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On the Ecological Transitions between Parasitism and Mutualism 
Syuan-Jyun Sun 

Abstract 

 
Species interactions are pivotal to biodiversity structure and ecosystem functioning. 

Nevertheless, interactions between species are ecologically variable within the same pair of 

interacting species, lying on a mutualism-parasitism continuum. Identifying the underlying 

mechanisms and context dependency of such ecological dynamics is essential to understand 

the responses of interacting species to rapidly changing environments. In this thesis, I 

investigate the ecological factors that cause transitions between parasitism and mutualism, 

using the burying beetles (Nicrophorus vespilloides) and their phoretic mites (the species 

complex Poecilochirus carabi) as a model symbiosis. 

I begin by showing that P. carabi is the most abundant mite species associating with 

burying beetles, and that it coexists with the mite Macrocheles nataliae. I show that each species 

attaches to a distinct part of the beetle’s body, so facilitating their co-existence. Furthermore, I 

show that distinct behavioural and biomechanical adaptations enable each mite species to 

occupy their preferred locations. This finding reveals that niche partitioning can occur within 

macroscopic symbiotic communities even when they coexist upon the same host animal. 

Next, I investigate whether P. carabi mites and N. vespilloides are ever (by-product) 

mutualists. I assess whether mites assist beetles when competing with conspecifics for 

ownership of the carcass. Using infrared thermography, I find that beetles with mites attain a 

higher body temperature, and that this makes them more likely to win contests against 

conspecifics. However, mites confer this thermal benefit only upon smaller beetles, who 

generate more heat than larger beetles when carrying mites, which is then trapped by the layer 

of mites on the beetle’s body. For larger beetles, mites are parasitic. They maintain a high body 

temperature and win contests for a carcass singlehandedly, and then produce fewer larvae when 

breeding alongside mites. Burying beetles also commonly face fierce competition from 

blowflies for the resources upon a carcass. Combining field manipulations and laboratory 

experiments, I find that mites are in a protective mutualism with beetles because they eliminate 

blowflies from the carcass, and so promote burying beetle reproductive success. I also find that 

the extent of this mutualism is dependent upon temperature. At lower temperatures, and when 
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blowflies are absent, mites reduce beetle reproductive success. They are most effective at 

promoting beetle reproductive success at higher temperatures, at which blowflies pose more of 

a competitive threat.  

Finally, I investigate whether the number of burying beetle species present in a 

woodland can tip the relationship between mites and their N. vespilloides hosts from mutualism 

to parasitism. I discover that neighbouring woodlands (Waresley and Gamlingay Woods in 

Cambridgeshire, UK) harbour two and four species of burying beetle, respectively. 

Furthermore, each species of burying beetle is associated with a different race of P. carabi mite. 

I show that mite races can be locally adapted to their host beetle species. However, I also find 

that mite races mix, so that one burying beetle species can be host to multiple P. carabi mite 

races, and that this happens more frequently when there are more burying beetle species 

present in one woodland. Burying beetles are then more likely to be in an antagonistic 

relationship with the mites they carry: local adaptation experiments reveal that N. vespilloides 

in Gamlingay Wood is in a more antagonistic relationship with P. carabi mites than N. 

vespilloides from Waresley Wood. Thus temperature, the density of mites and the density of 

rivals for the carrion breeding resource independently influence whether the relationship 

between N. vespilloides and P. carabi is more likely to be mutualistic or antagonistic. 
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          1 1 Introduction 

1. Chapter 1: Introduction 

Introduction 

1.1 Ecological interactions 

Organisms live in ecological communities, in which populations of different species directly or 

indirectly interact with each other within a specific geographic area (Ricklefs 2008; Brooker et 

al. 2009; Whitman & Agrawal 2009). Traditionally, ecological interactions have been 

categorised into two main types: intraspecific and interspecific. Intraspecific interactions occur 

among different individuals of the same species whereas interspecific interactions involve two 

or more different species interacting with each other. 

Both intraspecific and interspecific interactions can be further classified according to 

the effects each species has on the other’s fitness. On the one hand, individuals of the same 

species may compete for limited resources, or they may cooperate with each other for their 

mutual benefit within groups or societies (Clutton-Brock 2016). Interspecific interactions are 

similarly variable (Figure 1.1). For example, if both partner species gain fitness from the 

interaction then a mutualism arises (Figure 1.2a). If one of the species gains fitness but the other 

has no net change in fitness, then it is commensalism (Figure 1.2b). And if only one species 

gain fitness from the interaction at the other species’ expense, then it is an antagonistic 

interaction, such as is the case for predation, herbivory, or parasitism (Figure 1.2c). For many 

partner species, the fitness consequences of the ecological interaction vary over space and 

ecological conditions. This is likely to be true for burying beetles and their mites (Figure 1.2d), 

for example. Understanding the scale and context dependency of this variation has long been 

a central question in ecology (Thompson et al. 2001), yet is still poorly understood. The general 

aim of this thesis is to investigate which ecological factors cause the outcome of interspecific 

interactions to vary. I will focus on two related questions: 

 

1) What are the evolutionary and ecological mechanisms that determine a species’ 
niche breadth?  

2) What factors cause symbiotic interactions to shift from mutualism to parasitism (or 
vice versa)? 
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Figure 1.1 Classic categorisation of the outcomes of interactions between species. The arrows 
indicate that the effect of one species on the other changes from positive (+, blue) to negative 
(-, red), whereas 0 indicates that fitness remains unchanged.  

 

Figure 1.2 Examples of different types of interactions between species in nature. (a) A 
mutualistic interaction, with a honey bee (Apis mellifera) pollinating flowers. Photo credit: John 
Kimbler. (b) A commensal relationship in which a remora (also known as suckerfish; Echeneis 
naucrates) attaches itself to a loggerhead sea turtle (Caretta caretta), and uses it for dispersal. 
Photo credit: Brian Skerry. (c) A flatworm parasite (Ribeiroia ondatrae) infects a Pacific Chorus 
frog (Pseudacris regilla), causing limb deformities. Photo credit: Dave Herasimtschuk. (d) 
Phoretic mites (Poecilochirus carabi) use a burying beetle (Nicrophorus vespilloides) as a means 
of transport to carrion, where they breed alongside the host beetle.  
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1.2 Question 1: What are the evolutionary and ecological mechanisms that determine a 
species’ niche breadth?  

1.2.1 Ecological niches and competition 

1.2.1.1 The niche concept 

The concept of the ecological niche (sensu (Hutchinson 1957)), the multidimensional space 

shaped by a variety of environmental variables that one species uses for subsistence, is central 

in modern ecology and population biology. In niche theory, a species’ fundamental niche 

describes the full spectrum of environmental conditions in which the species can live and thrive 

(Pulliam 2000; Warren et al. 2014). The realised niche is usually much smaller than the 

fundamental niche, because the range of environments that can be used in reality is limited 

through competition with other species (Pulliam 2000; Hargreaves et al. 2014). 

1.2.1.2 The competitive exclusion principle 

Ecologically identical species that occupy the same space and consume the same limiting 

resource, i.e., those that have complete niche overlap, will experience intense competition with 

each other. This makes any coexistence of the two competing species unlikely to persist in the 

longer run, and could eventually cause complete exclusion of the subordinate species by the 

dominant species. This idea has been coined the ‘competitive exclusion principle’, which is also 

known as Gause’s Rule (Hardin 1960). 

The first and classic empirical evidence of the competitive exclusion principle was 

demonstrated by George Gause in the 1930s (Gause 1934), with an experiment on two species 

of protozoan, Paramecium aurelia and Paramecium caudatum, competing for a common food 

source. When Gause grew P. aurelia and P. caudatum independently, both species thrived. But 

when pitted against each other, P. aurelia was able to grow faster on the limited resource, and 

eventually drove P. caudatum extinct. In a further experiment, Gause challenged P. caudatum 

with a third species, P. bursaria, but this time found that both species could temporarily survive 

in sympatry. Their coexistence was possible because P. caudatum and P. bursaria diverged in 

resource use: P. caudatum occupied the upper part of the tube where oxygen concentration and 

bacterial density were high, whereas P. bursaria exploited the lower part of the tube where 

oxygen concentration was low, and consumed the yeast that grew there. These experiments 

demonstrate that there are two possible outcomes when competing species overlap in niche: 1) 
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complete exclusion of the subordinate species by the dominant species when both compete for 

the same resource; and 2) coexistence through resource partitioning.  

1.2.1.3 Resource partitioning 

The evolution of resource partitioning is typically accompanied by changes in morphology that 

are adaptations for specific resource use. A classic example comes from Colorado, where 

several bumblebee species compete for nectar. The bees have partitioned the nectar niche by 

specialising on different flower species. Each bee species has accordingly adapted the length its 

proboscis to match the corolla length of the flowers upon which they specialise (Pyke 1982). 

Similar evidence comes from a study of differences in beak shapes of multiple species of 

Darwin’s finches in relation to the size of seeds they consume (Grant 1986). This found that 

there was more likely to be to a separation in beak shapes if species co-occurred, because it 

enabled different species to avoid competition by specialising in consuming seeds that differed 

in size. Importantly, this study classically demonstrated that competition can drive resource 

partitioning through the process of character displacement (Grant & Grant 2006). 

Even if two competing species use exactly the same resource, they can still avoid direct 

competition. For example, the tree-dwelling Anolis lizards from the Caribbean island of Bimini 

differ either in the size of prey that they favour or in their habitat use (Schoener 1974). Thus 

competition can cause spatial or temporal partitioning of a shared niche.  

For parasitic and phoretic species (the latter simply use another animal for transport), 

the host animal they associate with constitutes a key part of their niche. Yet multiple parasitic 

or phoretic macro-organisms can exist together upon the same animal and it is unclear whether 

these organisms then compete and, if so, how they partition the host niche.  

1.2.2 Symbiotic interactions and niche 

While negative biotic interactions, such as competition and predation, have been the major 

focus of the study of ecological interactions, integration of symbioses into the niche theory is 

still in its infancy. Symbioses, defined as intimate interactions between different species, are 

essential sources of evolutionary novelty and the origin of virtually all life forms on Earth 

(Moran 2006). Note that ‘symbiosis’ is not synonymous with ‘mutualism’ (Douglas 2010, 

Bronstein 2015). The term ‘mutualism’ was introduced by Pierre van Beneden in 1873 as 

“mutual aid among species.” Six years later, Anton de Bary defined the term symbiosis as 
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“unlike organisms living together,” and thus symbiosis is to be considered independent of the 

fitness outcomes for each party. Based on its original definition (which is the one I will use 

throughout the thesis), symbioses can also mean closely interacting species involved in 

commensalism or parasitism as well as mutualism. 

An increasing number of studies have highlighted the importance of symbiotic 

interactions in shaping species niches (Moran 2006, 2007; Joy 2013). Symbiotic interactions 

with fungi, for example, have been found to cause niche expansion, which in turn, drives 

ecological diversification of their gall-inducing insect hosts because the fungal symbionts are 

capable of digesting several plant families in support of their hosts (Joy 2013). Another example 

of symbiosis is mycorrhizal symbiosis, in which soil-dwelling fungi and plant partners 

reciprocally exchange nutrients. The origin of this mutualism is thought to date from about 

500 million years ago and it prevails in about 80% of the extant land plants worldwide nowadays 

(Field et al. 2015), enabling both plants and mycorrhizal symbionts to thrive and expand in 

terrestrial systems. Nevertheless, evidence that mutualists increase the realised niche is 

relatively rare, and mainly confined to resource-based mutualisms. Not all symbionts increase 

the realised niche, however. Parasitic symbionts reduce niche breadth, compared to uninfected 

populations. Parasites can even drive niche specialisation of the host by altering their 

phenotypes and/or the competitive dynamics between interacting host species (Britton & 

Andreou 2016). Few studies have considered how the realised niche changes if symbionts 

switch from acting as mutualists to becoming more commensal or even parasitic. 

1.3 Question 2: What factors cause symbiotic interactions to shift from mutualism to 

parasitism (or vice versa)? 

1.3.1 Context dependency of interspecific interactions  

Some symbionts are in clear-cut obligate mutualisms with their hosts because they provide key 

nutrients (such as in some mycorrhizal symbioses) or defences against natural enemies or 

pathogens (these are also known as protective or defensive symbionts (King 2019)). However, 

many other symbiotic interactions change in strength and net outcomes from positive, neutral, 

or even to negative relationships. In some mycorrhizal symbioses, for example, the two partner 

species might cease to cooperate if plants switch to form new microbial partnerships or if they 

evolve to exploit novel resources from the environment (Werner et al. 2018). Conversely, 
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symbionts that were originally parasitic can be induced to provide some benefits to their hosts 

under certain circumstances (Ashby & King 2017). For example, coinfecting a nematode host 

Caenorhabditis elegans with both a mild parasitic bacterium Enterococcus faecalis and with a 

more virulent Staphylococcus aureus caused E. faecalis to evolve to provide protection for the 

host, thereby causing the evolution of a defensive symbiosis (Rafaluk-Mohr et al. 2018). 

Thus the outcomes of symbiotic interactions are not set in stone, but instead are 

conditional on environmental contexts and exist on a mutualism-parasitism continuum 

(Johnson et al. 1997; Saikkonen et al. 1998). A key current challenge, therefore, is to identify 

the factors that cause symbiotic interactions to tip from mutualism to parasitism (or vice versa). 

Do such factors come from social interactions within one of the partner species, variation in 

interactions with a third species (e.g. a common enemy), the abiotic environment (e.g. 

temperature), or some combination of different these possibilities? I explore each of these 

possibilities in greater depth in the following chapters, analysing their role in tipping the beetle-

mite symbiosis between mutualism and parasitism. 

1.4 Thesis plan 

In Chapter 2, I explain why burying beetles and their association with phoretic mites are an 

ideal model symbiotic system for addressing key outstanding questions connected to niche 

theory and the context dependency of symbiotic interactions. I explain which aspects of this 

phoretic association are poorly understood. I also review existing evidence that the outcome of 

their interactions is sensitive to wider ecological conditions, and is known to vary from 

mutualism to parasitism. 

In Chapter 3, I show how several mite species can coexist and travel upon the same 

individual beetle. I determine whether these mite species are in competition with one another 

and investigate whether they partition the host niche by attaching to different sites on the beetle. 

Using biomechanics, I analyse whether the partitioning of the host niche has caused the 

evolution of different mechanisms for attachment to the host. 

In Chapter 4, I start to analyse the context-dependency of the mite-beetle symbiosis. I 

investigate whether social interactions among beetles determine whether mites are mutualists 

or parasites. 

In Chapter 5, I combine field and laboratory experiments to test whether mites are in a 

protective mutualism with beetles, defending beetle larvae from competition with blowflies on 
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the carcass breeding resource. I test whether temperature modulates the strength of blowfly 

competition, and thereby determine whether temperature makes mites more or less likely to 

be mutualists. This allows me to evaluate whether mites increase the realised thermal niche of 

the burying beetle.  

In Chapter 6, I investigate how congeneric species of burying beetles partition the 

carrion niche and show that this differs between woodlands, according to the number of rival 

Nicrophorus species present in each one. I test whether N. vespilloides has become locally 

adapted to its particular carrion niche within each wood, through plasticity-first evolution.  

Building on these results, in Chapter 7, I investigate how differences in the Nicrophorus 

guild between woodlands affects the mites associated with N. vespilloides, and whether it tips 

the symbiosis from commensalism to parasitism. Finally, I provide an overall discussion in 

Chapter 8, synthesising the results to address the two key questions outlined above.  

Each chapter of this thesis (apart from Chapter 1, 2, and 8) has been prepared as 

manuscript format for publication. Thus some information is repeated in each chapter and 

chapters are written from a plural perspective, such as “we” and “our”.  
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          2 2 The Ecology of Burying Beetles and their Phoretic Mites 

2. Chapter 2: The Ecology of Burying Beetles and Mites 

The Ecology of Burying Beetles 
and their Phoretic Mites 

2.1 The natural history of burying beetles 

Burying beetles are members of the genus Nicrophorus (family Silphidae), with approximately 

75 species dwelling in the Northern Hemisphere (Peck 1982; Peck & Kaulbars 1987). The use, 

for breeding upon, of small vertebrate carrion, such as a dead mouse or songbird, is an essential 

component of the life history of burying beetles. While Silphids exclusively utilise carcasses as 

source of food for their progeny and themselves, Nicrophorus spp. (subfamily Nicrophorinae) 

additionally demonstrate more complex and elaborate social behaviours. Once a pair of 

burying beetles detect a carcass with their chemosensory receptors on their antennae (Kalinová 

et al. 2009; von Hoermann et al. 2016), they will move it to a suitable place, and then dig 

underneath it for burial. Mated beetles will then prepare the carcass by removing any fur and 

hair, rolling it into an edible ball (De Gasperin et al. 2016), smearing it with anal and oral 

antimicrobial secretions, and burying it underground (Pukowski 1933). This is why burying 

beetles are also commonly known as “sexton beetles” - for their distinct behaviour of burying 

small vertebrate carcasses. 

During carcass preparation, female beetles lay eggs in the surrounding soil. The larvae 

hatch from eggs and crawl to the prepared carcass, where they can feed themselves, although 

they grow better when fed by parents too (Smiseth & Moore 2002). Although larvae of certain 

species (normally smaller species e.g., N. vespilloides (Jarrett et al. 2017)) are able to self-feed, 

the direct parental care, i.e., regurgitation of carrion and other fluids, is essential in many 

species to secure the survival and growth of newly-hatched offspring. Both parent beetles are 

involved in parental provisioning of larvae, which peaks one or two days after hatching, and 

might continue for several days. The larvae beg to be fed by parents, with their legs raised up 

and directly touching the parents. Parents abandon the brood between 1 to 5 days after larval 

hatching and fly off to search for new breeding opportunities (De Gasperin et al. 2015; Jarrett 

et al. 2018). Larvae grow larger, reach the third instar, and then they disperse away from the 

nest into the surrounding soil to pupate. Approximately 18-20 days later, the larvae emerge as 

adults and become sexually mature in another two weeks under laboratory conditions at 20°C. 
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2.1.1 Competition as a key driver of life history evolution 

Carcasses are crucial in shaping the life history traits of burying beetles. They are ephemeral in 

space and time yet highly nutritious resources, attracting several Nicrophorus species and many 

other taxa, such as microbes, insects, and scavenging vertebrates. Thus, burying beetles face 

fierce competition, both within and between species, over the carcass resource. Consequently, 

whenever a carcass is found, it is likely that burying beetles treat it as their only chance to breed 

and maximise their reproductive output in their current breeding attempt. The unpredictable 

and defendable nature of carcasses has also been invoked to explain the evolution of parental 

care in burying beetles (Trumbo 1990). 

2.1.1.1 Competition between Nicrophorus spp. 

Nicrophorus beetles must typically acquire exclusive ownership of a carcass in order to breed 

successfully because carcasses are too small to sustain multiple co-breeders. Ownership is 

settled by winning a contest over a carcass. Contests within species, are organised between 

males and between females (Scott 1998). Conspecifics engage in fierce competition by chasing 

and attacking other individuals until they become the carcass owner or else are defeated. The 

winners for each sex then become the dominant pair. The outcomes are determined mostly by 

body size, with larger individuals more likely to win (Otronen 1988; Royle & Hopwood 2017). 

