010). In fact, all efforts to control and 

eradicate invasive mammals in New Zealand are likely to benefit endemic harvestmen, 

because many of the target mammal species are known to predate them (see the following 

section ‘Predators’). In accordance with this prediction, a comparative study showed that 

harvestmen were more abundant on offshore islands where rats were eliminated than on 

islands where rats were still present (Bremner 1984). 

5.5.2 Predators  

 

In the second part of this study I provided a complete list of the predators of New 

Zealand harvestmen using direct observations in the field and an exhaustive literature review 

of prey records. I generate the first records of invertebrate predators of Opiliones in the 

country, including seven spider species and the cannibalism of juveniles and adults (see the 

previous section ‘Prey items’). The spiders I found to feed on harvestmen are all 

opportunistic generalist predators of invertebrates and are unlikely to specialise on 

harvestmen prey. Spider species of the family Zoropsidae are similar to Lycosidae in hunting-

style, and species of family Desidae, Mimetidae, and Tetragnathidae use webs for hunting. 

Both foraging strategies are common in other spiders known to feed on harvestmen (reviewed 

in Cokendolpher & Mitov 2007). Despite a cosmopolitan distribution worldwide, no species 

of Dolomedes were listed as known predators of Opiliones, but another pisaurid, Pisaura sp., 

is known to predate long-legged harvestmen (see references in Cokendolpher & Mitov 2007). 

Further, many species of the family Theridiidae, including representatives of the genera 

Latrodectus, Steatoda, and Theridion, are known predators of harvestmen (see references in 

Cokendolpher & Mitov 2007). Thus, it is unsurprising that I add Theridion zantholabio to 

this list of harvestmen predators. Two species of Meta spp. cave orb weavers are known to 
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predate harvestmen in Europe (Bristowe 1941; Mitov 1995) and here I add a third from New 

Zealand. Finally, crab spiders in the genus Xysticus are also known to feed on harvestmen in 

Europe (Bristowe 1941), and here I describe another thomisid, Sidymella angularis, to be a 

harvestman predator in New Zealand. 

In my literature review, I found no prey records for invertebrate predators that included 

Opiliones, but I did find references for prey records from 32 species of vertebrates. 

Surprisingly, few of the vertebrate species I found in the literature search were included in the 

comprehensive review of natural enemies of Opiliones by Cokendolpher & Mitov (2007). 

Similar to the findings by Cokendolpher & Mitov (2007), I found that most predators were 

generalists that feed on few harvestmen relative to other taxa. The most important harvestmen 

predators in New Zealand were hedgehogs, rats, and skinks (Campbell 1973; Gill 1976; 

Sturmer 1988). Information about the types of harvestmen predated was limited because 

authors almost never identified harvestmen past the order level. Also mirroring the findings 

by Cokendolpher & Mitov (2007), I found many records of passerine birds as predators of 

New Zealand harvestmen. Birds surely represent a very important suite of predators, but 

invertebrates are severely understudied, and their contribution as predators is likely 

underestimated. This is evident by the fact that I found no published records of invertebrate 

predation on New Zealand harvestmen compared to records for nine species of reptiles and 

amphibians, one record for an amphibious fish, 15 species of birds, and seven species of 

mammals over 70 years of research. Furthermore, I recognise that gut content and faecal 

analyses make prey records easier to acquire for vertebrates than invertebrates. This 

taxonomic bias parallels the extremely exaggerated bias towards bird research and 

conservation in New Zealand, as well as the extensive studies that have attempted to quantify 

the impact of invasive mammal species in the country. 
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An interesting addition to the known predators of Opiliones which was not included in 

the worldwide review by Cokendolpher & Mitov (2007) is a species of fish. Specifically, 

Opiliones were identified in the gut contents of climbing galaxias fish (kōaro) in Westland 

streams (Main & Winterbourn 1987; Table 2). While disparate habitats of aquatic fish and 

terrestrial harvestmen make it unlikely for overlap, the biology of this fish species and the 

habitat use of neopilionids explains this finding. Climbing galaxias are amphibious and able 

to climb steep, slick waterfalls, rockfaces, and dams. Forest-dwelling Neopilionidae, 

especially members of the genus Forsteropsalis, are often associated with aquatic 

environments, such as streams, waterfalls, dams, and gorges, and it is plausible that these 

species would be encountered by climbing fish. For instance, I have found F. fabulosa in rock 

wall crevices receiving spray from nearby waterfalls and have commonly encountered F. 

bona, F. pureora, and F. marplesi resting on and around the banks of streams day and night. 

Passerine birds were the most frequent predators found to feed on harvestmen in our 

literature review, including introduced and native species (Table 2). However, harvestmen 

were never reported as a significant portion of the diet of any bird species. Brown teal ducks 

also foraged on a small number of Opiliones (Moore et al. 2006), which represents an order 

of birds (Anseriformes) currently not represented in the review by Cokendolpher & Mitov 

(2007). The native morepork owl, Ninox novaeseelandiae, occasionally predated harvestmen, 

but they made up little of the overall diet when regurgitated pellets were analysed (Haw & 

Clout 1999; Haw et al. 2001). The introduced little owl, Athene noctua, was similar, with 

some but not many Opiliones in the gut contents analysed (Marples 1942). The pattern 

reported for birds is similar to that of the endemic New Zealand bat, Mystacina tuberculate, 

which consumed Opiliones at several sites, but this prey type is never a significant part of its 

diet (Arkins et al. 1999; Lloyd 2001). 
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Invasive mammals that feed on harvestmen in New Zealand included three species of 

rats, hedgehogs, and to a lesser extent, stoats and brushtail possums (Table 2). Rats are 

significant predators of invertebrate prey in New Zealand, but the importance of harvestmen 

as prey identified in the literature was mixed. In some studies, spiders were noted prey, but 

no Opiliones were reported at all (Daniel 1973; Gales 1982; Miller & Miller 1995). It is also 

possible that biologists unfamiliar with arachnids identifying prey from vertebrate gut 

contents could mistake harvestmen legs as those of spiders, thus potentially 

underrepresenting the order in prey records. In another study on Stewart Island, Opiliones 

were the second most important invertebrate prey item after wētā (Orthoptera) (Sturmer 

1988). Though Opiliones were not identified past order level, Stewart Island is a largely 

undisturbed habitat covered mostly by native forest. Given my own  observations, 

Neopilionidae are much more abundant than other harvestmen on the island and were likely 

to be the main harvestman group found in rat stomachs in this study. European hedgehogs 

also rely primarily on an invertebrate diet and arachnids, but no harvestmen were found in gut 

content analyses in multiple New Zealand studies (Brockie 1959; Campbell 1973; Jones et al. 

2005). In contrast, one study found that the European harvestman, Phalangium opilio, were 

found in 46% of 53 hedgehog stomachs analysed in New Zealand pastureland (Campbell 

1973), and 17% of 100 hedgehog stomachs from coastal sites included unspecified Opiliones 

prey (Jeffries 2011). Moreover, Opiliones were noted in small numbers in the stomachs of 

hedgehogs from fragmented Auckland forest habitat (Nottingham et al. 2019). Given that 

hedgehogs are not restricted to pastureland and may range throughout native bush, it is not 

unlikely that endemic neopilionids are frequent prey items as well. 

For the invasive brushtail possums, vegetation is much more important for the diet 

(Cowan & Moeed 1978; Owen & Norton 1995). However, invertebrate prey is also 

consumed and seasonal variation drives variation in diet composition (Owen & Norton 1995). 
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Insects and arachnids (in the orders Araneae, Acari, Pseudoscorpiones, and in a single 

instance, an unidentified Opiliones) have indeed been reported in gut and faecal content 

analyses (Cowan & Moeed 1978). Mustelids predate more predominantly upon vertebrates 

than other introduced mammals in New Zealand, but also represent potential predators of 

invertebrates. Opiliones were not reported as prey in most New Zealand studies but 

invertebrate prey was not always identified past subphylum because of their limited 

importance in the diet (Murphy & Bradfield 1992; Murphy et al. 1998; Murphy et al. 2008). 

A single study did note the presence of a few Opiliones in the gut contents of stoats (Rickard 

1996). 

5.5.3 Defensive behaviours  

 

In the third part of this study I describe the defensive behaviour of several neopilionid 

species from New Zealand. Leg autotomy, which is typical defensive behaviour recorded for 

species of Eupnoi (reviewed in Gnaspini & Hara 2007), was also recorded for all neopilionid 

species here. The frequency of individuals with autotomised legs in two forest-dwelling 

species, namely F. pureora and P. listeri, was very high (65 and 53% respectively) and 

comparable to other species of the family Sclerosomatidae (Eupnoi) that also inhabit forests, 

such as Leiobunum nigripes (47%, Guffey 1998), L. vitattum (45%, Guffey 1998), L. 

formosum (61%, Houghton et al. 2011), L. politum (36%, Houghton et al. 2011), and 

Prionostemma ssp. (71%, Domínguez et al. 2016). If the frequency of leg autotomy in the 

two cavernicolous species, namely F. bona and F. photophaga, is indeed lower than the 

species live in the forest, I can infer that the predation pressure on neopilionids inside the 

cave is lower than in the outside environment. In support to this suggestion, most predators 

recorded in Table 2, including both invertebrates and vertebrates, live exclusively outside 

caves according to my observations (with exceptions only for occasional Cambridgea spp. 

spiders, Meta rufolineata spiders, and sometimes, rats). 
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Other defensive behaviour commonly recorded in many species of Eupnoi from 

temperate regions is gregariousness, in which as much as 70,000 individuals can be found 

forming mass aggregations in sheltered areas (reviewed in Machado & Macías-Ordóñez 

2007). Here I recorded small aggregations, with no more than seven individuals. Although it 

is not clear whether defence is the main function of harvestmen aggregations, individuals 

may dilute the individual risk of predation in groups (Machado et al. 2000), and this 

possibility may also apply to the neopilionids studied here. Moreover, when disturbed, the 

individuals of several species of the family Sclerosomatidae may collectively release scent 

gland secretions that repel potential predators, and exhibit bobbing behaviour, which spreads 

an alarm signal through the entire aggregation (Holmberg et al. 1984). In the case of the 

neopilionids, these two defensive behaviours were never recorded, and can be ruled out as 

potential defensive benefits of aggregations. In fact, the small number of individuals, the 

male-biased sex composition of the aggregations (Fig. 9) (E.C. Powell unpub. data), and the 

fact that aggregations are composed of a single layer of individuals with little leg overlapping 

indicate that the aggregations of New Zealand neopilionids are markedly different from the 

mass aggregations observed in some Eupnoi from temperate regions. Two North American 

species, namely Leiobunum longipes and L. vittatum (Sclerosomatidae), form similar loose 

aggregations in the beginning of the mating season where males encounter females and 

attempt to copulate (Edgar 1971). Although I never observed mating activity close to the 

aggregations, I posit that gregariousness in neopilionids may be more related to mating than 

to defence. 

Surprisingly, I recorded thanatosis in all neopilionid species studied here. To my 

knowledge, thanatosis in harvestmen is restricted to the suborders Dyspnoi and Laniatores, 

with several records in the families Dicranolasmatidae, Trogulidae, Cosmetidae, 

Escadabiidae, Gonyleptidae, Manaosbiidae, Tricommatidae, and Stynopsidae (Gnaspini & 
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Hara 2007; Machado & Pomini 2008; Pomini et al. 2010). In most of these families, the 

individuals are short-legged and the posture during thanatosis include leg retraction over the 

body (see Fig. 10.1a,e in Gnaspini & Hara 2007 and Fig. 1b in Pomini et al. 2010). 

Combined with a dark body colouration, leg retraction may render the individuals in 

thanatosis more difficult to spot among the leaf litter. In the case of neopilionids, the long 

legs prevent leg retraction over the body in the same way; instead I found that individuals 

fully straightened the legs and held them together over the body (Fig. 8d). The dark (usually 

black or brown) colouration of the New Zealand neopilionids (and the fact that raised legs 

might cover conspicuous markings in some species) may also make the individuals in 

thanatosis hard to find after they fall from the vegetation. Despite this similarity, I suggest 

that thanatosis in the family Neopilionidae evolved independently from the other suborders of 

Opiliones, being a unique defensive behaviour in the suborder Eupnoi. 

5.5.4 Conclusions 

 

               Basic information on natural history of any species is an important first step for 

other types of studies, such as experimental manipulations and comparative analyses. In the 

case of harvestmen, natural history data are scarce and highly concentrated in a few genera 

(e.g., Leiobunum) and subfamilies (e.g., Goniosomatinae). Here I provide information on 

prey items, predators, and defensive behaviours of a so far poorly studied harvestman family 

that is highly diverse in New Zealand, the Neopilionidae. I showed that the diet of the 

neopilionids is opportunistic and similar to that of other species of Eupnoi and Laniatores, 

including both live and dead prey, and also a small portion of vegetal matter. I found 

cannibalism occurred but was infrequent and experienced mostly by juveniles, as occurs in 

other harvestmen species. I also described instances of opportunistic scavenging using 

discarded spider prey, competition over scavenged prey with heterospecifics, and prey 

sharing by groups of females and between potential mate pairs. The predators of the 



 

143 

 

neopilionids include a great variety of invertebrates and vertebrates, with spiders and 

passerine birds being the most frequent predators of New Zealand harvestmen ― a pattern 

that has already been reported for other harvestman species worldwide (Cokendolpher & 