Losing males can nevertheless attain some reproductive success by mating with the dominant 

female using sneaky tactics, while smaller females become brood parasites of the dominant 

female by laying eggs near her clutch to smuggle some of her offspring into the dominant’s 

brood (Müller et al. 2007). Though some benefits can be gained through these alternative 

reproductive tactics, they are relatively low compared with the fitness gained by being a carcass 

owner (Eggert & Müller 2000). 

Competition over carcass resources can also occur among different Nicrophorus species 

(inter-specific). Species with a relatively small body size, e.g., N. vespilloides, are likely to lose 

contests against larger Nicrophorus species. Nevertheless, it is commonly seen that several 

Nicrophorus species co-occur in sympatry, both in Europe and North America, by partitioning 

the small carrion niche. Such resource partitioning has been attributed to spatial and/or 

temporal differences in Nicrophorus activity, and the suggestion that larger beetles prefer to 

breed on larger carrion. Furthermore, burying beetle guilds are structured in similar ways on 



Chapter 2: The Ecology of Burying Beetles and Mites 

 10 

the different continents where they occur (Scott 1998). For example, both the European and 

North American beetle guilds have one very large species, N. germanicus and N. americanus, 

respectively (Pukowski 1933). They are then followed by the second largest species, N. humator 

and N. sayi/N. orbicollis, respectively, which reproduce very early in the spring before most of 

other Nicrophorus species (Scott 1998). In early summer, N. vespilloides in the European guilds, 

and N. defodiens in North America, start to breed. They are typically the smallest species in the 

guild and they have the densest population size. There are also some other medium-sized 

burying beetles, such as N. investigator in European guilds and N. tomentosus in North 

American guilds, that are reproductively active from late summer to early autumn, while most 

other Nicrophorus species beetles become less active as the winter approaches (Wilson et al. 

1984). 

Although burying beetles can reproduce on a range of carcass sizes, there is evidence of 

size-related preferences in the size of carcass they breed upon. In northern Michigan, for 

example, over 90% of very small carcasses (4-6 g) were taken by N. defodiens, despite the 

presence of N. orbicollis, which are four times larger than N. defodiens in body mass (Trumbo 

1990). When given intermediate size carcasses (21-90 g), N. defodiens could often bury them 

but then are taken over by N. orbicollis (Wilson et al. 1984; Trumbo 1992). N. defodiens were 

unable to bury and reproduce on very large carcasses (120-210 g), whereas N. orbicollis could 

fully exploit them (Trumbo 1992). 

Habitat characteristics are also important in determining the intensity of competition 

between burying beetles. For example, N. orbicollis inhabits moderately wet hardwood forests 

as well as dry meadows, while N. defodiens is more likely to be found in wet hardwood and 

coniferous forests. Such habitat preferences can be explained by the texture and composition 

of local soil used by each species for carcass burial (Pukowski 1933). To bury a carcass, smaller 

species can only dig it into damp soil filled with organic material, such as those found in 

coniferous forests, whereas larger species can use drier sandy soil of the hardwood forests 

(Pukowski 1933; Anderson 1982; Scott 1998). 

Thus the extent of co-existence among Nicrophorus species is modulated by the typical 

size of the carcass available for reproduction, seasonal variation, the relative abundance of each 

species and habitat characteristics. Together, they are likely to determine the extent of 

competition between burying beetles.   
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2.1.1.2 Competition with other taxa 

Many other organisms are also attracted to carcass resources to feed or reproduce., and they 

potentially pose a great threat to burying beetles. Vertebrates, such as cats, foxes and corvids, 

can sometimes detect carcasses earlier than beetles, and can even consume carcasses in mid-

preparation for burial by burying beetles. Competition against other invertebrates causes 

burying beetle breeding failure. Blowflies (Calliphoridae), in particular, are strong competitors 

because they can rapidly detect and locate the newly dead and because they start laying eggs 

within few minutes of their arrival (Bornemissza 1957; Payne 1965; Matuszewski et al. 2010). 

Microorganisms similarly compete for resources on a carcass and reduce its value to the beetle. 

Beetles can effectively counteract competition from microorganisms by smearing carcasses 

with antimicrobial exudates (Cotter et al. 2010). This is most effective on smaller carcasses. 

Larger carcasses are more difficult to fully prepare and clean, and more often become mouldy, 

thus reducing the value of a carcass for reproduction.  

2.2 Burying beetles and their phoretic mites as a model symbiosis 

Burying beetles are also commonly found to interact with a wide variety of organisms, which 

dwell within or on the beetle’s body parts. Some of these organisms are parasites that cause 

negative effects on host beetles, while others are phoretic (sensu (Houck & OConnor 1991)). 

The phoretic organisms cause no harm to the beetle whilst on board and simply use it as a 

means of dispersal. Phoretic interactions are widespread and diverse, and include plant seeds 

dispersed by animals, and coprophagous sloth moths Bradipodicola hahneli inhabiting the fur 

of the sloths for transport to oviposition sites in sloth dung (Pauli et al. 2014). Phoresy is 

especially common among nematodes and mites. In fact, the earliest fossil record reveals a 

phoretic mite (0.8 mm) attached to a 320 million-year-old extinct insect (Robin et al. 2016), 

suggesting a long evolutionary history of phoretic interactions. Importantly, it should be noted 

that phoretic organisms are different from parasites because they are neutral to hosts during 

transportation (White et al. 2017), although they can be costly or beneficial after being 

transported if they share a breeding resource with their hosts. For example, burying beetles N. 

vespilloides transport nematodes, Rhabditoides regina, which cause fitness costs during 

reproduction by reducing the beetle’s brood size, larval mass, and larval survival (Wang & 

Rozen 2019). 
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Despite its prevalence and diversity, phoresy remains poorly understood. Most studies 

are observational, and detailed experimental studies on the ecology and evolution of host and 

phoretic organisms are largely lacking. In particular it is unclear how frequently phoresy leads 

to mutualistic or parasitic relationships during reproduction (White et al. 2017). 

2.2.1 The natural history of burying beetles and their phoretic mites 

Phoresy is common for wingless organisms that rely on ephemeral and patchy resources, such 

as carrion and dung. By hitching a ride on host carriers, phoretic organisms secure 

opportunities to be transported to new resources, upon which they reproduce alongside their 

carriers. Adult Nicrophorus burying beetles carry with them about 14 species of phoretic mites, 

belonging to four different families, including Parasitidae, Macrochelidae, Uropodidae and 

Histiostomatidae (Wilson & Knollenberg 1987). These mites demonstrate varying degrees of 

specificity to host burying beetles. Some mite species are specialised on a single beetle species, 

while some are generalists that can be found on several beetle species. The parasitid mite 

Poecilochirus carabi is the most salient and common of these mite species, and is a generalist. 

Around 95% of the mites found on beetles in nature are P. carabi (Schwarz et al. 1998). In 

natural populations, 84.4% (1156 out of 1369) of trapped adult N. vespilloides carry 0-20 P. 

carabi mites (Sun et al. 2019). However, P. carabi exists as a species complex, consisting of 

several races, and each potentially adapts to different Nicrophorus species. Multiple races can 

be found on one beetle (Nehring et al. 2017) but they are morphologically indistinguishable. 

Most mites demonstrate a highly synchronised life cycle to those of their Nicrophorus 

hosts (Figure 2.1). For example, P. carabi travels with adult burying beetles as deutonymphs, a 

specialised dispersal stage (Figure 2.1a). Once their host beetle finds a carcass, 98% of the mites 

disembark from the beetle within 36 hours (Wilson & Knollenberg 1987) and moult into adults 

in the soil nearby, before mating and reproducing on the carrion (Figure 2.1b). The offspring 

of mites therefore develop and grow alongside beetle offspring (Figure 2.1c). Hatching mite 

larvae turn into protonymphs before developing into deutonymphs for travelling. Just as the 

beetle larvae finish consuming the carcass, most of the next generation of deutonymphs 

attaches (Schwarz & Müller 1992; Figure 2.1d) and disperses with the parent beetles as they fly 

off to search for another dead body (Schwarz & Müller 1992; Schwarz & Koulianos 1999; Figure 

2.1d). Any remaining deutonymphs (c. 10% of the total dispersing mites; Schwarz & Müller 

1992) accompany the beetle larvae in the pupal chambers (Wilson & Knollenberg 1987), thus 
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being transmitted vertically from parent beetles to their offspring. These mites potentially have 

very low fitness because beetle offspring might not be able to survive to adulthood (Schedwill 

et al. 2018). However, mite deutonymphs could also be transmitted horizontally, especially 

when different individuals of Nicrophorus spp. aggregate to feed or compete for the same 

carrion resource (see 2.1.1.1).  

 
Figure 2.1 Synchronised life cycles between the burying beetles N. vespilloides and the mites P. 
carabi. Red arrows in (b) indicate female and male adult of P. carabi. (e) was kindly drawn by 
Pei-Shan Yu. Credit: SunShan Illustration (sunshanillustration@gmail.com).  
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2.2.2 Context dependency of interactions between burying beetles and mites 

While it is obvious that mites gain direct benefits from their phoretic relationship with beetles, 

the fitness effects of mites on beetles are less clear. Previous studies have suggested that mites 

might assist beetles in competing with their blowfly rival (Springett 1968; Wilson & 

Knollenberg 1987). Nevertheless, in laboratory experiments mites were commonly found to 

range from commensal to parasitic in their interactions with beetles, sometimes having no 

effect on beetle reproductive success and sometimes reducing it (De Gasperin & Kilner 2015; 

Nehring et al. 2017). At high densities, mites attack beetle larvae and compete with larvae for 

carrion (Wilson & Knollenberg 1987; De Gasperin & Kilner 2015). There is no evidence that 

mites are in a cleaning mutualism that reduces the abundance of bacteria on carrion although 

they do increase bacterial diversity on a prepared carcass (Duarte et al. 2017).  

Previous studies in the lab have investigated in detail how social interactions within the 

beetle family determine the effects of mites on each family member. Interactions with mites 

increase the costs associated with paternal care (De Gasperin & Kilner 2015), which in turn, 

cause male beetles in the presence of mites to adaptively reduce their investment in their larvae 

(De Gasperin et al. 2015). Mites also have positive, neutral, or negative effects on females, 

depending on the size of her partner (De Gasperin et al. 2015). Depending on their density, 

mites also either enhance or diminish larval fitness (De Gasperin & Kilner 2016). Thus mites 

have different relationships with different members of the family even within the same 

breeding event: they might be beneficial to larvae, commensal with females and parasitic for 

males, for example (De Gasperin 2015). 

However, the role of wider ecological contexts in influencing the strength and direction 

of outcomes between beetles and mites remains relatively under-studied. This requires detailed 

experimentation and manipulation of ecological factors, together with measurement of the 

associated costs and benefits to both beetles and mites. Mites are phoretic on beetles, meaning 

that their numbers on the beetle can easily be manipulated - especially during reproduction. 

Similarly, ecological factors, including the presence of competitors and carcass size, can be 

experimentally manipulated to test directly whether these extrinsic factors cause the 

relationship between mites and beetles to be mutualistic or to break down into antagonistic 

interactions. 
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2.3 Field trapping  

All beetles and mites used in the experiments described in this thesis were descendants from 

field-caught populations collected at three study sites: Gamlingay (Latitude: 52.15555°; 

Longitude: −0.19286°), Waresley (Latitude: 52.17487°; Longitude: −0.17354°), and Madingley 

(Latitude: 52.22658°; Longitude: 0.04303°) Woods in Cambridgeshire, UK (Figure 2.4a). Both 

Gamlingay and Waresley Woods (Figure 2.4b) are ancient woodlands now being managed by 

the Bedfordshire, Cambridgeshire and Northamptonshire Wildlife Trusts. Madingley Wood 

(Figure 2.4c) is also an ancient woodland of mixed deciduous trees near the Sub-Department 

of Animal Behaviour, University of Cambridge. Each year, we trapped beetles between June 

and October. At each site, we collected beetles using Japanese traps filled with moist soil, each 

baited with a freshly thawed mouse carcass. Each trap was hung on tree branches with a cotton 

rope ~ 1 m above the ground (Figure 2.2).  

 
Figure 2.2 One of the Japanese beetle traps used to catch burying beetles. Traps were filled with 
moist soil and baited with a mouse carcass. 

 Traps were checked every two weeks and renewed with a fresh carcass. When checking 

each trap, we gathered all captured Nicrophorus spp. and soil into a plastic box (17 x 12 x 6 cm). 

All collected beetles were brought back to the Department of Zoology, University of Cambridge. 

They were then anaesthetised with carbon dioxide prior to body size measurement and mite 

removal (Figure 2.3). Beetle body size was recorded by measuring the width of pronotum to 

the nearest 0.01 mm (this is a standard approach to measure adult body size in burying beetles 
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(Jarrett et al. 2017)). All mites were then removed with a fine brush and tweezers. We 

determined the sex, body size, and the number of mites carried by each beetle individual from 

all Nicrophorus species. Nevertheless, it should be noted that calculations of the mite densities 

from field traps could be biased and might not totally represent the real mite density in nature. 

This is because beetles with mites might interact with the same and/or different species inside 

the traps, leading to mite mixing between individuals. While traps were checked once every 

two weeks, it was very likely that beetles could have encountered other individuals and thus 

changed their mites. The other confounding factor is that mites could have already reproduced 

alongside beetles in the traps between each trapping event, and so we could have overestimated 

the number of mites on each beetle individual. To this end, we determined the natural 

abundance of mites only from traps in which beetles failed to breed successfully. These 

represented the majority of traps (a total of 343 out of 348 trapping events over four years).  

Each beetle individual was then transferred to its own personal plastic container (12 x 

8 x 2 cm) filled with moist soil, where it was fed with minced beef twice a week. A week later, 

beetles were bred into the laboratory stock (see below). All experiments were conducted 

exclusively on beetles from the laboratory stock population, to control for any variation 

induced by developmental environment and age. Separate laboratory populations were 

maintained for the descendants of those caught in Madingley Wood, Gamlingay Wood and 

Waresley Wood. Field beetles were only used as necessary for example for the field experiments 

and mite preference experiments in Chapter 6. 

 
Figure 2.3 Removing mites from field-collected beetles.  
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Figure 2.4 Relative locations and examples of woodlands from field study sites in 
Cambridgeshire, UK. 

2.4 Lab protocols 

Beetles and mites drawn from Gamlingay, Waresley, and Madingley Woods were kept 

separately. The colonies were maintained on a 16:8 light:dark cycle at 21 ± 2°C.  

2.4.1 Burying beetle husbandry 

Each year field-caught beetles were bred into the lab colonies by pairing a field beetle with a 

stock beetle. Since then, we bred unrelated individuals to prevent inbreeding within the 
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colonies. All individuals used for breeding were aged 2-3 weeks post eclosion when they were 

sexually mature. We bred pairs of virgin beetles with freshly-thawed mouse carcasses inside 

breeding boxes (17 x 12 x 6 cm) filled with 2 cm soil. All boxes were then stored inside a 

cupboard during each breeding event to simulate underground conditions (Figure 2.5a). Eight 

days later after pairing (Figure 2.6), as larvae started dispersing from the brood chamber to the 

soil nearby, we collected up to 25 dispersing larvae from each family and transferred them to 

eclosion boxes (10 x 10 x 2 cm, 25 compartments) filled with damp soil, with each larva 

occupying one cell. Eclosion boxes were then stored on shelves for 18-20 days as they pupate 

(Figure 2.5b). As the period of pupation finished, newly-emerged adult beetles were kept 

individually in plastic containers (12 x 8 x 2 cm) filled with moist soil (Figure 2.5c), and fed 

twice a week until reaching sexual maturity. We kept two males and two females from each 

family for maintaining stock populations, and collected more beetles for the purpose of further 

experiments.   



Chapter 2: The Ecology of Burying Beetles and Mites 

 19 

 
Figure 2.5 Breeding boxes (a), an eclosion box (b) with newly-emerged adult beetles, and 
individual boxes (c) containing beetles.  
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Figure 2.6 Sequence of events during burying beetle reproduction, showing (a) the carcass (b) 
first shaved, (c) then rounded, then (d-f) housing the burying beetle’s brood. 

2.4.2 Mite husbandry 

To provide a steady source of mite populations in the lab, we bred pairs of beetles with a mouse 

carcass in a breeding box filled with soil. As we bred beetles, we also introduced 15 mite 

deutonymphs, randomly drawn from different individual beetles from the traps (n = 10 

breeding pairs for each population). When the beetle’s larvae started dispersing, we collected 

all mite deutonymphs attached to adult beetles using CO2 anaesthetisation. Once separated, we 

provided a new adult beetle for all mites to associate with, and together transferred to a new 

breeding box filled with soil and fed twice a week. We bred new mite colonies once a month by 

again mixing mite stock to breed with pairs of beetles from the same populations (n = 10 

breeding pairs). Just as with the burying beetles, we kept the mite populations distinct 

according to their woodland of origin. 
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Spatial Niche Partitioning between Phoretic Mites 
on the Burying Beetle Host Microhabitat is Mediated by 
Divergent Attachment Mechanisms 

3.1 Summary 

Classic niche theory predicts that ecologically similar species can coexist by reducing the 

intensity of interspecific competition via niche partitioning. However, the mechanisms that 

cause niche partitioning are not always well understood. Here we identify the mechanisms 

underpinning highly specific spatial partitioning of the host burying beetle Nicrophorus. 

vespilloides by two phoretic mite species, Poecilochirus carabi and Macrocheles nataliae, which 

coexist upon the beetle and use it for transport to breeding sites. Field observations revealed 

strong spatial partitioning between species across distinct regions of the host beetles. P. carabi 

preferred the ventral side of the thorax, whereas M. nataliae were exclusively found ventrally 

on the intersegmental joints of the abdomen. Experimental manipulations showed that both 

species started occupying less preferred body parts as their density increased to levels rarely 

encountered in nature, suggesting a role of intra-specific competition for space. With both 

species present, P. carabi retreated from the thorax in the presence of dense M. nataliae, 

whereas M. nataliae was unaffected by P. carabi. We conducted attachment force 

measurements in normal and shear directions on different parts of the beetle. We found that it 

took greater force to dislodge each mite species when it was attached at its preferred location: 

P. carabi attached best on the thorax, whereas M. nataliae was specialised in attaching to the 

abdomen. Notably, M. nataliae attached not just with tarsal pads and claws, but also used its 

chelicerae to grip setae on the beetle abdomen. This study shows that divergent biomechanical 

adaptations can mediate spatial niche partitioning among mite species attached to the same 

individual beetle.  

3.2 Introduction 

A species’ niche defines its ecological setting, combining its physical environment, resource use, 

and biological interactions (Hutchinson 1957). According to ecological theory, competing 

species can avoid direct interspecific competition by partitioning the use of common resources 
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or space (Schoener 1974; Siepielski & McPeek 2010). Understanding the mechanisms that 

cause niche partitioning between ecologically similar and sympatric species is essential for 

predicting interactions and coexistence between competing organisms and the maintenance of 

biodiversity. 

Symbiotic organisms live intimately upon or within their host species. Different species 

of symbiont routinely coexist within a single host species, resulting in interspecific competition 

over limited space. This is especially true for symbionts that use their host as a means of 

transport, and so is likely to be a common problem for phoretic organisms. The interactions 

among phoretic species on their hosts therefore represent ideal model systems to analyse spatial 

niche partitioning. Environmental heterogeneity has been hypothesised to be one of the major 

drivers of niche partitioning (Cloyed & Eason 2017), causing competing species to diverge and 

specialise on different resources or habitats, both spatially and temporally (Beaulieu & 

Sockman 2012; Mahendiran 2016; Cloyed & Eason 2017). Specialisation is associated with the 

evolution of divergent new adaptations in rival species to optimally utilise different niches. 

Phoretic organisms may behaviourally adjust their distribution within a host, 

depending on variation in host characters, population size, and interspecific competition 

(Fernández-González et al. 2015). Competition between coexisting species is largely 

determined by the extent of their distribution overlap, which in turn is mediated by the 

population size within each species. Each species may occupy a preferred site at low densities, 

but be forced to occupy a less preferred location at high population densities (Gill et al. 2001), 

where it is more likely to encounter the rival species. Although many studies have highlighted 

the importance of niche partitioning between coexisting symbiotic organisms, few empirical 

studies have investigated the relative importance of intra- and inter-specific competition, nor 

analysed divergent adaptations for host attachment. 

At our study site, Poecilochirus carabi and Macrocheles nataliae are two mite species 

commonly found to associate with burying beetles (Nicrophorus spp.). Burying beetles breed 

upon small vertebrate carcasses. Once the beetles locate a carcass, they prepare it for their 

reproduction by removing any feathers or hairs and rolling it into a ball and burying it 

underground. The larvae then hatch from eggs and reach the prepared carcass, upon which 

they feed themselves, aided by the parents (Smiseth et al. 2003). Just like the beetles, mites also 

require a carcass to breed. However, mites are ‘phoretic’, relying on the beetles to transport 

them between carcass resources. Burying beetles and the mite community they harbour present 
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an ideal system to address the evolution of niche specialisation and the underlying mechanisms 

of niche partitioning. There is limited space for mite attachment, which is likely to cause mites 

to compete interspecifically and/or demonstrate species-specific habitat preferences upon the 

beetle.  

Here, we investigated the role of competition in driving spatial niche partitioning 

between P. carabi and M. nataliae, coexisting on host burying beetles (Nicrophorus vespilloides). 

We started by examining the natural prevalence and intensity of the mites from field collected 

beetles. To test for evidence of within-host competition and any spatial preference of the mites, 

we then experimentally manipulated the relative density of each mite species under 

standardised laboratory conditions. In a final experiment, we applied force measurement to 

test whether the two mites adaptively attach to the beetles according to their spatial preference, 

and identified the mechanisms of attachment. 

3.3 Methods 

Field trapping was carried out between June and October in 2018, covering the whole breeding 

season of N. vespilloides. Five hanging traps at each study site were baited with a fresh mouse 

carcass each, and were set up in Cambridgeshire, UK: Gamlingay and Waresley Woods. Traps 

were checked every two weeks and the bait was replenished. Our field trapping showed that P. 

carabi and M. nataliae were routinely found on N. vespilloides at our study sites (Figure 3.1). 

Therefore, we focused our laboratory experiments particularly on these two mite species. P. 

carabi attaches to adult beetles as deutonymphs (Hyatt 1980), whereas M. nataliae attaches as 

adult females (Hyatt & Emberson 1988). The mean individual mass of P. carabi deutonymphs 

and adult female M. nataliae were 256 ± 26.7 μg (mean ± s.d.; n = 36) and 104 ± 20.1 μg (mean 

± s.d.; n = 20), respectively. 
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Figure 3.1 Mite coexistence on the ventral side of a burying beetle N. vespilloides, which they 
use as a means of transport. A P. carabi deutonymph (top right) attaches to the N. vespilloides 
thorax, whereas adult females of M. nataliae (bottom right) primarily occupy the abdomen. 

3.3.1 Field observations 

From field-collected beetles, we determined mite prevalence (the proportion of beetles that 

harboured mites) and mite abundance (the number of mites carried by infested beetles). We 

also determined the number of each mite species per beetle, and the location on the beetle to 

which they attached (head, thorax, abdomen, pronotum, and elytra). The body size (measured 

as the width of pronotum) and the sex of beetles were also determined. Field beetles and mites 

collected from the field study sites were used to establish laboratory colonies. 

3.3.2 Maintenance of the beetle and mite colonies   

Beetle and mite stock were maintained as described elsewhere (De Gasperin & Kilner 2015; De 

Gasperin et al. 2015) and in Chapter 2. Sexually-mature beetles (two to three weeks after adult 

emergence) were used for experiments. Mite stock of each species was maintained once a 

month by allowing pairs of beetles to breed on mice carcasses alongside 15 mites (n = 10). All 

200 μm

200 μm
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beetles and mites were maintained under laboratory conditions at 21 ± 2°C with a 16:8 

light:dark photoperiod. We did not expect beetle sex to determine the attachment performance 

of mites, so only female beetles were used in further laboratory experiments. 

3.3.3 Within-host competition experiment 

To investigate the relative importance of intra- and inter-specific competition, we 

experimentally associated differently sized groups of P. carabi and M. nataliae with the beetles. 

P. carabi were introduced in groups of 1, 5, 10, 25, 50 by sequentially adding mites from 1 until 

50, whereas M. nataliae were introduced as groups of 1, 3, 5, 10, 25, 50 (n = 10 for each 

treatment). These ranges of abundance captured the natural mite abundance for P. carabi (0-

276, a mean abundance of 18.47 ± 1.67, and 8 % carry up to 50 mites). M. nataliae exists at 

lower densities in nature (typically 0-5 mites per beetle). We created artificially high numbers 

of mites to induce competition with P. carabi. For each trial, we allowed mites to distribute 

themselves on a beetle in a transparent container (2 x 2 x 2 cm) for 5 min and used two digital 

cameras with a macro-lens (The Imaging Source DMK 23UV024 with 1 inch (~25mm) focal 

length lenses) to take photos of the dorsal and ventral side of the beetles (Figure 3.2). We then 

recorded the number of mites of each species and their attachment site. All beetles and mites 

were only used once for each trial through the whole experiment. 



Chapter 3: The Biomechanics underlying Niche Partitioning 

 26 

 
Figure 3.2 (a) Experimental setup and examples of photos taken from the (b) dorsal and (c) 
ventral sides. 

3.3.4 Scanning electron microscopy  

To characterise mite attachment on beetles, we imaged mites attached to burying beetles using 

an electron microscope. To examine mites attaching to beetles in semi-natural positions, we 

allowed mites to attach freely to freshly-killed beetles (thawed out after freezing), before flash 

freezing the mites to the beetle in liquid nitrogen. We carried out cryo-scanning electron 

microscopy on these specimens (cryoSEM; using a Zeiss EVO HD15) together with Dr 

Raymond Wightman (Sainsbury Laboratory, Cambridge). In subsequent experiments, we 

additionally froze beetles carrying M. nataliae, and sectioned beetles after thawing to allow 

viewing of M. nataliae head regions from additional angles (mites generally stayed attached 



Chapter 3: The Biomechanics underlying Niche Partitioning 

 27 

even if they were dead), and freeze-dried them at -18°C. We imaged these specimens using a 

scanning electron microscope (SEM; using a FEI Verios 460) at the Cambridge Advanced 

Imaging Centre with help from Dr Karin Müller. 

3.3.5 Force measurement of mite attachment 

We investigated the attachment performance of both mite species on different beetle body parts 

and more well-characterised test substrates, at different angles. We tested attachment to female 

beetles on the ventral thorax (with legs of the beetle removed), the ventral abdomen, the 

pronotum, and the elytra in normal (90° to substrate) and shear-dominated (15° to substrate, 

avoiding entanglement of the thread with the beetle body) cases. Additionally, we tested 

attachment to lapping films (Al2O3 asperities embedded in polyester film with asperity sizes of 

0.05µm, 0.5µm and 16µm, and smooth polyester film; UltraTec, CA, USA) in normal (90° to 

substrate), shear-dominated (forces ~15° to substrate) and shear (parallel to substrate) 

directions. These treatments and angles were determined because it was expected that 

attachment ability could differ depending on substrate characteristics and contact angles 

(Labonte & Federle 2015). 

Each mite was carefully superglued to one end of a fine cotton thread under a stereo-

microscope (Wild M8, 1x Plan objective), without impeding the movement of its legs. A 

custom-made Labview program controlled a motor stage, which pulled the thread and 

detached the mite from its substrate, recording a force trace, and triggering a synchronised 

video of detachment at the same time. 

For each force measurement, we allowed mites to attach to the body part/test substrate 

for 5s before retracting the mite at a constant speed (Figure 3.3a). We analysed force traces 

(Figure 3.3b) using Matlab (The Mathworks, USA; see Appendix). For logistical reasons, we 

tested each mite either on all beetle or on all lapping film substrate treatments. Thus, each mite 

received four trials (beetle treatments: thorax, abdomen, pronotum and elytra; substrate 

treatments: 0.05μm, 0.5μm, 16μm, and smooth) in a random order at one retraction angle. All 

measurements were conducted at a room temperature of 21°C.  
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Figure 3.3. (a) Experimental set-up for force measurements and (b) example of continuously 
recorded force. 

3.3.6 Statistical analyses 

All analyses were conducted in R (version 3.4.3) using generalised linear mixed models 

(GLMM) with the glmer function in the ‘lme4’ package (Bates et al. 2015). Response variables 

were log transformed to meet the assumption of data normality. All GLMMs had been 

checked for normality of residual error distributions. P values were obtained with Anova 

function with type ‘III’ sum of squares in the ‘car’ package. Once a significant interaction 

term was detected, post hoc Tukey HSD tests with Bonferroni corrections were conducted for 

further pairwise comparisons between treatments in the ‘lsmeans’ package (Lenth 2016). To 

assess the differences in spatial preference and interactions between P. carabi and M. nataliae, 

we used local mite density (the number of mites divided by the surface area of each location 

on a beetle) of each species as a response variable. We included interactions between beetle 

body parts and the total mite density (the total number of mites divided by the surface area of 

a beetle) of the same or different species in two separate models to unpick the effects of 

intraspecific and interspecific competition, respectively. Surface area was estimated using 

image analysis software (ImageJ, http://imagej.nih.gov/ij/), as previously described elsewhere 

(Sun et al. 2019). Both local mite density and total mite density were log transformed prior to 

analyses. In addition, beetle sex and study site were statistically controlled and included as 
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covariates. Since each individual was repeatedly sampled across different body parts, 

individual ID was included as a random factor. 

To further understand the niche breadth for each mite species and their niche overlap in space 

use, we applied Levin’s index (1999) of niche breadth and Pianka’s niche overlap index (1973). 

The Levin’s index is defined as follows: 

Niche breadth (!) = 1/∑&'( 

where &'  indicates proportion of individuals found using resource state i. The values of niche 

breadth range from 1 (indicating an exclusive use of a certain resource) to n (up to 5 if mites 

use all body parts). The Pianka’s niche overlap index is defined as follows: 

Niche overlap ()*+)	= ∑&'*&'+/-∑	&'*( ∑&'+(  

where )*+ indicates a measurement of niche overlap between species j and species k; &'*  and 

&'+  represent proportion resource state i is of the total resources used by species j and species 

k, respectively. The values of niche overlap range from 0 (no overlap) to 1 (complete overlap). 

Values larger than 0.3 indicate marginal significance, whereas values larger than 0.6 indicate 

statistically significant overlap in niche use (Krebs 1999). 

To investigate potential interactions between two mite species in the within-host 

competition experiment, we analysed the mite density (log transformed) of each species on 

different beetle body parts as a response variable by including the number of P. carabi and M. 

nataliae as categorical factors, and each of their interaction with beetle body part. Individual 

ID was also included as a random factor. 

Finally, we analysed differences in pulling forces between mites when attached to 

beetles or substrate surfaces by including response variables as the maximum pulling force (mN; 

log-transformed). For beetle attachment we included as explanatory variables beetle body part, 

mite treatment (P. carabi/M. nataliae), retraction angles (90° and 15°), and their interactions, 

whereas for substrate attachment we included as explanatory variables the substrate treatment 

(0.05μm, 0.5μm, 16μm, and smooth), mite treatment, retraction angles (90°, 15°, 0°), and their 

interactions. Additionally, individual mite ID was included as a random factor since each mite 

was tested across all beetle body parts or substrate surfaces. We analysed in separate models for 

each retraction angle (90° and 15° for beetle treatment, and 90°, 15°, 0° for substrate treatment) 

since each mite received treatments within the same retraction angles. 
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3.4 Results 

3.4.1 Niche partitioning on the field-collected beetles 

In total, 326 N. vespilloides were collected from the field. 295 (90.49%) beetles carried P. carabi 

with a mean abundance of 20.41 ± 1.75 and a median of 9 (range 1-276). In comparison, 23 

(7.80%) beetles carried M. nataliae with a mean abundance of 1.65 ± 0.23 and a median of 1 

(range 1-5). A total of 22 (7.83%) beetles harboured both P. carabi and M. nataliae. All mites 

were most common on the ventral side of the beetles (Figure 3.1). 

To examine the effects of interspecific and intraspecific competition on the distribution 

of P. carabi and M. nataliae on the same beetle, we analysed the effects of total density of each 

mite species on the local density on specific beetle body parts for both P. carabi and M. nataliae. 

We found that local density of P. carabi and M. nataliae was affected by the total density of 

each species, but that these relationships varied differently on different beetle’s body parts for 

both P. carabi (body part x total density interaction, χ2 = 275.46, d.f. = 4, P < 0.001; Figure 3.4a) 

and M. nataliae (body part x total density interaction, χ2 = 1477.73, d.f. = 4, P < 0.001; Figure 

3.4b). 

 
Figure 3.4 The relationship between the total density and the density on each body part of (a) 
Poecilochirus carabi and (b) Macrocheles nataliae on field-collected beetles. Densities are 
included as the number of mites divided by available surface (mm2). Lines denote fitted 
relationships from generalised linear mixed models and shaded areas indicate 95% confidence 
interval range. Dashed lines indicate random distribution of mites, predicting that local density 
equals to total density (y = x).   
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In general, as the density of each mite species increased, each species also showed a 

greater increase in density on their preferred attachment sites. Specifically, there was a greater 

increase in local density on the beetle’s thorax as total density increased in P. carabi, compared 

to four other body parts (post-hoc comparison thorax v. abdomen, t = -8.78, P < 0.001; post-hoc 

comparison thorax v. elytra, t = -15.50, P < 0.001; post-hoc comparison thorax v. head, t = -7.70, 

P < 0.001; post-hoc comparison thorax v. pronotum, t = -12.58, P < 0.001). On the other hand, 

as total density increased in M. nataliae, the local density on abdomen increased more sharply, 

compared to four other body parts (post-hoc comparison abdomen v. elytra, t = 30.60, P < 0.001; 

post-hoc comparison abdomen v. head, t = 30.60, P < 0.001; post-hoc comparison abdomen v. 

pronotum, t = 30.60, P < 0.001; post-hoc comparison abdomen v. thorax, t = 29.71, P < 0.001). 

Furthermore, the slopes of local density v. total density of P. carabi and M. nataliae were 

significantly greater than one (y = x), when they each attached to the thorax (χ2 = 884.77, d.f. = 

2, P < 0.001) and abdomen (χ2 = 1448.2, d.f. = 2, P < 0.001), respectively. These suggest that 

selection of these particular body parts can be attributed to active choice rather than random 

distribution.    

The local density of P. carabi was not affected by the total density of M. nataliae (χ2 = 

0.0051, d.f. = 1, P = 0.943), and nor was the local density of M. nataliae affected by the total 

density of P. carabi (χ2 = 1.09, d.f. = 1, P = 0.296).  

We further tested for spatial differentiation between P. carabi and M. nataliae using 

measurements of niche breadth and overlap. The Levin’s index of niche breadth of P. carabi (B 

= 2.9) is more than twice as large as the equivalent measure for M. nataliae (B = 1.1), with a 

low Pianka’s index of niche overlap between P. carabi and M. nataliae (O = 0.23). These results 

indicated that P. carabi use a wider range of beetle body parts than M. nataliae, whereas M. 

nataliae is particularly specialised on using the abdomen. In general, there was a low degree of 

niche overlap between P. carabi and M. nataliae. 

3.4.2 Laboratory experiment  

3.4.2.1 Intra- and Inter-specific competition for P. carabi 

We found that P. carabi density increased as the number of its own species increased, and that 

such relationship varied differently across different body parts (P. carabi number x body part 

interaction, χ2 = 636.31, d.f. = 16, P < 0.001; Figure 3.5a). Specifically, the density of P. carabi 
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on beetle’s head increased initially but remained unchanged at higher mite abundance, i.e. 

more than 10 P. carabi, suggesting that heads provided limited space for attachment. In 

contrast, both thorax and pronotum can support P. carabi attachment at high abundance, with 

the thorax being consistently more preferable than pronotum. Only at the very high abundance 

of 50 individuals did P. carabi start to colonise abdomen and elytra. 

However, P. carabi density was also influenced by the number of M. nataliae to a 

different extent on each beetle body part (χ2 = 64.12, d.f. = 20, P < 0.001; Figure 3.5b). The 

density of P. carabi on the thorax was significantly lower when the beetle carried 50 M. nataliae 

compared to lower M. nataliae density (Figure 3.5b; Table 3.1). Correspondingly, P. carabi had 

increased density on the pronotum when competing with 50 M. nataliae compared to lower 

densities (Figure 3.5b; Table 3.1). 
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Figure 3.5 (a,b) Density of P. carabi and (c,d) M. nataliae on different body parts of the beetle 
in relation to the number of mites of the same (a,c) or different species (b,d). Densities are 
included as the number of mites divided by the available surface of each body part (mm2). 
Median values, 25th and 75th percentiles, and outliers are shown. 
 