Mitov 2007). Not surprisingly, European birds and mammals that are known to prey on 

harvestmen in their natural ranges also feed on harvestmen after their introduction in New 

Zealand. Finally, the defensive repertoire of neopilionids includes typical behaviours 

previously recorded for other species of Eupnoi, such as leg autotomy, fleeing, and 

gregariousness, but also unique behaviours that are only known for species of Dyspnoi and 

Laniatores, such as thanatosis. 
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6. GENERAL DISCUSSION 

 

The New Zealand Neopilionidae brandish extraordinary weaponry: chelicerae 

extending up to six times their own body length and comprising up to half of their total body 

weight. Not only do these weapons represent some of the most extreme sexually-selected 

traits in the animal kingdom, but the variation within males of a single species and the 

repeated occurrence of such complex weapon polymorphisms among species in this family is 

unparalleled. These harvestmen deserve further attention both to understand their fascinating 

natural history and as ideal models to ask broader questions about evolutionary theory. In this 

thesis, I have begun to unravel the complex story of this family and laid groundwork for 

future research using both natural history and targeted experiments to explore trade-offs 

between traits that increase male fitness.  

To date, only the weapon polymorphism of Pantopsalis cheliferoides had been 

formally described and quantified (Painting et al. 2015), yet male weapon polymorphism has 

long been recognised in many species in this family by the taxonomists who first described 

them. In Chapter Two, I first quantified and defined weapon trimorphism in the species 

Forsteropsalis pureora. Defining a weapon polymorphism is the clear first step in order to 

move forward and compare male morphs, testing for underlying trade-offs and fitness 

differences that might explain the evolutionary origins of the variation. By describing weapon 

polymorphism in F. pureora, there is now evidence for multiple complex weapon 

polymorphisms in the New Zealand neopilionids.  

Though traditional morphometrics have relied upon linear measurements to describe 

male variation, I found that linear measurements of weapon size (length and width) were not 

enough to adequately capture the variation that was clearly present among males of this 
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species. Chelicera length was trimodal, but taken alone, this would suggest an intermediate-

sized male occurs. Rather, there are two large-bodied males that invest differently in the 

shape of their weaponry. When I employed geometric morphometrics, I found clear 

differences in the shape of chelicerae weapons in the large-bodied males. Taken together, 

three morphs are evident: a small-bodied male with reduced chelicerae (“gamma”), a large-

bodied male with long, slender chelicerae (“beta”), and a large-bodied male with short, broad 

chelicerae (“alpha”). These three morphs generally mirrored the male weapon trimorphism 

colleagues found in the neopilionid species P. cheliferoides but the trimodal distribution was 

found for chelicera width rather than length.  

In Chapter Two, I went on to describe the fighting behaviour and use of the 

chelicerae in the alpha and beta morphs. Painting et al. (2015) found that males of P. 

cheliferoides used their chelicerae in a fencing and stabbing manner; opponents pinched at 

one another but never grasped on to an opponent. In contrast, I found that males of both the 

alpha and beta morphs of F. pureora heavily utilised the terminal segment of the chelicerae, 

which is equipped with a fixed and mobile finger forming a pinching claw. In every contest I 

observed, males used their claw to pinch onto the opponent’s chelicerae in an attempt to pin 

the opponent down and immobilise him. These observations are evidence that exaggerated 

chelicerae are truly weapons used in combat, though they may also act as signals first in 

mutual rival assessment given the low rate of fights I was able to observe. The fact that the 

pinching claws of the chelicerae are important during contest in this species leads to different 

predictions about how alpha and beta males may perform differently in a fight.  

In Chapter Three, I tested whether male morphs may experience trade-offs in 

predation pressure as adults and then investigated how predation pressure during 

development may carryover to variation in adult male weaponry. Specifically, I showed that 

leg autotomy differs between morphs during juvenile development but not during adulthood. 
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Thus, gamma males (small body and weapons) likely arise as a conditional strategy which is 

mediated in part by leg autotomy during the juvenile stages. This finding is exciting because 

it is the first evidence in a weapon polymorphic species showing that loss of appendages 

during juvenile stages affects weaponry in the ultimate male morph. It is still unclear whether 

this is a direct result of lost foraging opportunity leading to a failure to meet the conditional 

threshold (Emlen & Nijhout 1999), or if leg loss might trigger an ontogenetic switch (such as 

by an increase in ecdysteroid titres (Roberts et al. 1983; Mykles 2001)) that results in a shift 

of maturation time, instar number (Kelly & Adams 2010), and/or reduction in body and 

weapon size independent of nutritional levels. Moreover, even if gamma males are able to 

access high-quality food, becoming an alpha or beta male might not be advantageous because 

leg loss will likely affect performance in contests, regardless of weapon size.    

In Chapter Four, I found that resting metabolic rate scales negatively with weapon 

size, meaning that gamma males have higher resting metabolic rates. The slope between body 

mass and RMR for beta and gamma males was higher than predicted according to low-

metabolic scaling and power law expectations. Mass-specific metabolic rate (MSRMR) was 

highest for gamma males compared to alpha males, beta males, and females. This could 

indicate that gamma males are more aerobically poised for a scrambling strategy, while alpha 

and beta males rely on short bursts of power to defend territory. This work is the first to my 

knowledge to explore RMR in a species with discrete weapon polymorphisms and suggests 

that male morphs experience different energetic costs, where gamma males maintain high 

RMR while alpha and beta males may potentially pay higher costs for anaerobic activity 

during the corresponding activities that increase their fitness (i.e., scrambling versus 

fighting). 

Natural history is not often formally documented and published less and less, making 

way for focus on higher impact experimental manipulation. However, field observations and 
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a greater understanding of a species’ natural history is paramount to our ability to make 

predictions and develop theory. In Chapter Five, I combined my own observations over 

three years, personal communications, iNaturalist data, and existing literature to describe the 

prey, predators, and defences for 13 species of neopilionids. Previously, only the glowworm, 

Arachnocampa luminosa, was known as prey for Forsteropsalis photophaga, which was 

discovered during work on the ecology of glowworms rather than work focused on 

harvestmen (Richards 1960; Broadley 2012). Prior to this thesis, taxonomic work, notes on 

harvestmen predating glowworms, inclusion of unspecified harvestmen in lists of the prey of 

various vertebrate species, and my lab groups’ 2015 description of weapon polymorphism 

and contest behaviour in P. cheliferoides encompassed our only knowledge of Opiliones in 

New Zealand. In this chapter, I showed that harvestmen are both scavengers and competent 

predators of a variety of arthropod species. I provided a list of prey including worms, 

amphipods, other arachnids, and insects spanning nine different orders. With a 

comprehensive literature review, I identified 32 species of native and non-native vertebrates 

(including frogs, lizards, fish, birds, and mammals) known to predate harvestmen in New 

Zealand and with observations, I added seven species of spiders as known predators. I also 

described cannibalism, a potential case of nuptial feeding, and competition with 

heterospecifics over scavenged prey in this group. Finally, in the Appendix, I describe some 

other natural history information discovered over three seasons of field observations, 

including mite associations and the role of colour in neopilionids.  