Table 3.1 Post-hoc comparisons indicating differences in local P. carabi density at different 
abundances of P. carabi and M. nataliae.  
 Abdomen Elytra Head Pronotum Thorax 
Comparisons t-ratio P-value t-ratio P-value t-ratio P-value t-ratio P-value t-ratio P-value 
P. carabi           
1 - 5 -0.44 0.992 -0.39 0.995 -9.33 <.001 -2.63 0.065 -5.38 <.001 
1 - 10 -0.69 0.958 -0.75 0.945 -11.03 <.001 -7.16 <.001 -10.43 <.001 
1 - 25 -1.89 0.324 -2.47 0.097 -11.87 <.001 -15.34 <.001 -19.87 <.001 
1 - 50 -6.14 <.001 -5.89 <.001 -13.03 <.001 -24.08 <.001 -26.51 <.001 
5 - 10 -0.25 0.999 -0.36 0.996 -1.71 0.429 -4.53 0.000 -5.05 <.001 
5 - 25 -1.45 0.596 -2.08 0.227 -2.55 0.081 -12.71 <.001 -14.50 <.001 
5 - 50 -5.70 <.001 -5.50 <.001 -3.70 0.002 -21.45 <.001 -21.14 <.001 
10 - 25 -1.19 0.755 -1.72 0.420 -0.84 0.918 -8.18 <.001 -9.45 <.001 
10 - 50 -5.45 <.001 -5.14 <.001 -2.00 0.269 -16.93 <.001 -16.09 <.001 
25 - 50 -4.25 0.000 -3.42 0.006 -1.16 0.777 -8.75 <.001 -6.64 <.001 

M. nataliae           
1 - 3 -0.43 0.998 -1.37 0.748 -1.07 0.893 -2.43 0.147 0.86 0.955 
1 - 5 -0.72 0.979 0.14 1.000 -1.14 0.867 -1.53 0.647 1.26 0.805 
1 - 10 -0.65 0.987 -0.65 0.987 -0.14 1.000 -0.52 0.996 1.30 0.785 
1 - 25 -1.44 0.703 -0.83 0.963 1.65 0.563 0.58 0.992 1.44 0.701 
1 - 50 -1.43 0.712 -1.16 0.856 1.48 0.680 -3.83 0.002 4.30 0.000 
3 - 5 -0.29 1.000 1.50 0.663 -0.07 1.000 0.91 0.945 0.40 0.999 
3 - 10 0.22 1.000 -0.71 0.980 -0.93 0.940 -1.91 0.394 -0.44 0.998 
3 - 25 1.01 0.916 -0.54 0.995 -2.72 0.072 -3.01 0.032 -0.58 0.992 
3 - 50 -0.99 0.920 0.21 1.000 2.55 0.112 -1.40 0.730 3.44 0.008 
5 - 10 -0.07 1.000 0.79 0.970 -0.99 0.921 -1.01 0.915 -0.04 1.000 
5 - 25 0.72 0.980 0.96 0.929 -2.79 0.060 -2.11 0.286 -0.18 1.000 
5 - 50 -0.70 0.982 -1.30 0.788 2.61 0.096 -2.30 0.195 3.04 0.030 
10 - 25 -0.79 0.970 -0.18 1.000 1.80 0.468 1.10 0.883 0.14 1.000 
10 - 50 -0.77 0.972 -0.51 0.996 1.62 0.586 -3.31 0.013 3.00 0.033 
25 - 50 0.01 1.000 -0.33 1.000 -0.18 1.000 -4.41 0.000 2.86 0.049 

 

3.4.2.2 Intra- and Inter-specific competition for M. nataliae 

We found that M. nataliae density increased as the number of its own species increased, but to 

a different extent across different body parts (M. nataliae number x body part interaction, χ2 = 

5720.01, d.f. = 20, P < 0.001; Figure 3.5c). While M. nataliae density on the abdomen was still 
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the highest as the number of M. nataliae increased (Figure 3.5c; Table 3.2), an increasing 

number of M. nataliae also expanded to the thorax as total M. nataliae numbers increased 

(Figure 3.5c; Table 3.2). Nevertheless, no M. nataliae was found on the head, pronotum, and 

elytra. In contrast, the density of M. nataliae was not affected by the number of P. carabi across 

different body parts (P. carabi number x body part interaction, χ2 = 0.32, d.f. = 16, P = 1.000; 

Figure 3.5d).  

 

Table 3.2 Post-hoc comparisons indicating differences in local M. nataliae density at different 
abundances of P. carabi.  
 Abdomen Elytra Head Pronotum Thorax 
Comparisons t-ratio P-value t-ratio P-value t-ratio P-value t-ratio P-value t-ratio P-value 
M. nataliae           
1 - 3 -10.39 <.001 0.00 1.000 0 1.000 0 1.000 -0.57 0.993 
1 - 5 -14.99 <.001 0.00 1.000 0 1.000 0 1.000 -4.36 0.000 
1 - 10 -25.10 <.001 0.00 1.000 0 1.000 0 1.000 -6.86 <.001 
1 - 25 -38.40 <.001 0.00 1.000 0 1.000 0 1.000 -26.96 <.001 
1 - 50 -52.04 <.001 -0.33 1.000 0 1.000 0 1.000 -34.08 <.001 
3 - 5 -4.60 <.001 0.00 1.000 0 1.000 0 1.000 -3.79 0.003 
3 - 10 14.71 <.001 0.00 1.000 0 1.000 0 1.000 6.29 <.001 
3 - 25 28.01 <.001 0.00 1.000 0 1.000 0 1.000 26.39 <.001 
3 - 50 -41.65 <.001 -0.33 1.000 0 1.000 0 1.000 -33.51 <.001 
5 - 10 10.11 <.001 0.00 1.000 0 1.000 0 1.000 2.50 0.129 
5 - 25 23.41 <.001 0.00 1.000 0 1.000 0 1.000 22.60 <.001 
5 - 50 -37.05 <.001 -0.33 1.000 0 1.000 0 1.000 -29.72 <.001 
10 - 25 -13.30 <.001 0.00 1.000 0 1.000 0 1.000 -20.10 <.001 
10 - 50 -26.94 <.001 -0.33 1.000 0 1.000 0 1.000 -27.23 <.001 
25 - 50 -13.64 <.001 -0.33 1.000 0 1.000 0 1.000 -7.12 <.001 

 

3.4.3 Force measurement experiments on living mites 

3.4.3.1 Attachment to substrates 

Force measurement using different substrate surfaces further showed that P. carabi and M. 

nataliae differed significantly in attaching to substrates with different roughness at an angle of 

90° (mite x substrate: χ2 = 62.40, d.f. = 3, P < 0.001; Figure 3.6a,b), 15° (mite x substrate: χ2 = 

77.71, d.f. = 3, P < 0.001; Figure 3.6a,b), and 0° (mite x substrate: χ2 = 31.51, d.f. = 3, P < 0.001; 

Figure 3.6a,b). Specifically, although P. carabi increasingly had higher attachment forces as the 
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roughness increased from 0.05, 0.5, to 16 μm, the attachment force was consistently the highest 

on the smooth surface compared to the substrates, at all angles of attachment (90°, 15°, and 0°; 

Table 3.3). In contrast, M. nataliae showed no differences in attachment among all substrates 

at an angle of 90°. However, at an angle of 15° and 0°, M. nataliae had the highest attachment 

force on the 16 μm surface compard to all other substrates (Table 3.3). 

 

Table 3.3 Post-hoc comparisons indicating differences in attachment force at different 
angles between mite species amongst substrates.  
                      0°                  15°                  90°   
Comparisons t-ratio P-value t-ratio P-value t-ratio P-value    
P. carabi          
0.05 - 0.5   -1.83 0.265 -2.04 0.180 -0.97 0.768    
0.05 - 16 -6.50 <.001 -8.61 <.001 -2.75 0.035    
0.05 - smooth -10.02 <.001 -11.47 <.001 -6.00 <.001    
0.5 - 16 -4.67 <.001 -6.57 <.001 -1.78 0.288    
0.5 - smooth -8.19 <.001 -9.43 <.001 -5.03 <.001    
16 - smooth -3.52 0.004 -2.86 0.026 -3.25 0.008    
M. nataliae          
0.05 - 0.5   -0.21 0.997 0.12 0.999 -0.46 0.969    
0.05 - 16 -6.05 <.0001 -6.29 <.001 -1.94 0.218    
0.05 - smooth -2.76 0.034 -2.03 0.183 -0.13 0.999    
0.5 - 16 -5.84 <.0001 -6.42 <.001 -1.49 0.450    
0.5 - smooth -2.56 0.057 -2.15 0.144 0.33 0.988    
16 - smooth 3.28 0.008 4.26 <.001 1.81 0.272    

 

Comparing differences in attachment ability of P. carabi and M. nataliae on different 

substrates at different angles, we found that P. carabi had equally low attachment forces on 0.05 

μm and 0.5 μm substrates among all angles (Figure 3.6a; Table 3.4). However, on 16 μm and 

smooth substrates, P. carabi generated significantly stronger forces at angles of 15° and 0°, 

compared to 90° (Figure 3.6a; Table 3.4). Similarly, there was no difference in force among 

three angles when testing M. nataliae on 0.05 μm and 0.5 μm substrates (Figure 3.6b; Table 3.4). 

Pulling M. nataliae at angles of 15° and 0° significantly increased the attachment force 

compared to 90°, both on 16 μm and smooth substrates (Figure 3.6b; Table 3.4). 
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Table 3.4 Post-hoc comparisons indicating differences in attachment force at different 
angles between mite species on different substrates.  
                 0° v 15°                 0° v 90°              15° v 90°   
Substrates t-ratio P-value t-ratio P-value t-ratio P-value    
P. carabi          
0.05 0.59 0.825 1.23 0.438 0.64 0.799    
0.5 0.33 0.941 1.92 0.137 1.57 0.264    
16 -1.59 0.252 4.34 <.001 5.79 <.001    
smooth -1.10 0.517 4.34 <.001 5.33 <.001    
M. nataliae          
0.05 0.05 0.998 1.51 0.290 1.46 0.316    
0.5 0.35 0.936 1.29 0.405 0.94 0.617    
16 -0.17 0.984 5.20 <.001 5.37 <.001    
smooth 0.71 0.758 3.88 <.001 3.17 0.005    
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Figure 3.6 Force measurement experiments revealing divergent adaptation to different 
substrates and beetle body parts. Maximum pulling forces generated by (a) P. carabi and (b) M. 
nataliae on substrates with different roughness and by (c) P. carabi and (d) M. nataliae on 
different beetle body parts. Median values, 25th and 75th percentiles, and outliers are as shown.  

3.4.3.2 Attachment to burying beetles 

We found that P. carabi and M. nataliae differed significantly in their ability to attach to 

different beetle body parts, with strong direction-dependence of attachment. P. carabi and M. 

nataliae differed in their ability to attach vertically (90°) to beetles (mite x body part interaction, 

χ2 = 241.53, d.f. = 3, P < 0.001). Specifically, P. carabi had a higher attachment force on the 

beetle’s thorax when being pulled vertically, compared to other body parts (Figure 3.6c; Table 

3.5). Conversely, M. nataliae had a higher attachment force when being pulled vertically from 
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the abdomen, compared to other body parts (Figure 3.6d; Table 3.5). There was also a 

significant difference in attachment ability when being pulled at an angle of 15° to beetle’s body 

(mite x body part interaction, χ2 = 55.41, d.f. = 3, P < 0.001). This time P. carabi performed 

equally well across all body parts (Figure 3.6c; Table 3.5), whereas M. nataliae still had highest 

force attaching to abdomen compared to other body parts (Figure 3.6d; Table 3.5). 

 

Table 3.5 Post-hoc comparisons indicating differences in attachment force at different 
angles between mite species on different beetle body parts.  
                     15°                    90°   
Comparisons t-ratio P-value t-ratio P-value   
P. carabi       
 abdomen - elytra   -2.76 0.036 -2.06 0.176   
 abdomen - pronotum  -1.55 0.412 -1.81 0.279   
 abdomen - thorax  -1.70 0.330 -4.88 <.001   
 elytra - pronotum  1.21 0.622 0.26 0.994   
 elytra - thorax    1.06 0.714 -2.82 0.031   
 pronotum - thorax   -0.15 0.999 -3.08 0.016   
M. nataliae           
 abdomen - elytra   6.76 <.001 13.95 <.001   
 abdomen - pronotum  6.70 <.001 13.53 <.001   
 abdomen - thorax  4.85 <.001 11.41 <.001   
 elytra - pronotum  -0.06 1.000 -0.42 0.975   
 elytra - thorax    -1.91 0.233 -2.54 0.063   
 pronotum - thorax   -1.86 0.257 -2.13 0.156   

 

Next, we investigated if the forces generated by P. carabi and M. nataliae on the same 

body parts differed between the angle of pulling. We found that P. carabi being pulled at 15° 

had elevated forces on the abdomen, elytra, and pronotum, compared to being pulling at 90° 

(Figure 3.6c; Table 3.6). Nevertheless, there was no difference between 15° and 90° on the 

thorax (Figure 3.6c; Table 3.6). For M. nataliae, there was an increase of attachment force on 

the elytra, and a tendency of increase on the pronotum and thorax, when pulling at 15° 

compared to 90° (Figure 3.6d; Table 3.6). However, pulling at 15° significantly reduced the 

force of M. nataliae attaching to the abdomen, compared to 90° (Figure 3.6d; Table 3.6). 
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Table 3.6 Post-hoc comparisons indicating differences in attachment force at different angles 
between mite species on different beetle body parts. 
                 P. carabi              M. nataliae   
Body parts t-ratio P-value t-ratio P-value   
abdomen 2.69 0.009 -3.66 <.001   
elytra 3.16 0.002 2.28 0.026   
pronotum 2.43 0.018 1.98 0.052   
thorax 0.08 0.937 1.76 0.083   

 
Figure 3.7 (a,b) P. carabi attach with cushion-like, enlarged arolium in attrition to using the 
claws. (c) M. nataliae possess distinct claws with an arolium to recruit additional forces; (d) 
they also bear enlarged chelicerae as the first pair of appendages, which are modified to generate 
a strong attachment even without pads. (e; inset shows detail) Chelicerae are used to grip setae 
on the beetle’s abdomen. (f) Detail of the tip of the chelicerae. 
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Table 3.7 Summary of attachment forces at different angles on different substrates and beetle body parts. 
 

 
 
 

  Substrates Beetle body parts 

Force (mN) 0.05 μm 0.5 μm 16 μm smooth thorax abdomen pronotum elytra 
P. carabi            

0° 0.1101 ± 0.0537 0.3111 ± 0.1440 1.1485 ± 0.2788 3.5619 ± 0.6901 - - - - 
15° 0.0507 ± 0.0094 0.2082 ± 0.0664 1.6288 ± 0.2781 3.9878 ± 0.5037 1.3369 ± 0.1930 1.0708 ± 0.2248 1.7415 ± 0.4003 2.1108 ± 0.4060 
90° 0.0341 ± 0.0033 0.0563 ± 0.0090 0.1310 ± 0.0272 0.7011 ± 0.1904 1.3041 ± 0.2211 0.4893 ± 0.1408 0.6236 ± 0.0968 0.6239 ± 0.0857 

M. nataliae            
0° 0.0385 ± 0.0036 0.0457 ± 0.0089 0.3469 ± 0.1036 0.1181 ± 0.0281 - - - - 

15° 0.0389 ± 0.0063 0.0360 ± 0.0036 0.4519 ± 0.1383 0.1164 ± 0.0426 0.3335 ± 0.0955 1.9146 ± 0.5055 0.2007 ± 0.0656 0.1597 ± 0.0308 
90° 0.0221 ± 0.0029 0.0254 ± 0.0027 0.0536 ± 0.0157 0.0248 ± 0.0044 0.1854 ± 0.0665 5.2467 ± 0.7418 0.0658 ± 0.0196 0.0884 ± 0.0519 
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3.5 Discussion 

In this study, we investigated the role of habitat preference and competition between co-

occurring phoretic mites in driving spatial niche partitioning. Importantly, we also analysed 

the biomechanical adaptations underpinning different patterns of mite distribution. Our field 

observation and laboratory manipulations suggest that the mites P. carabi and M. nataliae 

demonstrate a species-specific preference for different attachment sites on the beetle’s body. P. 

carabi largely preferred the thorax, whereas M. nataliae exclusively occupied the abdomen 

(Figure 3.1). These divergent patterns of distribution were most likely due to the outcomes of 

intraspecific competition. Each species started by occupying their preferred body parts when 

present at low density but expanded towards less-preferred sites as the density within each mite 

species increased. Since P. carabi and M. nataliae showed such distinct preferences of 

attachment, there was little opportunity for niche overlap and direct competition between the 

two mite species. 

However, laboratory experiments manipulating the relative abundance of P. carabi and 

M. nataliae induced direct interspecific competition. This changed the abundance of P. carabi 

on their preferred attachment site. As the abundance of M. nataliae increased, they gradually 

expanded from abdomen towards thorax, where P. carabi were commonly found. In response, 

P. carabi distributed themselves among other parts of the beetle body to avoid direct 

competition. This suggests that the distinct spatial niche differentiation seen today between the 

two mite species could be the result, of divergent selection to minimise competition (Chesson 

2000; Pfennig & Pfennig 2010). An alternative possibility is that P. carabi and M. nataliae 

ancestrally had a distinct species-specific habitat preference that has persisted to cause the 

spatial niche partitioning observed today. Comparative analyses would be needed to 

distinguish between these two possibilities. 

Although many studies have investigated the relative importance of species-specific 

habitat preference and within-host competition underlying niche partitioning (Fernández-

González et al. 2015; Stefan et al. 2015), relatively little is known about whether these 

differences are adaptive. The adaptive value of attachment is particularly crucial for phoretic 

organisms because only by securing stable attachment to their host carrier during transport 

can they gain any fitness. Our force measurement experiments revealed the fitness advantages 

of habitat preference in each mite species. When being pulled vertically, P. carabi was best 
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adapted for attaching to the thorax, whereas M. nataliae was specialised in attaching to the 

abdomen. Interestingly, the angles of mite pulling also differently influenced the attachment 

force of the two mites (Figure 3.6), suggesting the attachment involved different underlying 

mechanisms. Compared to vertical pulling, pulling at 15° drastically increased the forces of P. 

carabi in all parts of the beetle body, which were relatively smooth, apart from thorax (hairy 

and rough surface). By testing P. carabi on substrates with specified roughness values, we found 

that the force generated on a completely smooth surface was very similar to that generated on 

a beetle’s abdomen, elytra, and pronotum, at least when pulled vertically. However, pulling at 

15° on smooth substrate generated relatively stronger force, compared to 90°. This suggests 

that the pads of P. carabi are particularly well-adapted to shear force, which mites are most 

likely to experience during beetle flight. 

In contrast, M. nataliae generated much lower force on elytra, pronotum, and thorax 

compared to P. carabi, even though there was an increase when pulled at 15° compared to 90°. 

Force measurement on substrates further showed that M. nataliae attached less strongly on a 

smooth surface than on a rough surface (16 μm). These results suggest that M. nataliae still use 

pads to attach, but the attachment was not as effective as P. carabi. Strikingly, M. nataliae 

attached exceptionally well to the smooth abdominal surfaces, with attachment forces greater 

than any generated by P. carabi. 

For an organism weighing around 100 μg in body mass, the expected lower and upper 

threshold for force/weight ratio ranges from 108 to 4309 (Heethoff & Koerner 2007). By 

contrast, the average force of 5.25 mN generated by M. nataliae (weighed on average 104 μg) 

on abdomen (Table 3.7) is 5150 times their body weight, vastly exceeding the theoretical range 

of maximum possible force. Our SEM imaging showed that M. nataliae were able to achieve 

this strength of attachment because they attach specifically by means of chelicerae (Figure 

3.7d,e), particularly when pulled vertically, in addition to using pads and claws. 

There are differences in the morphology and function of the pretarsus between P. carabi 

and M. nataliae. In addition to the claws, P. carabi have enlarged arolium at the distal part of 

the pretarsus, which make effective contact with any surface (Figure 3.7a,b). This 

morphological adaptation can presumably facilitate stable attachment across a wide variety of 

body parts during flight. For M. nataliae, the beetle’s abdomen is likely to be the only site that 

guarantees successful transport because they use their pincer-like chelicerae to grasp setae on 

the abdomen (Figure 3.7d,e,f).  
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In general, our results suggest that P. carabi and M. nataliae adopt contrasting strategies 

for attaching to the burying beetle host. The species-specific divergence in habitat preference 

promotes their coexistence on the host carrier. However, interspecific competition currently 

seems to have disappeared. We found evidence of M. nataliae competing with P. carabi only 

under abnormally high densities. Different morphological adaptation in the mites can account 

for their spatial niche partitioning upon their burying beetle host. 
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Conflict within Species Determines the Value of 
a Mutualism between Species 
 

This chapter has been published as: 
S.-J. Sun, N.P.C. Horrocks, and R.M. Kilner. 2019. Conflict within species determines the value of a 
mutualism between species. Evolution Letters 3:185-197. 

4.1 Summary 

Mutually beneficial interactions between species play a key role in maintaining biodiversity and 

ecosystem function. Nevertheless, such mutualisms can erode into antagonistic interactions. 

One explanation is that the fitness costs and benefits of interacting with a partner species vary 

among individuals. However, it is unclear why such variation exists. Here we demonstrate that 

social behaviour within species plays an important, though hitherto overlooked, role in 

determining the relative fitness to be gained from interacting with a second species. By 

combining laboratory experiments with field observations, we report that conflict within 

burying beetles Nicrophorus vespilloides influences the fitness that can be gained from 

interacting with the mite Poecilochirus carabi. Beetles transport these mites to carrion, upon 

which both species breed. We show that mites help beetles win intraspecific contests for this 

scarce resource: mites raise beetle body temperature, which enhances beetle competitive 

prowess. However, mites confer this benefit only upon smaller beetles, which are otherwise 

condemned by their size to lose contests for carrion. Larger beetles need no assistance to win a 

carcass and then lose reproductive success when breeding alongside mites. Thus the extent of 

mutualism is dependent on an individual’s inability to compete successfully and 

singlehandedly with conspecifics. Mutualisms degrade into antagonism when interactions with 

a partner species start to yield a net fitness loss, rather than a net fitness gain. This study 

suggests that interactions with conspecifics determine where this tipping point lies. 

4.2 Introduction 

Mutualisms arise when two species cooperate to promote each other’s fitness (Bronstein 2015). 

They are widespread, are an important source of evolutionary innovation and play a key role 

in maintaining biodiversity and ecosystem function (Bronstein 2015). Mutualisms reflect a 
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delicate balance between the fitness benefits derived by associating with a partner species and 

the fitness costs associated with maintaining this partnership. They persist while the balance 

yields a net fitness gain but are known to degrade when the balance tips to yield a net loss, and 

one partner starts to exploit the other (Palmer et al. 2008; Bronstein 2015; Hoeksema & Bruna 

2015; Barker & Bronstein 2016). A major outstanding challenge is to identify the factors that 

contribute to this tipping point, to explain why interactions between two partner species are 

sometimes mutualistic, yet sometimes become more exploitative. 

Here we propose and test the suggestion that social interactions within species can tip 

the balance between mutualism and antagonism. Social interactions within species are 

important in this regard because they establish variation in the fitness benefits that might be 

gained from interacting with a second species. Conflict with rivals (Emlen 2014), between the 

sexes (Kokko & Jennions 2014), or between parents and offspring (Hinde et al. 2010), means 

that some individuals consistently lose fitness after a social interaction. Even when individuals 

cooperate, the fitness benefits are seldom distributed equally between the social partners 

(Clutton-Brock 2016). Social interactions with conspecifics thus place some individuals at a 

sustained fitness disadvantage, which potentially can be compensated through a mutualistic 

interaction with a second species. Mutualisms could arise if a second species directly induces a 

more favourable outcome from interactions with conspecifics (De Gasperin & Kilner 2015); or 

if it provides a service that compensates any fitness lost to conspecifics (Koide & Dickie 2002). 

Either way, the outcome of social interactions with conspecifics potentially explains variation 

in the extent of mutualism between species: those systematically disadvantaged by their 

conspecifics can potentially gain more from interacting with a second species. 

We tested this idea by studying the burying beetle Nicrophorus vespilloides and its 

phoretic mite Poecilochirus carabi. Burying beetles (Nicrophorus spp.) use small vertebrate 

carrion as a resource for breeding, and there is competition for carcasses both within and 

among species. The ability to secure a carcass resource strongly determines a burying beetle’s 

reproductive success (Scott 1998). This is particularly the case for females who, unlike males, 

require a carcass for reproduction, and cannot breed successfully without one. Competition 

among Nicrophorus spp. is sufficiently intense that it has likely caused character displacement, 

resulting in partitioning of the carrion niche among Nicrophorus spp. (Anderson 1982). 

Nevertheless, individuals still face density-dependent competition for a carcass from rival 

conspecifics (Scott 1998). Beetles gain ownership of a carcass by wrestling, biting and chasing 
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competitors away (see Supplementary Video 1 from (Sun et al. 2019); see also (Sun et al. 2014)). 

Contests take place within each sex, and they are most likely to be won by larger beetles 

(Otronen 1988). Contests within N. vespilloides thus magnify individual size-related variation 

in reproductive success (Steiger 2013; Pascoal et al. 2018), creating winners who are assured a 

high level of reproductive success after securing a carrion breeding resource, and losers who 

are much less likely to gain any reproductive success at all (Müller et al. 2007). 

We determined whether this socially induced variation in prospective fitness influenced 

the extent of mutualism between N. vespilloides and the mite Poecilochirus carabi (see Methods). 

These mites feed and reproduce on carrion, just like burying beetles. However, whereas burying 

beetles can fly and search for small dead vertebrates, mites rely entirely on their beetle hosts to 

transport them to a carcass (Figure 2.1a). There they breed alongside the beetle, using the same 

carrion resources for reproduction. Mites derive no nourishment from their hosts while they 

are passengers on the beetle, which is why they are described as phoretic, rather than parasitic. 

During reproduction on the carrion, however, beetle-mite interactions vary from mutualism 

to parasitism, depending on which family member’s fitness is analysed (De Gasperin & Kilner 

2015) and on ecological factors such as the size of the carcass (De Gasperin & Kilner 2015) and 

the presence of rival blowflies (Bartlett 1988). Previous studies have focused entirely on 

interactions between mites and beetles after a carcass has been secured. We investigated 

whether mites could assist burying beetles in obtaining a carcass for both species to breed upon, 

by enhancing the beetle’s competitive prowess. 

4.3 Methods 

4.3.1 Study species 

All beetles and mites used in the experiments were descendants from individuals collected in 

Madingley Wood between August and October 2016. Maintenance of beetle and mite colonies 

were described in detail in Chapter 2. 

4.3.2 Natural populations 

To determine the distribution of N. vespilloides body size in nature, and the number of mites 

typically carried by each individual, we referred to field data across Gamlingay, Waresley and 

Madingley Woods between June and October in 2017. In total, 1369 live beetles were trapped. 
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The size distribution of these beetles is shown in Figure 4.1. This was used to define beetles as 

‘small’, ‘medium’ and ‘large’, for use in the following experiments. Note that the heritability of 

burying beetle body size does not differ significantly from zero as previously shown (Jarrett et 

al. 2017). Instead, variation in body size depends on the extent to which larvae are nourished 

during their development (Lock et al. 2004). Hence body size is effectively reset 

environmentally at each generation, and selection against smaller individuals is not sufficient 

to cause the evolution of increased body size within a population. From Figure 4.1, n = 340 for 

small beetles (pronotum width < 4.43 mm), and n = 360 for large beetles (pronotum width > 

5.08 mm). 

 
Figure 4.1 Frequency distribution of burying beetle body size, given by pronotum width, of 
wild-caught N. vespilloides across three woodlands in Cambridgeshire. n = 1452 beetles. 
Dashed lines indicate 25th, 50th and 75th percentiles. Beetles falling below the 25th percentile i.e. 
< 4.43mm pronotum width were defined as ‘small’ in our experiments, whereas beetles above 
the 75th percentile i.e. >5.08mm pronotum width were defined as ‘large’. 
 

Wild-caught beetles differed in the number of mites they carried, but only 124 beetles 

(9%), carried more than 30 mites (dashed line; Figure 4.2a; see below for why this number is 

relevant). Large beetles generally carried more mites than small beetles (GLMM, χ² = 29.06, d.f. 

= 1, p < 0.001; Figure 4.2b). The mean numbers of mites carried by small and large beetles 

respectively were 8.09 ± 0.56 and 14.34 ± 1.32. Of these beetles, nineteen (5.59%) smaller beetles 

carried 30 mites or more, whereas 47 larger beetles (13.06%) carried 30 mites or more. Thus, 

larger beetles were more likely than smaller beetles to bear loads of at least 30 mites (GLMM, 
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χ² = 10.18, d.f. = 1, p = 0.001). Beetles do not appear to be able to control the number of mites 

that they carry (S.-J. Sun, unpublished data), and nor do mites seem to preferentially associate 

with other mites, but there does appear to be a preference among mites to associate with large 

beetles over small beetles (S.-J. Sun & N.P.C. Horrocks, unpublished data). This may explain 

the skew in mite distribution that we observe with beetle size.  

 
Figure 4.2 (a) Frequency distribution of the number of mites carried, for all wild-caught N. 
vespilloides, and (b) the number of mites carried by small and large wild-caught N. vespilloides. 
(a) Frequency distribution of the number of mites carried by beetles across three woodlands in 
Cambridgeshire, UK. n = 1369 live beetles. Experimental beetles derived from these woodland 
populations originally. (b) Large beetles (n = 360) carried more mites compared to small beetles 
(n = 340). The median, inter-quartile range, and 5th and 95th percentile (error bars) are shown 
in the boxplots. Outliers are shown as points. The dashed lines in both figures indicate the 
number of individuals naturally carrying 30 mites, which is the maximum mite load used in 
the experiments. 

4.3.3 Experiments 

4.3.3.1 Effect of mites and beetle body temperature on contests between rival females 

Treatments 

We staged contests between beetles in three different ways: (i) a beetle with mites vs. a beetle 

without mites (n = 23 contests); (ii) a beetle without mites vs. a beetle without mites warmed 

up (n = 20 contests) to simulate beetle body temperature if mites were present (‘warmed’ beetle) 

and (iii) a beetle with mites vs. a beetle with mites cooled down (n = 20 contests) to simulate 

body temperature if mites were not present (‘cooled’ beetle). In all contests, the contestants 
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were two females, 2-3 weeks post-eclosion, and matched in body size using measurements of 

their pronotum width to 0.01 mm (mean difference ± S.E.M = 0.0095 ± 0.0010 mm). This 

minimized any effects of body size on contest outcome so that we could investigate effects that 

were due to mites and body temperature. Before the experiment females were virgins, but just 

prior to each contest they were mated with unrelated males, because females are typically 

already mated when they locate a carcass in nature. Contestants were each marked with Testors 

enamel paint (Butler et al. 2012) on the elytra before the fight, for easy identification. Each 

beetle was only used once, in a single contest. For beetles treated with mites, we introduced 30 

mites to beetles 30 min before contests began (see below for explanation of why we chose this 

mite density). Beetles that were experimentally warmed or cooled were in incubators set to 

21.5°C (warmed beetles) and 18.5°C (cooled beetles), for 30 min prior to each trial. All contests 

took place at an ambient temperature of 20°C. Each contest was staged in a plastic container 

(28.5 x 13.5 x 12 cm) containing 2 cm depth of soil and a dead mouse (8-13 g). Previous studies 

have shown that N. vespilloides arriving earlier at carcasses are more likely to win any ensuing 

contest (Otronen 1988). Therefore, to prevent any possible confounding effects of prior arrival, 

the contestants were placed simultaneously in the contest arena. During each contest, 

individuals were able to leave the arena via a one-way valve (see (De Gasperin et al. 2015) for 

further details). 

Behavioural observations 

A USB camera powered by a PC, with a resolution of 1920 x 1080 pixels, was used to record 

any aggression that occurred in the first 30 min of each trial. We classified aggressive acts as 

wrestling, biting, or chasing of one individual by the other (Sun et al. 2014). At the end of 

filming, we continued to observe the contest for the next 3 h, scanning the arena every 30 min 

to determine the outcome. When only one beetle remained on the carcass for two consecutive 

observations, she was deemed to be the winner. Unfortunately, we did not record the number 

of aggressive acts in beetles that were heated or cooled, and so further studies are required in 

order to determine the relative influences of aggression and body temperature on the likelihood 

of victory. 

Infrared thermography 

Contests were also filmed with a FLIR T460 infrared camera (thermal sensitivity: <0.03 °C at 

30 °C, 2% accuracy at 25 °C) at a resolution of 320 x 240 pixels with frame rate at 30 fps. Using 

the software FLIR Tools+ 6.4 (Copyright 2018 FLIR Systems, Inc; http://www.flir.com), the 
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body temperature of beetles was measured at the centre of the thorax, and the temperature of 

soil was determined as the average temperature measured inside a 2 cm diameter circle 

randomly oriented adjacent to where a beetle was sitting on the soil. Throughout the 

manuscript (but see treadmill experiments below for exception), all beetle body temperatures 

are therefore presented as the difference between these two measurements. We determined the 

emissivity of beetle cuticle using methods described in the Supplemental Information of 

Smolka et al. (2012). To ensure accurate measurement of temperature, all measurements were 

taken at a constant distance of 25 cm from the surface being measured. The calibrated infrared 

emissivity of beetle and soil, was set to 0.95 (0.947 ± 0.02, n = 23); in this way all measures were 

scaled in relation to the thermal radiation emitted by a black body. We synchronised footage 

from the infrared camera with our standard film of the contest to determine beetle body 

temperature and soil temperature 2s before a fight started and 2s after a fight ended. 

4.3.3.2 Effect of mite density on beetle body temperature 

I measured female body size, by measuring the width of her pronotum. We then added groups 

of 10 mite deutonymphs sequentially to the same individual female. Thus each female started 

with 0 mites, then had 10, then 20, and finally 30 mites added (n = 45 beetles). To control for 

the potential order effects of mite association, We also manipulated mite number in reverse 

order by initially adding 30 mites and then removing 10 mites at a time (n = 45 beetles). We 

measured beetle body temperature 30 min after the addition, or removal, of 10 mites, using the 

infrared camera described above. The effect of mite density on beetle body temperature, in 

relation to beetle body size, is shown in Figure 4.6. 

4.3.3.3 Are mites a source of heat? 

To determine whether changes in beetle body temperature were due to mites or beetles, we 

added or removed mites in batches of 10 in exactly the same way as described above (adding 

mites: n = 10 beetles; removing mites: n = 10 beetles), but this time using dead female beetles. 

The dead beetles were killed just before the experiment by exposing them to -20 °C for one 

hour. They were then put in an incubator at 20°C until they acclimated to environmental 

temperature in the lab. At this point they were used in the experiment. 
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4.3.3.4 Treadmill experiments 

To determine whether the beetle’s elevated body temperature was due to carrying the weight 

of mites and/or whether mites serve as an insulating blanket, we continuously measured 

changes in beetle body temperature using infrared thermography across time for small (4.05 ± 

0.044 mm, n = 17) and large (5.21 ± 0.030 mm, n = 17) beetles, as they walked on a motorised 

treadmill modified from a lab tube rotator (see Supplementary Video 2 from (Sun et al. 2019)). 

Beetles walked on the continuously moving track for one minute. Preliminary tests showed that 

walking for this amount of time produced an increase in beetle body temperature of 

approximately 1 °C, which we interpreted as evidence that the beetles were doing considerable 

work. (For comparison, beetle body temperature increased by only about 0.2-0.3 °C in beetles 

that had engaged in a contest over a carcass (Figure 4.4)).The track was set to move at a constant 

speed of 4.7 cms-1 (see Supplementary Video 2 from (Sun et al. 2019)), which is the slowest 

walking speed of a beetle carrying no mites (mean speed, 6.74 ± 0.476 cms-1; n = 13 beetles). 

This period of exercise was followed by a three-minute rest phase, the duration of which was 

chosen because previous work has shown that beetle body temperature can decline 

dramatically post-exercise in this timeframe (Merrick & Smith, 2003). Beetle body temperature 

was measured at the centre of the thorax every 10s and 20s during walking and resting phases, 

respectively. We tested each beetle three times, randomly mixing the sequence in which they 

carried the following loads: (i) control – no load, (ii) 30 mites (7.78 ± 0.307 mg), and (iii) an 

experimental weight, equivalent to 30 mites (8.04 ± 0.101 mg). The experimental weight 

consisted of a blob of Blu-Tack ® that was gently moulded and attached to the front portion of 

the elytra, which is where P. carabi mites are typically located (Fig. S1). This allowed us to 

temporarily manipulate the body mass of beetles without causing trauma. Mean body masses 

for small and large beetles respectively were 120.99 ± 3.92 mg and 222.44 ± 3.87 mg. Thus, 

carrying mites increased the body mass of small and large beetles by 6.5% and 3.6% respectively 

(t test, t = 5.33, p < 0.001), whereas carrying experimental weights increased the body mass of 

small and large beetles by 6.7% and 3.7% respectively (t test, t = 8.11, p < 0.001). 
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4.3.3.5 Measurement of beetle surface area, surface area covered by mites, and surface 

area:volume ratio 

To further understand how mites were able to insulate beetles, we estimated a beetle’s surface 

area, the area covered by different numbers of mites, and the surface area:volume ratio, of small 

(4.08 ± 0.101 mm, n = 11) and large (5.22 ± 0.043 mm, n = 10) beetles. We added groups of 10 

mites, up to a total of 30 mites, to the same individual female, or else added 30 mites, and then 

removed 10 mites at a time, to control for the order effects of manipulation. After addition or 

removal of mites, we allowed a sufficient duration of 10s for the mites to freely distribute 

themselves over the surface of the beetle. The ventral and dorsal surface of every beetle was 

then photographed next to a scale bar, at a constant distance and under the same lighting 

conditions. We similarly took photos of beetles carrying an experimental weight equivalent to 

30 mites (see details in Treadmill experiments section). All digital images were analysed using 

image analysis software (ImageJ, https://imagej.nih.gov/ij/). We extracted data from calibrated 

images by calculating the area of the dorsal and ventral surfaces, the area covered by 0, 10, 20 

or 30 mites, and the area covered by the experimental weight. For simplicity, we assumed that 

beetles are two-dimensional, meaning we could estimate total body surface area as the sum of 

the area of the dorsal and ventral views. After photography, beetles were euthanised by 

exposing them to -20°C for an hour, all mites were removed, and the volume of each beetle was 

determined by the water displacement method. Since we were interested in understanding how 

the presence of mites influenced the potential for heat loss, we calculated surface area:volume 

ratios as the ratio of uninsulated beetle surface area (sum of the beetle surface area – sum of the 

surface area of n mites) divided by beetle volume. 