Evidence for alternative reproductive tactics  

Where intrasexually-selected weaponry is variable in size, males with small body size 

and small weapons often adopt alternative reproductive tactics (Gross 1996; Oliveira et al. 

2008). In F. pureora, I expect that gamma males adhere to this pattern and engage in 

different behaviours to increase their fitness. With small overall body size and without 
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exaggerated chelicerae to use in contests, gamma males likely scramble and search for 

unguarded females, while alpha and beta males are more likely to stay in place defending a 

resource or territory (Emlen 1997; Buzatto et al. 2011; Buzatto & Machado 2014). Support 

for gamma males adopting a scrambling tactic was also found in Chapter Three on 

autotomy and Chapter Four on physiology, where I showed that gamma males are most 

likely a conditional strategy as evidenced by juvenile leg loss and that gamma males may be 

more aerobically poised for scrambling with higher mass-specific resting metabolic rate and a 

steeper scaling relationship between body mass and metabolic rate than alpha males or 

females. Further support for a scrambling strategy for gamma males was the observation that 

they are more likely to be in motion when found in the wild (E.C. Powell et al. pers. obs.). 

6.1 Costs of weaponry  
 

Theory has long posited that large males must pay higher costs for weapons to be 

honest signals of resource holding potential (Zahavi 1975; Grafen 1990; Searcy & Nowiki 

2005) and that traits that enhance fitness must trade-off with one another because resources 

are finite (Kawano 1997; Emlen 2001). Yet evidence in the literature for costs paid by males 

with the largest weapons has failed to detect strong trends or reach a general agreement 

(Kotiaho 2001; Møller 1996; Oufiero & Garland Jr. 2007; Husak & Swallow 2011). Further, 

costs as mechanisms of evolution versus costs as expenditure should be considered as 

different concepts (Kotiaho 2001). The evolutionarily significant costs of weaponry, and the 

trade-offs between traits that increase fitness that we should expect and be able to detect, are 

clearly affected by evolutionary history and the ecology of the species themselves (Kotiaho 

2001; Parker et al. 2013; Simmons et al. 2017).  

First, compensatory mechanisms over evolutionary time may mask the costs of 

weaponry (reviewed by Møller 1996; Oufiero & Garland Jr. 2007; Husak & Swallow 2011). 



 

149 

 

Over millions of years of evolution, traits have been driven by sexual selection but mediated 

by natural selection to maximise weaponry while retaining the ability for locomotion, 

predator escape, and metabolic maintenance of extreme structures (Møller 1996; Oufiero & 

Garland Jr. 2007; Husak & Swallow 2011). Though the structures we see are perceived as 

extreme, these structures may have been even larger if, for instance, they were not 

constrained by the need to build larger wings to retain efficient locomotory abilities 

(McCullough et al. 2012; Painting & Holwell 2013). When traits have not traded off 

sufficiently such that the current state is not sustainable, animals have and will become 

extinct (e.g., Irish elk, Moen et al. 1999). Thus, when no costs and trade-offs are detected at a 

specific point of time, perhaps animals have reached an equilibrium where a trait is 

sustainable in the current environment.  

Second, the ability to pay costs of large weaponry by large males may have a domino-

effect. Large males are able to defend resources, accessing the nutrition they need to maintain 

large weapons, and may be able to co-opt their weaponry for anti-predator defence (Emlen 

2008; McCullough et al. 2016; Rico‐Guevara & Hurme 2018). Carryover effects such that 

juvenile experience spills over into adulthood may mean that a majority of costs are paid 

while building the weapon and once the conditional threshold is passed, males are further 

benefited in ways that they are able to invest in many fitness traits without trade-offs 

(Harrison et al. 2011; O’Connor et al. 2014). This corresponds with the idea that costs differ 

between individuals rather than the population or the species and are most relevant when the 

condition of the bearer is incorporated (Kotiaho 2000, 2001). Costs may not be detected if on 

average, the individuals sampled are in high condition and able to compensate for the burdens 

of these costs (Kotiaho 2000, 2001). Further, despite the assumption of costs, a meta-analysis 

across taxa suggests that higher quality males (as measured by body size, weapon or 

ornament size, and courtship behaviour), in addition to having increased fitness, also live 
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longer overall, rather than suffering from a reduced lifespan due to trade-offs (Jennions et al. 

2001). This is also supported by no evidence for an overall survival cost in recent work on 

two different species of beetles with exaggerated weaponry (McCullough et al. 2013; Le 

Grice et al. 2019).  

Natural history and ecology of a species will affect the presence of trade-offs (Parker 

et al. 2013; Lüpold et al. 2014; Simmons et al. 2017). The mating system and whether males 

can monopolise females will affect the presence of trade-offs we see between pre- and post-

copulatory traits (Lüpold et al. 2014; Simmons & Buzatto 2014; Simmons et al. 2017). 

Weapons are diverse and present across such a wide array of taxa, the mating systems for 

each of these species will vary drastically (Emlen 2008; McCullough et al. 2016; Rico‐

Guevara & Hurme 2018). The type of resource defended, whether that resource is constant or 

ephemeral, the social system of the group (i.e., whether the species aggregates or is solitary), 

and whether males are able to monopolise females are some of the factors that influence 

firstly the structure of traits (Caro et al. 2003; Bro-Jørgensen 2007) and subsequently which 

fitness traits are the most important to invest in, thus determining trade-offs (Parker et al. 

2013; Lüpold et al. 2014; Simmons & Buzatto 2014; Simmons et al. 2017). However, it is 

evident that the trade-offs between pre- and post- copulatory traits (i.e., weapons and 

testes/ejaculate) have received the most attention (Parker et al. 2013; Lüpold et al. 2014; 

Simmons & Buzatto 2014; Simmons et al. 2017). Thus, while it is clear that these trade-offs 

are mediated by the ecology of the species, more empirical evidence is needed to identify the 

same broad patterns for other traits.  

 Across this work, I found little evidence for costs of bearing large weaponry or trade-

offs between the traits that increase fitness in the two major male morphs. Alpha and beta 

males seemed to maximise their investment into chelicera weaponry in either length (betas) 

or width (alphas) as evidenced by the allometric scaling relationships between body size and 
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weapon traits. These two major male morphs did not experience increased predation pressure 

as measured via leg autotomy and we did not detect an increase in resting metabolic rate that 

might suggest large males must pay extra costs to maintain muscle associated with their 

disproportionately large weaponry.  

In contrast, small gamma males almost always lost legs during the juvenile stage, 

leading to the conclusion that leg loss during development is an early detriment that carries 

over into adulthood, affecting the final male morph. Without intact legs to forage adequately 

and/or realise their potential as fighting males, gamma males become adults with a smaller 

body size and reduced weaponry, forced to adopt an alternative tactic. My results show that 

gamma males are a conditional strategy making the best of a bad job, rather than an 

alternative morph optimised to invest in other fitness traits besides weaponry. Compounding 

this, I found that gamma males have disproportionately higher RMR and MSRMR than alpha 

males, beta males, and females, suggesting that these small males are pushing the metabolic 

limits per gram of tissue. The cost of high RMR is debatable (Beckman & Ames 1998; 

Speakman 2005; Ruggiero & Ferrucci 2006). Following Kotiaho’s (2001) interpretation of 

evolutionarily significant costs, we would need to test whether high RMR imposes 

differential costs depending on the individual’s condition to fully test this idea (Kotiaho 

2000). High RMR alone may not have deleterious effects on male fitness or impact longevity 

(see Speakman 2005). In fact, high RMR could even enhance fitness by maximizing gamma 

males’ potential for scrambling and locating unguarded females (see Clark 2012).  

Indeed, there are still potentially costs experienced by alpha and beta males that we 

have not yet explored. For instance, these two major male morphs may have less resources to 

invest in post-copulatory traits such as testes and ejaculate (Simmons et al. 2017). Alpha and 

beta males have the potential burden of cumbersome weaponry. Altered centre of gravity and 

additional weight may impede locomotion (Goyens et al. 2015a,b). Alternatively, just as 
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beetles with large weapons have larger wings to compensate (McCullough et al. 2013, 

Painting and Holwell 2013; Goyens et al. 2015ab), the legs of major males may be wider to 

support weaponry. Any trait examined should not be considered in isolation because different 

traits (with underlying physiological correlates) will trade-off within and among 

physiological functions (Moore & Hopkins 2009).  

Chelicerae are first and foremost mouthparts and still must function for feeding 

(reviewed in Shultz & Pinta-da-Rocha 2007). Movement of the chelicerae during feeding 

may impose an energetic cost on alpha and beta males but not gamma males and females. 

Chelicerae move constantly during feeding because the claws are used to tear and manipulate 

food to the labrum on the venter of the body, which then ingests solid foods. Chelicerae also 

spend a great deal of time moving to aid in grooming the legs (E.C. Powell, pers. obs.). Given 

the important functional role of the chelicerae, it is likely that natural selection mediates the 

extent to which chelicerae become exaggerated via sexually-selection pressure.  

6.2 Trade-offs and natural history in the Neopilionidae 

 The trade-offs and costs expected by theory intersect with species’ mating systems 

and ecology. It is therefore important to identify aspects of the mating systems of 

neopilionids that may affect the way we interpret my findings herein and the predictions 

about further trade-offs we expect to find in the future. As discussed above, few predictions 

about trade-offs can be made about systems where multiple male morphs and alternative 

reproductive tactics exist because there is simply not enough empirical evidence to identify 

broad patterns. However, documenting what we know about the mating system thus far is 

helpful to provide a framework and inform future theory. 

  Over the course of my fieldwork, the female-male interactions of the Neopilionidae 

remained elusive. I was unable to observe copulatory behaviour, though I did observe a single 
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male Pantopsalis albipalpis use his second sensory leg to touch a female over many hours, 

but this failed to culminate in a copulation. I found that males of multiple species (including 

Forsteropsalis pureora and Pantopsalis listeri) would coexist in small aggregations, with up 

to seven individuals at a time (at most five males with two females) (see Fig. 9 in Chapter 

Five). However, it was generally more common to see a pair of one male and one female in 

the same general vicinity, but not touching and without their legs overlapped (i.e., on the face 

of a tree trunk or on a rock wall). Thus, it was likely that these males were guarding females 

either prior to or after copulating with them. It was unclear whether larger aggregations might 

only occur at inactive times during a reproductive period and thus tolerance for other males 

was increased. Where males and females were found together, it was always a large major 

morph (alpha or beta for trimorphic species) with the female, lending further support the fact 

that gamma males are scrambling for unguarded females or attempting to sneak copulations, 

rather than guarding a territory or defending females.  

The suborders of harvestmen exhibit broad variation in their mating systems 

(Machado & Raimundo 2001; Machado & Macías-Ordóñez 2007; Macías-Ordóñez et al. 

2010). The suborder Eupnoi uses their long, flexible ovipositor to oviposit underneath some 

type of soft substrate (reviewed in Machado & Macías-Ordóñez 2007; Macías-Ordóñez et al. 

2010). In contrast, in the Dyspnoi and Laniatores, females have short ovipositors, and deposit 

eggs on top of the substrate (Machado & Macías-Ordóñez 2007; Macías-Ordóñez et al. 

2010). In the Laniatores, females or males then engage in maternal or paternal care to tend 

and defend the eggs until hatching (reviewed Machado & Raimundo 2001). In contrast, in the 

Eupnoi, maternal and paternal care is rare and different morphology of their reproductive 

organs (i.e., the ovipositor) corresponds with a different strategy (i.e., microhabitat selection 

and egg hiding) (Machado & Raimundo 2001). While I have not observed oviposition, I can 

infer from the natural history and consistent patterns in the other Eupnoi harvestmen that 
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females of the Neopilionidae likely hide their eggs, oviposit underneath a soft surface, and do 

not perform maternal or paternal care. Given the natural habitat of the Neopilionidae and the 

rarity of finding individuals on the ground, combined with their affinity for damp, often 

mossy areas, I predict that oviposition sites are likely to be under moss, bark, or rotting wood 

for the more terrestrial species. In the case of F. photophaga and F. bona, it is possible that 

eggs are laid into cavities in the cave environment. Thus, it superficially seems that 

oviposition sites should be common across the environment, but female preference may arise 

for sites with ideal moisture levels or sheltered areas.  

Captured or scavenged prey could also represent an important, defendable resource 

for female access, providing a possible explanation for the highly exaggerated chelicerae 

weaponry in this group. As I described in Chapter Five, S. Pollard’s valuable observation of 

a Pantopsalis listeri male opening the hard cuticle of a scavenged blowfly and stepping back 

to allow a female to feed suggests that food items could be defendable resources that males 

might fight over, as well as potentially nuptial feeding used in female choice and courtship. 

The only known nuptial feeding in the Opiliones is from glandular secretions on the penis, 

which are fed upon by the female during copulation (Wijnhoven 2011; Fowler-Finn 2018). 

Nuptial feeding is a strategy in at least two families of spiders whereby males offer females 

prey items prior to copulation (Albo et al. 2013). Further observations to support this single 

observation are needed to further confirm and understand a potential new case of nuptial 

feeding in Opiliones.  