We began by checking that our methods were not confounded by only taking 

measurements from the dorsal and ventral surfaces of beetles. This is because some mites were 

present on the lateral surfaces of beetles, but they were not included in our estimation of the 

beetle surface area covered by mites. To determine whether or not this was a potential 

confounding effect, we counted the number of mites that attached to the sides of beetles and 

tested whether the number differed with the mite density on the beetle (10, 30, 30 mites), the 

beetle’s size (small/large), and the interaction between mite treatment and beetle size. Neither 

the interaction term (χ² = 2.00, d.f. = 2, p = 0.368), nor beetle size (χ² = 1.54, d.f. = 1, p = 0.214) 

significantly influenced the number of mites that were found on the lateral surfaces of beetles, 

although we did find more beetles on lateral surfaces at greater mite densities (χ² = 15.74, d.f. 
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= 2, p < 0.001). This means we have under-estimated the surface area covered by mites, 

particularly at high mite densities. Therefore, the results of the analyses that follow are biased 

to be conservative. 

We found that 30 mites covered a greater proportion of the surface area of a small beetle 

than they did on a large beetle (22.3% and 8.8% respectively; GLMM, beetle size x mite number 

interaction: χ² = 75.59, d.f. = 3, p < 0.001; Figure 4.8a). Furthermore, relative to the beetle’s 

volume, 30 mites covered a greater surface area on small beetles than did any other mite load, 

leaving a much smaller area exposed and therefore uninsulated (GLMM, beetle size x mite 

number interaction: χ² = 35.93, d.f. = 4, p < 0.001; Figure 4.8b). These results explain why I 

found a non-linear relationship between mite number and beetle body temperature (Figure 

4.6). By contrast, the experimental weight had no insulative properties (Figure 4.7c), because it 

covered a much smaller surface area. Nevertheless, it occupied proportionately more surface 

area on a small beetle than on a large beetle (small beetles: t-ratio = 14.25, p < 0.001; large beetles: 

t-ratio = 3.34, p = 0.030; Figure 4.8a). For large beetles, whether beetles carried 30 mites, or the 

experimental weight, or no mites at all, there was no significant change in the surface area that 

was exposed, relative to the beetle’s volume (30 mites: t-ratio = 2.54, p = 0.266; experimental 

weight: t-ratio = 1.71, p = 0.787; Figure 4.8b). This may explain why rate of heat loss in all three 

treatment groups for large beetles was essentially the same (Figure 4.7c). 

4.3.3.6 Effect of mites on contests when beetles differ in size 

We again staged contests between two females over a dead mouse, but this time we ensured 

that the contestants differed in size. In one treatment, focal beetles were small (4.29 ± 0.019 

mm, n = 40), while in a second treatment focal beetles were large (5.14 ± 0.026 mm, n = 37). In 

each contest, focal beetles were pitted against a different medium-sized beetle (4.67 ± 0.011 mm; 

Figure 4.1). In roughly half the contests, the focal beetle bore 30 mites, which were added 

beforehand as described above (n = 20 small beetles, n = 19 large beetles). In all other details, 

the procedure for staging the contest was exactly as described above, except that we did not 

film these contests. 

4.3.3.7 Effect of mites on burying beetle reproductive success, with respect to beetle body size 

We determined the effects of mites on reproductive success by breeding small (4.20 ± 0.024 

mm, n = 67) and large (5.17 ± 0.021 mm, n = 61) females with either 0 or 30 mites on 8-13 g 
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mouse carcasses (9.51 ± 0.093 g, n = 128). For the treatment with mites, 30 deutonymphs were 

added as we introduced females to breeding carcasses. These beetles did not experience a 

contest prior to breeding. At dispersal, we counted and weighed all dispersing third-instar 

larvae as a proxy of breeding success. 

4.3.3.8 Effect of mite density on mite reproductive success 

To investigate how mite density influences mite deutonymphs’ moulting rate, we repeated the 

experiments described in (Nehring & Müller 2009). Mites were kept as groups of 1 (n = 19), 2 

(n = 22), 4 (n = 22), 8 (n = 18), 10 (n = 20), 12 (n = 20), 16 (n = 19), 20 (n = 19), or 30 (n = 20), 

on pieces of moist filter paper within Petri dishes (diameter 60 mm, height 15 mm). Each group 

was provided with a piece of lamb liver (0.6-0.8 g) to trigger moulting. After 2 days, we checked 

the number of deutonymphs that moulted into males or females or remained unmoulted. 

4.3.4 Statistical analyses 

All analyses were conducted in R version 3.4.3 (R Development Core Team 2014). Generalized 

linear mixed models (GLMM) were used in the package lme4 (Bates et al. 2015) with fixed and 

random factors to analyse the effects of mite number on body temperature and the contest 

outcomes. All GLMMs had been checked for normality of residual error distributions. 

4.3.4.1 Effect of mites and beetle body temperature on contests between rival females 

To examine the contest outcomes of each of the three experimental treatments (i.e. with mites 

vs. without mites, without mites/warmed vs. without mites, and with mites/cooled vs. with 

mites), we performed GLMMs with a binomial distribution by including mite treatment, 

carcass mass, and relative difference in body size, i.e. [(focal female pronotum width – non-

focal female pronotum width)/focal female pronotum width] as fixed factors. To investigate 

mite effects on body temperature 2s before each aggression, we included mite treatment, 

carcass mass, and relative difference in body size as fixed factors. Each contest consisted of a 

single outcome (win or lose), but within each contest multiple aggressive acts could be recorded 

for each beetle. Therefore, we included order of the aggressive act (i.e. first aggressive act, 

second aggressive act, and so on) nested within ID of each trial as a random factor. Since we 

had no a priori expectation as to how mites or temperature should affect beetle aggressive 

behaviour, we grouped all behaviour types (wrestling, biting, or chasing) together in our 
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analyses, while still recording the total number of aggressive acts occurring within a contest. 

For each act of aggression that occurred between beetles within a contest, we also analysed 

temperature differences 2s after the act of aggression for beetles with and without mites. For 

this analysis, we included the interaction between temperature differences before the fight and 

mite treatment, carcass mass, and relative body size difference as fixed factors, and order of the 

aggressive act nested within trial ID as a random factor. We included ‘block’ as a fixed factor, 

since the experiment was carried out with beetles from two consecutive generations. 

4.3.4.2 Effect of mite density on beetle body temperature 

To examine how mite number affected body temperature, we included the difference between 

body temperature and soil temperature as a dependent variable; mite number treatment (0, 10, 

20, and 30 mites as a categorical variable), sequence of mite association (increase or decrease), 

and body size of each individual as fixed factors, and individual ID as a random factor.  

To further understand the effects of mites on the proportional increase in temperature across 

body size, temperature difference and the ratio of temperature difference (dividing temperature 

difference with mites by temperature difference without mites) were included as dependent 

variables. Mite number, body size, and their interaction, and order of mite association were 

included as fixed factors, and individual ID as a random factor. 

4.3.4.3 Are mites a source of heat? 

To examine whether mites themselves generate heat, we analysed the difference between body 

temperature and soil temperature for ten freshly-killed beetles in the same way as described 

above. 

4.3.4.4 Treadmill experiments 

To assess whether the equivalent weight of mites differentially affects the body temperature for 

small and large beetles as they walk on a treadmill, we analysed the interacting effects between 

treatments (control, mite, and weight) and body size (small or large) across the walking period 

(0-60 s) on the temperature difference (focal body temperature – body temperature at time 0s; 

note that this way of measuring body temperature is slightly different to the method used in all 

other experiments). Focal body temperature was sampled every 10 s. To assess whether mites 

provide an insulative ‘blanket effect’ to reduce beetles’ heat loss while resting after walking, we 
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analysed the interacting effects between treatments (control, mite, and weight), body size (small 

or large) and time (60-240 s) on the temperature difference (focal body temperature – body 

temperature at time 60 s; again, for logistical reasons, body temperature is measured slightly 

differently to the method used in all other experiments). Focal body temperature was sampled 

every 20 s. For both analyses, individual ID was included as a random factor since individual 

beetles were repeatedly sampled. 

4.3.4.5 Measurement of beetle surface area, surface area covered by mites, and surface 

area:volume ratio 

We analysed whether carrying mites or the experimental weight changed the proportion of 

surface area exposed, and whether this differed between small beetles and large beetles. In this 

analysis, the dependent variable was the proportion of beetle surface area covered by mites (or 

the experimental weight), calculated as the sum of the surface area covered /sum of the dorsal 

and ventral surface areas. This measure was log-transformed prior to analysis to meet 

assumptions of data normality. We included the load borne by the beetle (i.e. 10, 20 or 30 mites, 

or the experimental weight) and body size (small or large) as fixed factors, and also the 

interaction between them. Individual ID was included as a random factor since individuals 

were repeatedly sampled. We used a similar model to determine how these variables influenced 

a beetle’s surface area, relative to its volume. The only difference was that in this model the 

dependent variable was calculated as the (sum of the beetle surface area – sum the surface area 

covered by mites)/beetle volume. 

4.3.4.6 Effect of mites on contests when beetles differ in size 

We analysed the effects of mites on the outcome of a contest when beetles differed in body size 

using a binomial distribution. The outcome (winner or loser) was included as a dependent 

variable, while mite treatment, body size (small or large), carcass mass, and relative difference 

in body size were included as fixed factors. 

4.3.4.7 Effect of mites on burying beetle reproductive success, with respect to beetle body size 

We analysed the effects of mites on brood size at dispersal, for small and large beetles, by using 

a Poisson distribution and including mite treatment and carcass mass as independent variables. 
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4.3.4.8 Effect of mite density on mite reproductive success 

To test for an influence of mite density on the moulting rate of mites, we analysed the effect of 

number of mites (as a continuous predictor) on the proportion of moulted mites, using a GLM 

with a binomial distribution and a logit link function. The model that fitted best was a second-

order polynomial regression (χ² = 101.59, d.f. = 1, p < 0.001; Figure 4.10), replicating the 

findings of a previous study (Nehring & Müller 2009). We also checked whether there was an 

effect of the amount of liver that was provided to the mites on the likelihood of moulting. Liver 

mass had no effect on proportion of mites moulting (χ² = 0.93, d.f. = 1, p = 0.335). 

4.4 Results and Discussion 

4.4.1 Do mites affect the outcome of contests between beetles over carrion? 

We began by staging contests between rival female burying beetles for a carcass, loading one 

female with 30 mites while leaving her rival mite-free (see Methods). Female beetles were 

closely matched in body size so that we could attribute any variation in the outcome of a contest 

to the mites alone. At the start of each trial, females were placed simultaneously on a small 

mouse carcass and their interactions were filmed (see Supplementary Video 1 from (Sun et al. 

2019)). We found that females bearing mites were three times more likely to exhibit acts of 

aggression than beetles without mites (62 out of 80 aggressive behaviours recorded across all 

contests were initiated by beetles with mites; GLMM, χ² = 21.10, d.f. = 1, p < 0.001). 

Furthermore, beetles with mites were also more likely to win contests over breeding carcasses 

(GLMM, χ² = 9.82, d.f. = 1, p = 0.002; Figure 4.3). 

 
Figure 4.3 The independent effects of mites and temperature on contest outcome. Beetles were 
evenly matched for body size in all contests. Numbers indicate trials won by beetles. 
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We then investigated whether the competitive superiority conferred by mites was 

associated with an elevated body temperature in the beetles, since this has been shown to 

influence competitive ability in other insects (Stutt & Willmer 1998). Infrared thermography 

revealed that beetles bearing mites had a higher body temperature before acts of aggression 

than mite-free beetles (beetle body temperature with mites = 0.941 ± 0.078 °C; without mites = 

0.766 ± 0.063 °C: GLMM, χ² = 9.72, d.f. = 1, p = 0.002; Figure 4.4; see also Supplementary Video 

2 from (Sun et al. 2019)). Fighting caused all beetles to raise their body temperature, but this 

increase was much greater for beetles with mites compared to beetles without mites (beetle 

body temperature with mites = 1.038 ± 0.086 °C; without mites = 0.823 ± 0.068 °C: GLMM, 

temperature difference before fighting x mite treatment: χ² = 7.61, d.f. = 1, p = 0.006; Figure 

4.4).  

 
Figure 4.4 The effect of mite association on body temperature 2s before and 2s after each 
contest. The median, inter-quartile range, and range of data are shown in the boxplots. Each 
boxplot shows data from 80 acts of aggression. ‘Temperature difference’ refers to the difference 
between temperature of the beetle and the temperature of the soil it is on. 

4.4.2 Are hotter beetles more likely to win contests, independent of mites?  

We next determined whether a raised body temperature was sufficient to improve success at 

winning contests, independent of an association with mites. We followed the same protocol as 

before, staging contests over a dead mouse between rival females that were matched in size (see 

Methods). This time, neither female carried mites. Instead, prior to a contest, one of the females 

was placed in an incubator at 21.5 °C for 30 min. This increased body temperature by 1.15 ± 

0.14 °C compared to the rival female who was not heated, generating a similar temperature 

difference (1.04 ± 0.17 °C) between beetles with and without mites to that seen in the first 
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experiment (GLM, χ² = 0.02, d.f. = 1, p = 0.892). The elevated body temperature increased the 

likelihood of this female winning the contest (n = 20 contests; GLMM, χ² = 9.30, d.f. = 1, p = 

0.002), with a success rate that was very similar to that induced by mites (Figure 4.3). In 20 

further contests, rival females each bore mites but one was cooled beforehand by placing her in 

an incubator at 18.5 °C for 30 min. This reduced body temperature by 1.07 ± 0.17 °C compared 

to the rival uncooled beetle. Experimental cooling also reduced the probability of winning a 

contest (GLMM, χ² = 8.98, d.f. = 1, p = 0.003; Figure 4.3), even though the losing female bore 

mites.  

4.4.3 How many mites are required to raise beetle temperature sufficiently to win a contest?  

In natural populations, there is considerable variation in the number of mites carried by 

individual beetles, ranging from 0 to 285 per beetle (see Methods; Figure 4.2a). We analysed 

how the mite density on a burying beetle influenced its body temperature by adding different 

numbers of mites: 0, 10, 20, or 30 mites (91% beetles carry 0-30 mites in natural populations; 

Figure 4.2a). We found a non-linear relationship between mite density and beetle body 

temperature, with a beetle’s temperature rising sharply when it carried more than 20 mites 

(GLMM, χ² = 112.04, d.f. = 3, p < 0.001; Figure 4.5). Adding 30 mites caused a rise in 

temperature (1.598 ± 0.090 °C) that was similar to that induced by the incubator in the previous 

experiment (GLM, χ² = 0.67, d.f. = 1, p = 0.414).  

 
Figure 4.5 The relationship between mite load and beetle body temperature, relative to soil 
temperature. n = 90 beetles, each subjected to all four mite treatments. Inset is a thermal image 
of a burying beetle carrying mites. Means ± S.E.M are shown. 
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4.4.4 Do mites warm smaller and larger beetles to the same extent? 

We found that larger beetles were warmer than smaller beetles, even without mites (GLMM, 

body size effect: χ² = 20.18, d.f. = 1, p < 0.001), which might be due to their relatively smaller 

surface area-volume ratio (SA/V), and consequently lower expected rates of heat loss than 

smaller beetles (Stutt & Willmer 1998). Their consistently greater body temperature could 

explain, in part, why larger beetles so frequently win fights with conspecifics. The effect of the 

mites on beetle body temperature also varied with beetle size (GLMM, body size x mite number 

interaction: χ² = 20.15, d.f. = 4, p < 0.001). Mites caused a proportionally greater increase in 

body temperature in smaller beetles than in larger beetles (Figure 4.6), especially when 30 mites 

were added to the beetle (GLM, mite number effect: χ² = 29.40, d.f. = 2, p < 0.001).  

 
Figure 4.6 The percentage increase in body temperature as a consequence of carrying mites in 
relation to body size, given by pronotum width. Lines are regression lines fitted in GLMM. 

4.4.5 How do mites warm smaller beetles to a greater extent than larger beetles? 

To determine whether mites themselves were generating heat, we compared the body 

temperature of freshly-killed beetles with and without mites (see Methods). We could not 

detect a difference in temperature between the two treatments, (GLMM, presence versus 

absence of mites: χ² = 1.73, d.f. = 1, p = 0.188), suggesting that mites were not a source of heat 

themselves. Next, we tested whether mites cause beetles to generate heat, because they add to 

the mass borne by a beetle and increase the work involved in beetle locomotion. We also 
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analysed whether mites could act as an insulator and slow down the rate at which heat 

generated by beetles is lost. To test these ideas, we induced small and large female beetles to 

walk on a motorised treadmill (see Methods; see Supplementary Video 2 from (Sun et al. 2019)) 

whilst loaded with either 30 mites, or a weight equivalent to the mass of 30 mites, or bearing 

no load at all. Each beetle was tested with all three treatments, applied in random order across 

beetles. After one minute of walking on the treadmill, beetles were allowed to rest for 3 min. 

We measured body temperature every 10 s and 20 s during the walking and resting phases, 

respectively (see Methods). 

The treadmill experiments revealed that there were interactions between the beetle size 

and loading treatments across the timing, for both walking (walking: GLMM, beetle size x 

loading treatment x time interaction: χ² = 21.36, d.f. = 12, p = 0.045) and resting (resting: 

GLMM, beetle size x loading treatment x time interaction: χ² = 32.98, d.f. = 18, p = 0.017). 

Specifically, small beetles carrying mites, or weights of equivalent mass, attained a higher body 

temperature during locomotion than control beetles (Figure 4.7a; Table 4.1), but there was no 

equivalent effect on the body temperature of large beetles (GLMM, loading treatment x time 

interaction: χ² = 6.17, d.f. = 12, p = 0.907; Table 4.1). This is because the body temperature of 

larger beetles rose to a similar extent during walking on the treadmill, whether or not they were 

carrying anything (Figure 4.7b). During the resting period, small beetles maintained a stable 

elevated temperature for longer when they carried mites than when they either bore a weight 

or were unencumbered (Figure 4.7; Table 4.1). By contrast, large beetles were able to maintain 

an elevated body temperature after locomotion without the addition of mites or weights (Figure 

4.7d). These size-related effects arise probably because 30 mites add proportionally greater 

mass to a small beetle than to a large beetle (see Methods). Locomotion by smaller beetles 

correspondingly requires more power and elevates body temperature to a greater extent 

(Schmidt-Nielsen 1997). Similarly, 30 mites cover a greater proportion of a small beetle’s 

surface area (see Methods; Figure 4.8a), and also decrease to a greater extent the opportunity 

for heat loss through exposed body surface area (see Methods; Figure 4.8b). Thus, mites are 

more effective at reducing the rate of temperature loss on smaller individuals, but the thermal 

effects of mites on smaller beetles arise as a by-product of riding as passengers on the beetle, 

and probably did not evolve specifically to assist burying beetles. 
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Figure 4.7 The effect of mites on burying beetle body temperature during exercise and 
subsequent rest. ‘Temperature difference’ refers to the difference between the temperature of 
the beetle during the experiment and at the start of the respective experiment (see Methods for 
more details). This is shown for the different loading treatments across time, during walking 
by (a) small beetles and (b) large beetles, and during the subsequent resting period for (c) small 
beetles and (d) large beetles. Inset images show the different loads borne by beetles in the 
different experimental treatments: (a) weight (c) and 30 mites. n = 17 for both small and large 
beetles. 
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Table 4.1. Results from the models analysing changes in body temperature as a function of the 
load carried by beetles during the treadmill experiments, for small and large beetles.  