Overall, my observations indicate neopilionids are generally solitary but small 

aggregations may occur. Large-bodied males with large weapons are most often found 

guarding females and small-bodied males with reduced weaponry are expected to adopt 

scrambling or sneaking tactics. Scavenged or predated animal matter may represent a 

defendable resource as might an ideal oviposition site.  
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6.3 Future directions  

Across the neopilionids, the chelicerae are also diverse in shape and size among 

species, in addition to the degree of intraspecific variation in shape I have focused on here for 

F. pureora. Species such as Forsteropsalis bona and F. fabulosa have chelicerae even more 

extremely exaggerated than the largest males of P. listeri and F. pureora, with much broader 

distal segments and pinching claws. It is still unknown how the males of these species use 

their chelicerae in contest. Additionally, my observations from field work across New 

Zealand suggests that complex weapon polymorphisms are present in many more species 

than the two that have been formally described. Exploring interspecific shape variation and 

the allometric relationships of morphological traits across species in this family, and 

combining this information with a clear understanding of their phylogenetic relationships, 

will aid in elucidating more information about broad evolutionary patterns in this unique 

group of harvestmen. Further work to explore the variation in the way males fight in this 

group would be useful to tease out the differences in alpha and beta male performance in 

contests within species, as well as understanding the chelicera diversity among species. 

However, my work suggests that contest behaviour is rare and avoided when possible. 

Contests are energetically expensive for animals and risks injury (Briffa & Elwood 2005; 

Briffa & Sneddon 2007). Disputes can be settled without escalation especially if males are 

able to use mutual rival assessment to determine whether a male is an equal opponent and the 

contest escalated, or if a dominant male can be determined without fighting (e.g., using legs 

and chelicerae as signals first) (Elias et al. 2008; Arnott & Elwood 2009; Walker & Holwell 

2018).  

The elusive behaviour of the New Zealand harvestmen undoubtedly makes some 

future paths of study difficult, but there are still many directions to go with this group without 
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their cooperation for contest and copulation observations and without the ability to have them 

as a model system in the laboratory.  

For instance, further work on the energetics of male morphs using enzyme assays to 

quantify the levels of lactate dehydrogenase (metabolite indicative of anaerobic capacity) and 

citrate synthase (metabolite indicative of aerobic capacity and mitochondria density), as well 

as high-resolution respirometry, could elucidate whether each morph is more poised for their 

corresponding reproductive tactic (Garland Jr. 1984; Neat et al. 1998; Sneddon et al. 1999; 

Mastsumasa & Murai 2005). This would further explore how physiological differences might 

underlie alternative reproductive tactics where males exhibit different morphology and 

behaviour.  

Hormonal control of weapon size is well-known in beetle groups and likely occurs in 

harvestmen (Emlen & Nijhout 1999; Moczek & Emlen 1999; Gotoh et al. 2011; Emlen et al. 

2012). Leg autotomy also corresponds with a change in circulating ecdysteroid levels in other 

arthropod taxa (e.g., cockroaches (Roberts et al. 1983) and crabs (Mykles 2001). Measuring 

hormone titre (ecdysteroid) after leg autotomy juvenile harvestmen could allow us to explore 

the mechanism driving males to become gamma males. Is the fact that the males that lose 

more legs during juvenile development become gamma males at adulthood an indirect 

consequence of reduced foraging abilities or is it an ontogenetic shift mediated by hormones?  

In many taxa, males that adopt an alternative reproductive tactic invest more into 

testes and ejaculate to make the most of the copulation opportunity they receive (Simmons & 

Emlen 2006; Simmons et al. 2007; Simmons et al. 2017). Testes size and ejaculate 

concentration may be measured in dead specimens, either by directly dissecting the animals 

or more ideally, by fixing males for microCT work in a way that preserves testes 

morphology. In this way, testes volume could be most accurately measured.  
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Other potential morphological trade-offs may be tested such as leg length and width. 

Beetles may compensate for large weapons with increased wing size (McCullough et al. 

2013; Painting and Holwell 2013). If alpha and beta males have compensatory traits to 

support large weaponry, one might expect that the first leg is wider to compensate for the 

addition of weight added by the chelicerae. Alternatively, if large alpha and beta males must 

trade off finite resources during development like beetles trade off horn size with nearby 

traits (Nijhout & Emlen 1998; Emlen 2001), they may have smaller legs. Leg size could also 

correspond with behavioural tactics, with gamma males investing more in legs for moving 

around the environment. Further, SEM (scanning electron microscopy) on the second sensory 

leg may show that gamma males are equipped with different or more sensilla to aid in a 

scrambling tactic. Some work has shown intraspecific variation in the number of sensilla on 

sensory structures, but any associated fitness benefits have rarely been tested (Jayaweera & 

Barry 2017; Mark et al. 2018).  

Though many of these ideas clearly explore how small gamma males compare to 

large major male morphs, more work is required to tease apart more subtle variation between 

the two major morphs with weapons of varying shape: the alpha and beta males. Ongoing 

work with microCT scanning and finite element analysis (FEA) by collaborators may help to 

unravel some of the variation in the chelicerae of alpha and beta males as it has for 

intraspecific comparisons of beetle weapons (McCullough et al. 2014). One of the most 

perplexing aspects of neopilionid polymorphism is the degree to which genetic and 

developmental switch points determine whether large males become broad-jawed alphas or 

long-jawed betas. Identification of a genetic polymorphism that controls a switch between 

alpha and beta male weapon shape may also be possible in the future (Tsubaki 2003; Buzatto 

et al. 2012) and this would be an exciting avenue to pursue. 
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6.4 Conclusions  
 

 Here I show that in weapon trimorphic harvestmen, gamma males are disadvantaged 

early and then pay further costs throughout their life, both via leg autotomy and energetically. 

Across taxa, minor males experience lower copulation success and are unable to sire as many 

offspring, yet they invest in other traits to enhance their fitness when possible. Most studies 

focus on the costs that large males pay to sustain honest signals of resource holding potential. 

My evidence shows that gamma males also pay costs, but this does not negate the fact that 

large weapons are honest signals and large males may still pay costs in other traits not yet 

tested. Herein I have demonstrated that the New Zealand Neopilionidae are a fascinating 

group of animals in their own right and excellent model systems to ask further broader 

evolutionary questions, informing theory about weapon polymorphism and sexual selection 

across animal taxa while inspiring further work. 
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APPENDICES 
 

A. Species description of Forsteropsalis pureora  
 

 It should be noted that in Taylor’s 2013 species description of Forsteropsalis pureora, 

the males of this species are incorrectly described as mainly black or brown with a white 

dorsal stripe and white u-shaped marking on the carapace (Taylor 2013). In fact, the markings 

of live F. pureora are not white, but orange (see Fig. 1 in Chapter Two, Fig. 1 in Chapter 

Three, Fig 2. in Chapter Five) and may vary from a lighter peach to a dark red-orange. This 

incorrect description results from colour being described from a specimen that had been 

stored in ethanol over many decades. Females of F. pureora are not described formally, but I 

was able to distinguish females from other species by inferring from habitat partitioning (e.g., 

on some tracks, F. pureora was the only neopilionid found, so females could be inferred as 

the counterpart to males) and using male-female associations/small aggregations in locations 

where multiple species of neopilionids occurred (see Chapter Five). Females of F. pureora 

are mottled brown with black saddle-shaped marking on the dorsal carapace and have a 

thinner and lighter orange dorsal stripe than males (see Fig. 1 in Chapter Two, Fig. 1 in 

Chapter Three, and Fig. 1 in Chapter Four).  