Small beetles       
Response variables Temperature difference (walking) Temperature difference (resting) 

Independent variables !2 d.f. p-value !2 d.f. p-value 
Intercept 0.00 1 1.000 0.00 1 1.000 
Loading treatments 0.00 2 1.000 0.00 2 1.000 
Time 65.58 6 <0.001 68.62 9 <0.001 
Loading treatments*Time 23.35 12 0.025 61.34 18 <0.001 
       

Large beetles       
Response variables Temperature difference (walking) Temperature difference (resting) 

Independent variables !2 d.f. p-value !2 d.f. p-value 
Intercept 0.00 1 0.963 0.086 1 0.770 
Loading treatments 4.53 2 0.104 2.66 2 0.265 
Time 462.70 6 <0.001 11.51 9 0.242 
After detecting a significant three-way beetle size x treatment x time interaction, the dataset was split by beetle 
body size. The dependent variables were the temperature difference (walking: focal body temperature – body 
temperature at time 0 s; resting: focal body temperature – body temperature at time 60 s). Loading treatments 
(control, mite, and weight) were included as independent variables and beetle identity was included as a random 
factor. Significant factors are shown in bold.  

 
Figure 4.8 (a) Effect of mite density on the proportion of beetle surface area covered, relative 
to its size and (b) the size of the uninsulated area that remains, relative to the beetle’s size. 
Values for the surfaces area covered by the experimental control weight, used in the treadmill 
experiments, are shown for comparison in both figures. Note that in (a) the experimental 
weight has the same mass as 30 mites but covers a much smaller surface area. n = 11 and 10 
for small and large beetles, respectively. Means ± S.E.M are shown. 
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4.4.6 Do mites help smaller beetles win contests over carrion: fitness benefits of the 

partnership? 

We next investigated whether the mite-induced thermal effects on smaller beetles are sufficient 

to compensate for the size-related disadvantage they face during contests for a carcass. We 

pitted focal beetles against rival medium-sized beetles (4.67 ± 0.011 mm) in contests over a 

dead mouse (see Methods). Focal beetles were either small (4.29 ± 0.019 mm) or large (5.14 ± 

0.026 mm) and were either loaded with 30 mites or bore no mites at all. Overall, we found that 

mites increased the likelihood that a smaller beetle would win the contest, but mites had no 

equivalent effect on larger beetles (GLM, mite x beetle size interaction χ² = 4.03, d.f. = 1, p = 

0.045; Figure 4.9). Small beetles with mites were almost three times more likely to win a contest 

over a carcass than were small beetles without mites (GLM, presence versus absence of mites: 

χ² = 5.01, d.f. = 1, p = 0.025; Figure 4.9a). Large beetles were highly successful at winning 

contests even without mites: bearing mites did not change their chance of victory (GLM, 

presence versus absence of mites: χ² = 0.32, d.f. = 1, p = 0.574; Figure 4.9a).  

 
Figure 4.9 The effects of mites on burying beetle fitness, according to the beetle’s size. (a) 
Proportion winning a contest against a medium-sized female, in the presence or absence of 
mites (n = 40 small females and n = 37 large females). (b) Brood size at larval dispersal for 
small females and large females breeding in the presence or absence of mites (small females: n 
= 34 with mites and 33 without mites; large females: n = 33 with mites and 28 without mites). 
Means ± S.E.M are shown. (c) Mean burying beetle fitness, calculated as the product of the 
mean probability of winning a contest (from a) and the mean number of larvae produced 
(from b), in relation to beetle size and the presence or absence of 30 mites. 

4.4.7 Do mites reduce burying beetle brood size: fitness costs of the partnership? 

Having secured a carcass, beetles and mites breed alongside each other using the same carrion 

resource. We determined the fitness costs to beetles of associating with mites by focusing on 

fecundity costs, and assuming that the transport costs of carrying mites are similar for small 
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and large beetles. We analysed the effect of the mites on burying beetle reproductive success by 

giving beetles a mouse to breed upon, uncontested (see Methods). We compared the number 

of larvae produced by small and large female beetles that carried either 30 mites or carried no 

mites at the onset of reproduction. The effect of mites differed with beetle size (GLMM, beetle 

size x mite treatment χ² = 4.27, d.f. = 1, p = 0.039; Figure 4.9b). Mites reduced the brood size of 

large beetles (GLMM, presence versus absence of mites: χ² = 5.7, d.f. = 1, p = 0.017; Figure 4.9b) 

but they had no equivalent effect on small beetles (GLMM, presence versus absence of mites: 

χ² = 0.09, d.f. = 1, p = 0.763; Figure 4.9b).  

 Nevertheless, any interpretations should be made carefully given the statistically 

significant effect found in small beetles but not in large beetles. This is because such an effect 

could be attributed to quantitative differences in the data and/or statistical significance. 

Because smaller beetles were more likely to lose fights to medium-sized beetles than larger 

beetles were, any positive effect that mites have on beetles is thus more likely to be detected in 

smaller beetles. In addition, there is little room for fitness improvement in large beetles, 

whether having mites or not, making any beneficial effects of mites difficult to quantify. 

4.4.8 Are mites mutualists or parasites? 

We used these experimental data to calculate the net effect of mites on the fitness of large and 

small beetles using the number of larvae produced as a measure of fitness. We multiplied the 

probability that the female would obtain a carcass in a contest (using data shown in Figure 4.9a) 

by the mean number of larvae she would produce when breeding either with 30 mites or with 

no mites at all (using data in Figure 4.9b). The calculations revealed that on average, 30 mites 

enhance the fitness of small loser female beetles whereas they reduce the fitness of large winner 

females (Figure 4.9c). Competitive interactions within burying beetles thus define a class of 

individuals for whom mites are mutualists, and a distinct class for whom the mites are parasites. 

In other words, social interactions within species determine the magnitude of the fitness benefit 

conferred by a second species. Variation in competitive ability is, in turn, largely due to 

variation in adult body size which, we have previously shown, is strongly influenced by social 

and nutritional conditions experienced during development (Jarrett et al. 2017). Therefore, an 

individual’s early life environment can predict whether its interactions with a partner species 

are mutualistic or parasitic.  
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4.4.9 Partner choice: who chooses whom? 

If beetles could choose how many mites to carry, then our results suggest that large beetles 

should prefer to carry none whereas smaller beetles should prefer to carry 30 or more mites. 

Yet this is not the mite distribution we observe in natural populations (Figure 4.2). Nor are we 

aware of any evidence that beetles can choose either to associate themselves with mites or to 

rid themselves of them. Indeed, other than the risk to larger beetles of reduced brood size when 

carrying mites, there appears to be no selection pressure to deter mites, particularly in the case 

of smaller beetles (Figure 4.9). However, previous work has shown that mites can choose their 

beetle partner (e.g. (Grossman & Smith 2008)). Therefore, to understand the natural 

distribution of mite density per beetle, we considered the mites’ perspective in a final 

experiment.  

We found that mite disembarkation onto the carrion takes place over a period of hours, 

and is thus completed long after the outcome of any contest over the carrion is decided (on 

average 29.19 ± 0.32 mites (97.29%) remained attached to the host beetle until a fight was won). 

This implies that mites are most likely to breed on carrion located by their beetle hosts, if their 

host has also secured ownership of the carrion (by winning a fight, for example). Even then, a 

further factor limiting individual mite reproductive success is the relative density of 

conspecifics. Previous work has shown that at high mite densities, the majority of deutonymphs 

do not moult into adults after acquiring a carcass, and therefore do not breed (Nehring & 

Müller 2009). We manipulated mite density, using the same approach as Nehring & Müller 

(2009) (see Methods), and measured the probability that mites moulted in each treatment. We 

found that mites were most likely to moult when carried in groups of ten, whereas groups of 

thirty were least likely to moult into adults (GLM, number of mites: χ² = 104.54, d.f. = 2, p < 

0.001; Figure 4.10).  

From the perspective of each individual mite carried on the beetle, the optimal mite 

density is therefore critically dependent on two factors that are unpredictable, and which have 

opposing effects on mite fitness. These are: the likelihood that the host beetle can secure 

ownership of a carcass, which can be increased if mites travel at high densities; and the 

likelihood of moulting to reproduce, once a carcass is secured, which is reduced if mites travel 

at high densities. Our data suggest that the distribution of mites that we observe in natural 

populations might be due to an adaptive balance between the costs and benefits of mites 

associating at high densities with beetles (see Methods; Figure 4.2). Or it may be that these costs 
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and benefits are too unpredictable for mites to act strategically, and that mite density is instead 

determined at random. 

 
Figure 4.10 Effect of mite density on mite reproductive success. The proportion of mites that 
moulted upon reaching a carcass, in relation to mite group size (n = 179). Circles denote 
different groups of mites on a single beetle, and circle size increases with the number of 
congruent data points. The curved line denotes a statistically significant relationship, as 
predicted from a GLM. 

4.5 Conclusions 

Our experiments show that mites and beetles are sometimes in a shared-benefit by-product 

mutualism, in which they work together to secure a resource they both require for reproduction 

(Hoeksema & Bruna 2015). However, the extent of this interspecific mutualism is size-

dependent for beetles and density-dependent for both species. In different ways, competitive 

interactions within burying beetles, and within mites, critically determine the fitness benefits 

that can be gained from interacting with the other species. Conspecifics thus play a key role in 

determining when mutualisms between species will persist and when they are likely to degrade 

into more antagonistic interactions. For small beetles, a competitive disadvantage against 

conspecific rivals turns mites into mutualists, though they are parasites for larger beetles. 

Furthermore, competition among mites for the opportunity to breed means that although 

small beetles potentially benefit from transporting mites at high densities, on average the mites 

themselves have greater fitness when travelling at lower densities. Since mites can choose their 

beetle host, whereas beetles apparently do not choose their mites, in natural populations 

relatively few small beetles carry a sufficiently high density of mites for them to be mutualists.  

0 6 12 18 24 30

0.0

0.2

0.4

0.6

0.8

1.0

Number of mites

Pr
op

or
tio

n 
of

 m
ite

s 
 m

ou
lte

d



Chapter 5: A protective Mutualism Expands the Realised Niche 

 68 

          5 5. Chapter 5: A protective Mutualism Expands the Realised Niche 
5 Mutualistic Interactions with Phoretic Mites Poecilochirus carabi Expand the Realised Thermal Niche of the Burying Beetles Nicrophorus vespilloides 

Mutualistic Interactions with Phoretic Mites 
Poecilochirus carabi Expand the Realised Thermal Niche 
of the Burying Beetles Nicrophorus vespilloides 

5.1 Summary 

Mutualisms are so ubiquitous to all life on earth, and play such a key role in structuring major 

biological processes, that it is important to understand whether they can persist in a changing 

world. Ecological theory predicts that mutualisms can be strengthened under environmental 

change because they help organisms to achieve a broader realised niche in challenging new 

conditions. Here we test this idea by combining field manipulations with laboratory 

experiments on the burying beetle Nicrophorus vespilloides and its phoretic mites (of the species 

complex Poecilochirus carabi). We show that these mites are in a protective mutualism with the 

burying beetle, which is mediated by pseudo-reciprocity. In exchange for transport to carrion, 

upon which both species breed, the mites protect burying beetle larvae from competition with 

blowflies (Calliphoridae) by eating blowfly eggs. We then test the effectiveness of this 

mutualism across a thermal gradient. Our experiments identify the burying beetle’s 

fundamental thermal niche and show that it is greatly restricted by competition with blowfly 

larvae, at both higher and lower temperatures. We find that blowfly are more potent rivals at 

higher temperatures because then they develop very rapidly. We further demonstrate that mites 

expand the burying beetle’s realised thermal niche, by reducing blowfly reproductive success 

at lower and higher temperatures, thus enabling beetles to produce more young across a wider 

thermal range. We conclude that mutualisms can persist when temperatures change, providing 

that both partner species are similarly tolerant of thermal stress. Mutualisms can then play an 

important role in promoting survival under novel and more adverse conditions, particularly 

when these new conditions enhance the performance of a common enemy. 

5.2 Introduction 

Mutualisms are defined as mutually beneficial interactions between species (Bronstein 2015). 

They are ubiquitous to all life on earth and key to structuring biological processes from 
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community dynamics to ecosystem function (Bronstein 2015). Nevertheless, mutualistic 

interactions can be unstable on an ecological timescale and are prone to sliding into more 

antagonistic or parasitic relationships (Sachs & Simms 2006; Anderson & Midgley 2007; Hoek 

et al. 2016), depending on the wider ecological or physical environments in which they are 

embedded (Thrall et al. 2007; Jovani et al. 2017). Consequently, there is considerable interest 

in determining how mutualisms are likely to respond to environmental degradation under 

climate change (Kiers et al. 2010), and to rising temperatures in particular (Doremus et al. 

2018). 

Previous work has emphasized the vulnerability of mutualisms to environmental 

change. Increased temperatures potentially cause mutualistic interactions to break down 

because partner species become phenologically mismatched (Rafferty et al. 2015; Renner & 

Zohner 2018) or because they sustain different levels of thermal tolerance (Barton & Ives 2014; 

Fitzpatrick et al. 2014; Sagata & Gibb 2016; Doremus & Oliver 2017; Zhou et al. 2017). 

Nevertheless, partnerships between species can still endure upon exposure to higher 

temperatures (e.g. Zhou et al. 2017), and then it becomes harder to predict whether the 

mutualism will persist or degrade. 

The effects of rising temperatures are especially difficult to predict for protective 

mutualisms. In this class of mutualism, one species provides a resource for its partner species 

in exchange for defence from parasites or predators (Ostlund-Nilsson et al. 2005). The effect 

of rising temperatures on the mutualists’ natural enemies is thus key to predicting the fate of 

the mutualism. For example, if the enemy species succumbs to heat stress before the protective 

partner species, and the mutualism is rendered redundant, then the protective mutualist might 

then become an antagonist instead (e.g. (Okabe & Makino 2008)). On the other hand, if the 

enemy species and the mutualists all thrive as temperatures rise then the protective mutualism 

might be strengthened, through a greater need for the defensive service provided by the 

protective partner (Cheney & Côté 2005). Indeed, mutualisms in general are known to be 

especially advantageous in adverse environments (reviewed by Johnson 2015). The fate of the 

mutualism can then be described in terms of niche theory (Johnson 2015). If an enemy species 

thrives at higher (or lower) temperatures then a species’ realised niche might become even 

smaller than its fundamental niche. However, a protective mutualist can potentially counteract 

these effects and enable an organism to expand its realised niche, even when the enemy species 
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performs better at higher (or lower) temperatures. Whether this ever happens, however, is 

largely unknown.  

Here we determine the effect of a putative protective mutualism between burying 

beetles Nicrophorus vespilloides and their phoretic mites Poecilochirus carabi, on the burying 

beetle’s realised thermal niche. Both species breed on the body of a small dead vertebrate like a 

mouse or a songbird. The burying beetle serves the mite by transporting it to this essential 

breeding resource, and by dispersing the next generation of mites at the end of each 

reproductive bout. Whilst they are onboard the beetle as deutonymphs, the mites are benign 

passengers and derive no nourishment from the adult beetle. The putative protective 

mutualism arises during reproduction on the corpse. At this point, the mites potentially serve 

the burying beetle by consuming eggs and larvae of rival blowflies (Calliphoridae): this is how 

they behave when carried by congeneric burying beetles N. orbicollis and N. tomentosus 

(Springett 1968, Sloan Wilson 1983). Although it is unclear whether any form of protective 

mutualism exists between N. vespilloides and P. carabi, this relationship is known to degrade 

into an antagonism when blowflies are not present on the carcass. At high densities, mites 

sometimes attack beetle larvae directly (Wilson & Knollenberg 1987; De Gasperin & Kilner 

2015) and compete with larvae for carrion (Wilson & Knollenberg 1987; De Gasperin et al. 

2015). Therefore if blowflies become less common, then the interactions between mites and 

burying beetles could degrade from potential mutualism to antagonism. 

We used a combination of field and laboratory experiments to address three related 

questions: 1) Do P. carabi protect breeding burying beetles N. vespilloides from competition 

with blowfly larvae? 2) Does the effectiveness of this putative protective mutualism vary with 

temperature? 3) Specifically, does P. carabi increase the realised thermal niche of the burying 

beetle? 

5.3 Methods 

5.3.1 Study system 

A dead body is a rare “bonanza resource” (Scott 1998) for other insects too, not just burying 

beetles, generating competition within and among species for the resources upon it. Blowflies 

(Calliphoridae) are a particular competitive threat for burying beetles. They can more rapidly 

locate the newly dead and start to lay eggs within minutes of arriving on the dead body 
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(Bornemissza 1957; Payne 1965; Matuszewski et al. 2010). Their larvae also develop rapidly, 

quickly consuming resources on the corpse. Nevertheless, their breeding success is modulated 

by temperature. Previous work shows that at lower temperatures blowflies are less abundant 

on carrion, and that they develop more slowly and they have lower reproductive success (Wall 

et al. 1992; Sun et al. 2014).  

5.3.2 Burying beetles and phoretic mites in Madingley Wood 

Fieldwork was carried out at Madingley Wood in Cambridgeshire UK, near the Sub-

Department of Animal Behaviour, University of Cambridge. We first assessed the density of N. 

vespilloides and the mite P. carabi by setting eight Japanese beetle traps, baited with ~ 30 g fresh 

mice, from June to October, 2016-2017. Ambient air temperature was recorded locally at 1 h 

interval using an iButton temperature data logger (n = 8; DS1922L-F5#, Maxim Integrated 

Products, Inc.), which was suspended alongside each trap at 1 m above the ground. Nineteen 

traps were checked daily to determine when the beetles first located the dead body. We found 

the mean ± S.E.M time to discovery was 3.42 ± 0.77 days. Each trap was emptied every two 

weeks, and re-baited with a fresh mouse carcass. At this point, we counted the total number of 

N. vespilloides and the number of P. carabi carried by each individual beetle. Beetles were 

temporarily anaesthetized in the lab using CO2 and mites were then detached with a fine brush 

and tweezers. 