B. Sexual dichromatism and effeminate males  
 

Females across species of the Neopilionidae are more cryptic than males (see Figs. 1-

3 in Chapter One) though there is no apparent habitat partitioning between the sexes. Males 

and females will aggregate in groups of up to seven individuals (see Fig. 9 in Chapter Five). 

Adult males of Forsteropsalis inconstans are known to range vastly in colour, from 

effeminate mottled brown to black and red or orange, all the way to solid black (see Fig. 3d-h 

in Fernández et al. 2014). Similarly, colour variation is striking in Pantopsalis phocator. 
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Males with effeminate colouration are found as are males with distinct adult markings (silver, 

orange, and/or red) on either a black base (most common) or a light brown base (see Fig. 3a-d 

in Chapter One). In this species, females also seem to be highly variable in colour (See 

Fig.1b,e in Chapter One) but further work to describe females is necessary.  

Sexual dichromatism occurs where males and females are different colours at 

adulthood, yet the Opiliones have poor vision and are unlikely to see colour. Despite poor 

vision, F. photophaga apparently uses vision to hunt glowworms in a cave environment 

(Meyer-Rochow & Liddle 1988), so vision could be more important in this group that we 

realise. Despite the fact that males of many neopilionid species have conspicuous colouration 

next to drab, cryptic females, the use of colour as a signal for conspecifics is doubtful. It is 

possible that this conspicuous colouration is used as an anti-predator trait, but neopilionids 

have no chemical defences that I know of, so aposematism is unlikely.  

Like other species in this family, a small subset of adult males of F. pureora may also 

retain effeminate (or juvenile) colouration at adulthood, resulting in a lighter mottled brown 

body and dull peach dorsal stripe (see Fig. 4a in Chapter One for example). Effeminate 

colouration is also known to occur in adult males of multiple species in the genera 

Pantopsalis and Forsteropsalis (Taylor 2004) (Fig. 1). Often mentioned as “effeminate”, this 

colouration is also the colour of juveniles so it may instead be “neotenous colouration”. If 

neotenous/female colouration always occurred in small, minor males, it may be tied to sexual 

mimicry (and potentially paired with female pheromones or other signals) that allow minor 

males to escape detection (and aggression) from major males (for examples of sexual 

mimicry see: fish, Gonçalves et al. 1996; Norman et al. 1999; lizards, Whiting et al. 2009; 

snakes, Mason & Crews 1985), but effeminate colour is not restricted to small males (Fig. 1). 

The mechanism driving the retention of effeminate colouration and function of this variation 
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is unknown. Nonetheless, neopilionid colouration should not be ignored in the quest to 

further understand their mating system.  

 

 

Fig. 1.  Pantopsalis albipalpis from Dunedin, South Island. (a-b) Large-bodied males with 

long, slender chelicerae and effeminate or neotenous colouration. (c) Small-bodied adult male 

with reduced chelicerae and effeminate or neotenous colouration. (d) Large-bodied male with 

long, slender chelicerae and typical dark male colouration. (e) Subadult male (f) adult female. 

Photographs by S. Kerr.  
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C. Mites  
 

Mites (Acari) are commonly associated with harvestmen (reviewed in Cokendolpher & 

Mitov 2007). Mites may be phoretic (using harvestmen for transport, but capable of free-

living, without feeding upon or harming the harvestmen) or epizoic (relying on the 

harvestmen for its habitat, unable to live freely but without harming or feeding upon the 

harvestman) (Cokendolpher & Mitov 2007). Alternatively, mites may be parasitic and feed 

upon harvestman hosts (Cokendolpher 1993). The majority of associations between mites and 

harvestmen are considered parasitic relationships; mites represent the most numerous and 

diverse parasites recorded for harvestmen (reviewed in Cokendolpher & Mitov 2007).  

To date, two mites are known to be associated with New Zealand Neopilionidae. First, 

in 2005, a parasitic mite in the family Neothrombiidae was described from a specimen found 

on the harvestman, Forsteropsalis inconstans (described as the former name: Megalopsalis 

inconstans) (Zhang & Fan 2005). The mite, Opiliotrombium akatarawa, which is both a 

newly described species and genus, is also the only known member of the Neothrombiidae in 

New Zealand. The mite is parasitic on harvestmen and only known from the larva stage. The 

authors did not clearly specify but insinuated that the three specimens (a holotype and two 

paratypes) were found on the same individual of Forsteropsalis inconstans that had been 

deposited in the museum in 1945 by J.T. Salmon from Akatarawa Valley in the North Island. 

Because specimens were stored in ethanol over many decades, the colour was not accurately 

represented. Zhang and Fan (2005) did not describe the location of the mites on the 

harvestman host’s body, possibly because it had been removed from the harvestmen at some 

point in time. Nothing is known about the density in which these mites might occur on a 

single individual harvestman, nor is anything known about the deleterious effects parasitic 

mites might have on the harvestman, their range across New Zealand, or if other species of 

harvestmen are used as hosts.  
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The second mite known in association with New Zealand harvestmen is an undescribed 

individual in the family Microtrombidiidae (the “micro velvet mites”) found living on the 

dorsum of the type specimen of Forsteropsalis photophaga from Waitomo Caves in the 

North Island (Taylor & Probert 2014). The authors note that this is the first time a member of 

the Microtrombidiidae has been found in association with Opiliones (Taylor & Probert 2014), 

though other mite associations are numerous in Opiliones worldwide. While the authors 

noted their intention to describe this mite in the future, as of December 2019, nothing has 

been published.  

During fieldwork and collection across New Zealand, I observed three morphotypes of 

mites associated with Neopilionidae. I intend to send specimens to acarologists for further 

identification or description. I provide photos herein to document the prevalence of mites 

associates on several species of Neopilionidae (Fig. 2a-f). First, a relatively large, cream-

coloured mite was found free-living on the dorsum of both the troglophile species 

Forsteropsalis photophaga and F. bona (Fig. 2a-c). Between one and five individuals of 

these mites were observed at a time on any individual harvestman. Using the photograph 

provided in Taylor & Probert (2014), combined with the locality and host species, this mite 

appears to be the same undescribed Microtrombidiidae noted previously (Taylor & Probert 

2014).  
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Fig. 2. Mites (Arachnida, Acari) on Neopilionidae in Waitomo, NZ. a.) Two individuals of 

mite morphotype I on the dorsum of an adult female Forsteropsalis photophaga b.) A single 

individual of mite morphotype I on the dorsum of an adult female F. bona. c.) Four 

individuals of morphotype I on an adult male F. bona. d.) Mite morphotype II on an adult 

female F. pureora. One mite is on right leg II and two mites are on the left dorsal carapace. 

e.) Mite morphotype III (possibly Opiliotrombium akatarawa) embedded at the left coxa of 

leg I on an adult male F. pureora. f.) Adult male F. pureora with one mite (morphotype II) 

on the carapace near left leg II and one mite (morphotype III, possibly Opiliotrombium 

akatarawa) embedded between the coxa of the left legs III and IV. Photographs by EC 

Powell. 

 

On both Forsteropsalis pureora and Pantopsalis listeri, I observed two different types 

of mite at my field sites in Waitomo, New Zealand. Relatively small, flatter red mites were 

free-living and travelled across the dorsal carapace and on the femurs of the legs (see Fig. 

2d,f). A third morphotype, round, mid-sized orange mites were often found embedded near 

the coxa joint and are more likely to be parasitic given that they were affixed to the host 
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harvestman at the leg joints where cuticle is soft and easily pierced (Fig. 2e-f). Given the 

parasitic nature and similarity to figures provided by Zhang & Fan (2005), this third mite is 

likely Opiliotrombium akatarawa or another undescribed member of this genus. If this 

identification is confirmed, the host species and distribution range for this species can be 

expanded. Both of the mite morphotypes found on both Forsteropsalis pureora and 

Pantopsalis listeri were also observed on iNaturalist photos at different locations in New 

Zealand (including mites on individuals of P. listeri across its wide North and South Island 

range), suggesting that these are widespread associations across the country.  

In the context of weapon evolution, mites, especially parasitic ones, could be an 

avenue to explore. Other studies have examined immune responses (using experimental 

immune challenges) as a trait that might trade-off in males with weapons and ornaments with 

mixed conclusions (Demuth et al. 2012; Kelly 2014; Körner et al. 2017; McCullough & 

Emlen, 2013; Mougeot & Redpath 2004; Pomfret & Knell 2006). Quantifying the impact of 

mite parasites for the harvestmen, and whether they cause deleterious effects, may be an 

interesting avenue to further explore differences in the male morphs, both in their ability to 

handle the mites as adults (especially where large parasitic mites may disproportionately 

affect small gamma males) and in the mites’ affect during the juvenile development. 
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D. Entomopathic fungi  

 Generalist entomopathic fungi attack and kill a variety of arthropods at the field sites 

in Waitomo. The most common fungus I observed on arthropods during field work was 

Beauveria sp. “icing sugar fungus”. This attacked cicadas, click beetles (Elateridae), and 

sheetweb spiders (Cambridgea sp.) at sites in and around Waitomo (Fig. 3b-c). I also 

observed fungus on a deceased adult male Forsteropsalis pureora in the web of a spider (Fig. 

3a), but it was unclear whether this fungus caused the death of this individual or if it was 

killed by a spider beforehand with fungus arriving post-mortem. Given the opportunistic 

scavenging behaviours of neopilionids, it is likely that harvestmen could be infected with 

entomopathic fungi by scavenging and ingesting deceased arthropods infected with 

entomopathic fungi.  
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Fig. 3. Beauveria sp. entomopathic fungi infecting arthropods in Waitomo, NZ. a.) Adult 

male Forsteropsalis pureora b.) sheetweb spider (Desidae, Cambridgea sp.) c.) click beetle 

(Coleoptera, Elateridae). Photographs by E.C. Powell. 
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E. Other heterospecifics 

 

Interestingly, I observed an unidentified native snail affixed to a male Forsteropsalis 

pureora in Tawarau forest, Te Anga, New Zealand (Fig. 4). The snail was attached on the 

posterior dorsal side of the abdominal segments (Fig. 4b). I found dried slime over the body 

of the harvestman, including over the carapace indicating that the snail might have travelled 

across the harvestman earlier (Fig. 4a). The snail slime caused organic debris to stick to the 

legs and body of the harvestman, but otherwise the harvestman seemed unaffected. When the 

snail was detached from the harvestman, the abdominal cuticle was indented but not 

damaged. I suspect this was just a chance occurrence and not a common or meaningful 

interaction between the two species as it was only observed on this single occasion. 

 

 

Fig. 4. Forsteropsalis pureora found in Tawarau Forest, Waitomo, NZ with a snail affixed to 

its posterior. Slime was present across the carapace and caused debris to stick to the 

harvestman. Photographs by E.C. Powell. 
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F. Damage beyond leg autotomy  

In addition to leg autotomy, which is prevalent in this group (see Chapters Three and 

Five), damage to other appendages occasionally occurs. The mouthpart appendages, the 

chelicerae and pedipalps, do not have a predetermined breakage plane like the legs. However, 

in the field I found at least three harvestmen with broken chelicerae ― including one adult 

male of F. pureora (See Fig. 8 in Chapter Five) and two adult males of P. listeri― and two 

individuals missing a pedipalp ― a juvenile of F. bona (See Fig. 8 in Chapter Five) and an 

adult male of P. listeri (Fig. 5).  

 
 

Fig. 5. Adult male Pantopsalis listeri with a broken right pedipalp. Photograph by E.C. 

Powell. 

 

In one instance, the chelicera was cleanly broken off at the joint, with the cheliceral 

segment II missing entirely. In one male of P. listeri, the chelicera was broken at the middle 

of segment II but was still intact, albeit twisted and damaged. In another male of P. listeri, the 

chelicerae were both broken off at the halfway point of segment I. For broken pedipalps, in 
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the juvenile F. bona, the pedipalp was missing entirely, severed at the base (at the coxa joint) 

while in P. listeri, the pedipalp was broken where the femur-patella joint (Fig. 5). It is unclear 

whether this damage is from either: heterospecific predators, conspecifics (either by male 

rivals during contest and/or conspecifics attempting cannibalism), and/or moulting accidents. 

Though these incidents are rare, they likely pose significant costs to individuals that 

experience such damage. Pedipalps and chelicerae both function during feeding, serving to 

tear and manipulate food and bringing prey to the ventral mouthparts (labrum). Additionally, 

pedipalps and chelicerae function during leg grooming, and a significant amount of time is 

spent on this activity. As vital sensory organs, pedipalps are also likely important for 

interacting with conspecifics. Finally, chelicerae are used in contests and males (especially 

alpha and beta males) missing cheliceral segments or components of the chelicerae are 

clearly disadvantaged if contests were to occur.  
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