5.3.3 Maintenance of the colonies of beetles, mites, and blowflies 

Field-caught beetles, mites, and blowfly larvae collected from the traps were used to establish 

laboratory colonies of each species. Maintenance of beetle and mite colonies was as previously 

described (Chapter 2). Colonies of blowflies (n = 5) were reared in screened cages (32.5 x 32.5 

x 32.5 cm). They were continuously supplied with a mixture of powdered milk and dry 

granulated sugar, and ad lib. water. We fed newly emerged blowflies with pig livers to induce 

maturation of the ovaries. After a week, these blowflies were then given mouse carcasses to 

breed upon. All beetle, mite, and blowfly colonies were kept at 21 ± 2°C with a photoperiod of 

16:8 light:dark. 
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5.3.4 Field experiments 

To assess whether mites are protective mutualists of the burying beetle, we investigated how 

they affected burying beetle reproductive success in the field, in Madingley Wood. These 

experimental breeding events involved opportunistic co-breeding by the blowflies that were 

present naturally in the woods. We recorded ambient temperature during each experiment by 

using iButton temperature data loggers placed at 1 m above ground at 1 h intervals throughout. 

Breeding events were established at 20 different sites (see Figure 5.1), each separated by approx. 

30 m from the nearest neighbouring site. Each site was used more than once. The set-up for 

each breeding event is shown in Figure 5.2. It was designed primarily to prevent scavenging by 

cats, foxes and corvids, whilst still allowing blowflies access to the dead mouse. The breeding 

chamber was sunk into the soil by excavating a hole of approx. 12 cm depth. The chamber was 

filled with compost purchased commercially. An 8-16 g (12.40 ± 0.15 g) mouse carcass was 

then placed on the surface of the compost (see Figure 5.2) and then left for three days, to 

simulate the average time taken by beetles to locate a carcass in the field (see above). After three 

days, we added a pair of burying beetles from the laboratory colony. We also added mites at 

three different densities: 0, 10, or 20 mite deutonymphs (n = 66, 68, and 61 respectively for 

these three treatments). At Madingley Wood, 113 out of 172 (65.7%) wild-caught N. vespilloides 

carried at least one P. carabi, with a median of 5 mites (range: 1 - 92) per individual beetle, 

similar to that reported in previous work (Schwarz & Müller 1992). Therefore these 

manipulations of mite density fall within the natural range. 

 
Figure 5.1 Spatial distribution of breeding sites (yellow dots) established in the field experiment 
at the study in Madingley Wood, Cambridge, UK (Latitude: 52.22730°; Longitude: 0.04442°). 
Image taken from GoogleMaps. 
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After introducing the beetles and mites, we covered the breeding chamber with another 

plastic container perforated with holes that were large enough to allow blowflies to move freely 

in and out but too small for burying beetles to move through (Figure 5.2). Each experiment was 

terminated when the beetle larvae dispersed or when the dead body was completely consumed 

by blowfly larvae. At this point we measured components of beetle fitness (number of beetle 

larvae), blowfly fitness (number of blowfly larvae), and mite fitness (number of dispersing mite 

deutonymphs on adult beetles).  

 
Figure 5.2 Schematic side-view representation of the experimental setup used for each breeding 
event in the field (dimensions are in cm). One flowerpot was partially buried in the ground, 
filled with compost (planting soil) and covered above with a second inverted flowerpot, 
perforated on the top to let in blowflies. The whole apparatus was surrounded by wire mesh, 
pegged in the ground, to prevent disruption by scavengers. 

5.3.5 Laboratory experiment 1 

We repeated the experiment in a lab setting so that we could carry out manipulations to address 

two specific questions:  

5.3.5.1 Are mites in a protective mutualism with burying beetles? 

Here we tested for evidence that a) blowflies depress burying beetle fitness and b) mites can 

counteract any such negative effects. Accordingly, we manipulated the presence/absence of 

blowflies and mite density, using a fully factorial 2 (blowfly treatments) x 3 (mite treatments) 

experimental design. To simulate the presence of blowfly competition, we placed 30 mg (30.22 
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± 0.07 mg) of newly-laid blowfly eggs onto a 7-16 g (11.13 ± 0.15 g) mouse carcass, mimicking 

the rapid oviposition on a freshly dead carcass by blowflies in nature (Wilson 1983). As a 

control, dead mice of similar size were kept free of blowflies (10.64 ± 0.15 g). In both blowfly 

treatments, the dead mouse was placed on the soil in a breeding box in a temperature-regulated 

breeding chamber for 3 days before adding the beetles, simulating the later arrival of the beetle 

at the carcass that is seen in nature (see above). During this time, the fly eggs were able to hatch 

and the blowfly larvae started to consume the carcass. The mite density treatments matched 

those used in the field experiment: 0, 10, or 20 mites. Mite deutonymphs were introduced to 

the dead mouse at the same time as the burying beetles. When the breeding bout was complete, 

as indicated by either the beetle larvae starting to disperse away or carcass consumption by 

blowfly larvae, whichever came sooner, we measured the fitness components of beetles, mites, 

and blowflies using the methods described above in the field experiments.  

5.3.5.2 Is the protective mutualism modulated by temperature? 

The six treatments described above were staged in temperature-regulated breeding chambers 

(Panasonic MLR-352-PE). Each temperature treatment mimicked the 8°C diurnal temperature 

fluctuation that is typical for Madingley Wood, during the burying beetle’s breeding season 

(Figure 5.3). The mean temperature for each manipulation was 11, 15, and 19°C, which 

matches the mean seasonal low, intermediate, and high temperatures, respectively, in 

Madingley Wood (Figure 5.3). Each of the six treatments was carried at these three 

temperatures, generating 18 treatments in all. This experiment allowed us to determine the 

burying beetle’s fundamental thermal niche, by quantifying beetle reproductive success across 

a thermal gradient in the absence of blowflies and mites. It also enabled us to determine the 

extent to which blowflies reduce this fundamental niche, by comparing the beetle’s 

reproductive success across this thermal gradient, with and without blowflies. By then 

introducing mites, and again measuring burying beetle reproductive success across the same 

thermal range, we were able to determine whether or not mites expanded the beetle’s realised 

thermal niche. For logistical reasons, replicates of all 18 treatments were spread over four 

blocks, carried out in succession. 
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Figure 5.3 Daily variation in the average daily mean, maximum, and minimum ambient air 
temperature in Madingley Wood during the field experiments conducted in 2016 and 2017. 
Day 0 is June 1. Dashed lines correspond to the high, mid, and low temperatures used in the 
laboratory experiments. 

5.3.6 Laboratory experiment 2 

5.3.6.1 Effect of temperature on blowfly larval development 

In a second experiment, we examined larval development, the number of dispersing larva, and 

the rate of carcass consumption, at the three different temperatures used in the preceding 

experiment (11, 15, and 19°C; n = 13 carcasses for each temperature treatment). This enabled 

us to examine how blowflies respond to temperature, independent of the actions of the mites 

and blowflies. Once again, we placed blowfly eggs (30.22 ± 0.09 mg) on a mouse carcass (10.74 

± 0.30 g) placed on soil in a plastic breeding box, and put the box in a temperature-controlled 

breeding chamber (No burying beetles or mites were added this time). Every 12 h we checked 

the boxes and determined the stage of blowfly larval development attained, namely 1st, 2nd, 3rd 

instars and post-feeding. The duration of the developmental period was calculated from these 

data. In addition, we recorded when the carcass entered the bloating stage (as indicated by 

swelling and putrefaction). When the larvae entered the post-feeding stage, we counted the 

number of larvae, and recorded their total mass. From these data we determined the proportion 

of carcass consumed, calculated as total mass of larvae divided by initial carcass mass.  
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5.3.7 Statistical analyses 

Generalised linear mixed model (GLMM) analyses were carried out in the statistical 

programme R 3.4.3 using the package lme4 (Bates et al. 2015). All GLMMs had been checked 

for normality of residual error distributions. Post-hoc pairwise comparisons were performed 

using the package lsmeans (Lenth 2016) if an interaction was detected. Non-significant 

interaction terms were dropped from the analyses before reporting the results.  

5.3.7.1 Burying beetles and phoretic mites in Madingley Wood 

We analysed how the number of beetles collected from each trap, and the number of mites 

borne by each individual beetle, varied with temperature, using a separate GLMM for each 

measure and a negative binomial distribution to account for data over-dispersion. Each 

trapping event was treated as an independent data point. In each model, we included 

temperature and its quadratic term as covariates, to account for any potentially non-linear 

effects of temperature on beetle or mite abundance. Temperature was measured as averaged 

daily mean temperature during the two-week period in which the trap was set, starting from 

trap setting to beetle collection. Trap ID and year were included as random factors. In the 

model with mite number per beetle as the independent variable, we also included beetle sex as 

an explanatory factor. 

5.3.7.2 Field experiments 

We sought correlates of beetle brood size, the number of blowfly larvae, and the number of 

mite offspring number at the end of each trial, using three separate GLMMs each with negative 

binomial distributions. For the models with beetle brood size and the number of blowfly larvae 

as independent variables, we included carcass mass, mite treatment, temperature, and the 

interaction between mite treatment and temperature as covariates. Temperature was calculated 

as the average daily mean temperature, from carcass introduction to larvae dispersal (or carcass 

consumption by blowfly larvae). We also included a squared measure of temperature in the 

model to allow for any possible potential non-linear relationships. The model analysing mite 

reproductive success included data from the treatments with 10 and 20 mites and included 

carcass mass and temperature as covariates. In all three models, experimental site and year were 

included as random factors.  
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5.3.7.3 Laboratory experiments 

Analyses of beetle reproductive success 

We tested for the interacting effects of blowfly, mite, and temperature treatments on the 

reproductive success of beetles, using GLMMs, including all three treatments as categorical 

covariates, and using a Poisson distribution. We split the dataset by treatments to determine 

how any significant interactions arose. 

 

Analyses of blowfly reproductive success  

We tested for the interacting effects of mites and temperature using GLMMs, using a negative 

binomial distribution to account for data overdispersion, and again including these two effects 

as categorical covariates. We split the dataset by treatments to determine how any significant 

interactions arose. 

 

Analyses of mite reproductive success  

We tested how mite reproductive success covaried with the temperature treatment using a 

GLMM with a negative binomial distribution to account for data overdispersion. Using a 

similar model, we further compared their reproductive success in the presence and absence of 

blowflies. 

In all three types of model, we included block as a random factor.  

5.3.7.4 Effect of temperature on blowfly larval development 

We analysed the number of blowfly larvae in a negative binomial regression model with the 

function glm.nb in the MASS package to account for overdispersion. We analysed carcass 

consumption rate in a beta regression model in the betareg package. In both analyses, we 

included temperature treatment (low, intermediate, and high), blowfly egg mass, and carcass 

mass as covariates. To analyse the effect of temperature on the developmental rate of blowfly 

larvae, we used a GLMM with Gaussian error structure and included the interaction between 

temperature treatment and developmental stage, blowfly egg mass, and carcass mass as 

covariates. In this analysis, we also included the ID of each carcass as a random factor, since 

carcasses were sampled repeatedly across different developmental stages. 
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5.4 Results 

5.4.1 Burying beetles and phoretic mites in Madingley Wood 

To examine the effects of temperature on the natural population dynamics of N. vespilloides, 

we determined how population density varies with a natural gradient of temperature. We 

found that population density peaked at the intermediate average daily temperature (~15°C), 

and gradually decreased at both higher and lower temperature extremes (temperature2: χ2 = 

39.55, d.f. = 1, P < 0.001; temperature: χ2 = 0.00, d.f. = 1, P = 0.999; Figure 5.4a). Also, the total 

number of mites per beetle decreased as temperature increased (temperature: χ2 = 17.96, d.f. = 

1, P < 0.001; Figure 5.4b). 

 
Figure 5.4 Relationship between ambient air temperature in Madingley Wood and (a) number 
of N. vespilloides caught per trapping event (n = 98 trapping events) and (b) the number of 
mites carried by each beetle (n = 172 beetles) at each trapping event. The lines denote predicted 
relationship in GLMM, and shaded areas represent 95% confidence intervals. 

5.4.2 Field experiments 

5.4.2.1 Effects of mites and temperature on burying beetles 

We found that the number of burying beetle larvae present at the end of larval development, at 

dispersal, varied with temperature but that this relationship differed among the three mite 

treatments (mite x temperature2 interaction, χ2 = 10.81, d.f. = 2, P = 0.004; Figure 5.5). We split 

the dataset by mite treatment to determine exactly how this relationship changed across the 

mite treatments. When there were no mites present, the burying beetle’s reproductive success 
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showed a curvilinear relationship with temperature, peaking at intermediate temperatures but 

falling off markedly at low and high temperatures (Figure 5.5a). When burying beetles bred 

alongside 10 mites, temperature explained no variation in beetle reproductive success 

(temperature2: χ2 = 0.035, d.f. = 1, P = 0.851; temperature: χ2 = 0.87, d.f. = 1, P = 0.351; Figure 

5.5b). However, when burying beetles bred alongside 20 mites, the relationship between 

temperature and reproductive success changed again, this time dipping slightly at intermediate 

temperatures and peaking at lower and higher temperatures (temperature2: χ2 = 5.35, d.f. = 1, 

P = 0.021; temperature: χ2 = 5.51, d.f. = 1, P = 0.019; Figure 5.5c).  
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Figure 5.5 Reproductive success under field conditions in relation to ambient air temperature 
in (a-c) burying beetles and (d-f) blowflies, across the three different mite treatments. Shaded 
regions represent 95% confidence intervals, and solid and shaded lines represent statistically 
significant and non-significant relationships from GLMM, respectively. Each datapoint 
represents one breeding event. 
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5.4.2.2 Effects of mites and temperature on blowflies 

In separate analyses, we investigated how blowfly reproductive success covaried with 

temperature and the mite treatments. Once again, we found that the relationship with 

temperature was different in the different mite treatments (mite x temperature2 interaction, χ2 

= 11.53, d.f. = 2, P = 0.003; Figure 5.5d). Again, we split the dataset by mite treatment, to see 

how these differences arose. We found that when no mites were present, blowflies had greatest 

reproductive success at higher temperatures and performed much less well at intermediate 

temperatures (temperature2: χ2 = 9.57, d.f. = 1, P = 0.002; Figure 5.5d), with more larvae 

produced at higher than lower temperature (temperature: χ2 = 4.87, d.f. = 1, P = 0.027; Figure 

5.5d). By contrast, temperature explained much less variation in blowfly reproductive success 

in the 10 mite treatment (temperature2: χ2 = 0.32, d.f. = 1, P = 0.572; temperature: χ2 = 1.32, d.f. 

= 1, P = 0.250; Figure 5.5e) and the 20 mite treatment (temperature2: χ2 = 1.41, d.f. = 1, P = 

0.236; temperature: χ2 = 0.41, d.f. = 1, P = 0.521; Figure 5.5f). 

5.4.2.3 Relationship between mite reproductive success and temperature 

In contrast to the beetles and blowflies, we found no evidence that mite reproductive success 

was affected by temperature, neither in the 10 mite treatment (temperature2: χ2 = 0.48, d.f. = 1, 

P = 0.486; temperature: χ2 = 2.44, d.f. = 1, P = 0.118) nor the 20 mite treatment (temperature2: 

χ2 = 2.59, d.f. = 1, P = 0.107; temperature: χ2 = 0.35, d.f. = 1, P = 0.552).    

 

Summary 

Together, these results suggest that burying beetles thrive at intermediate temperatures 

whereas blowflies perform better at higher temperatures when mites are absent (Figure 5.5a,d). 

The presence of mites changes these pronounced curvilinear thermal relationships, both for 

beetles (Figure 5.5b,c) and blowflies (Figure 5.5e,f). At the highest temperatures, 20 mites 

significantly depress blowfly reproductive success and correspondingly augment burying beetle 

reproductive success (Figure 5.5c,f). The mites themselves seem relatively unaffected by 

temperature. 

 

 

 



Chapter 5: A protective Mutualism Expands the Realised Niche 

 82 

5.4.3 Laboratory experiment 1 

5.4.3.1 How do blowflies affect the burying beetle’s realised thermal niche? 

Overall, we found that burying beetle reproductive success was affected by blowfly competition 

but that the magnitude of the effect depended both on mite density and temperature (fly x mite 

x temperature interaction, χ2 = 76.29, d.f. = 4, P < 0.001; Figure 5.6). To unpick these effects, 

we initially split the dataset by the three different mite treatments, to determine the effect of 

blowflies on burying beetle reproductive success at different temperatures, and to examine how 

the beetle-blowfly relationship was modulated by mites.  
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Figure 5.6 Burying beetle reproductive success under lab conditions in relation to ambient air 
temperature in the incubator, with and without blowflies, and across the three different mite 
treatments. Sample sizes are as indicated above each boxplot. The boxplots show the median, 
inter-quartile range, and the range of data. Each datapoint represents one breeding event. 
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The burying beetle’s fundamental thermal niche is shown in Figure 5.6d. In the absence 

of mites, blowflies reduced the beetle’s realised niche (Figure 5.6a). Blowflies depressed burying 

beetle reproductive success, but only at lower and higher temperatures (blowfly treatment x 

temperature treatment, χ2 = 120.30, d.f. = 2, P < 0.001). Blowflies caused a significant reduction 

in the number of dispersing beetle larvae at low (post-hoc comparison, with v. without blowflies: 

z = 4.95, P < 0.001) and high (post-hoc comparison, with v. without blowflies: z = 11.69, P < 

0.001) temperatures. When 10 mites were added, similar deleterious effects of blowflies were 

detected and they too were temperature dependent (blowfly treatment x temperature treatment, 

χ2 = 41.18, d.f. = 2, P < 0.001). This time blowflies caused a significant drop in beetle 

reproductive success only at higher temperatures (post-hoc comparison, with v. without 

blowflies: z = 5.95, P < 0.001). When 20 mites were added, we again found deleterious effects 

of blowflies but they were temperature dependent in a different way (blowfly treatment x 

temperature treatment, χ2 = 9.75, d.f. = 2, P = 0.008). This time, blowflies reduced beetle 

reproductive success only at intermediate temperatures (post-hoc comparison, with v. without 

blowflies: z = 3.84, P < 0.001).  

5.4.3.2 How does mite density affect the burying beetle’s realised thermal niche? 

Next, we examined how varying mite density protected burying beetles from competition with 

blowflies within each temperature treatment (analysing data shown in Figure 5.6a-c). We 

found that beetle breeding success varied with temperature but that the relationship changed 

with the density of mites (mite x temperature interaction, χ2 = 138.13, d.f. = 4, P < 0.001). To 

understand the cause of this significant interaction, we split the dataset again into the three 

different temperature treatments, and compared beetle reproductive success across the three 

mite treatments. Mites expanded the burying beetle’s thermal niche at lower temperatures. At 

lower temperatures, mites increased beetle reproductive success, but only at low mite densities. 

There were more dispersing beetle larvae only when 10 mites were present (post-hoc 

comparison, 0 v. 10 mites: z = -3.32, P = 0.003) than when 0 mites were present. At intermediate 

temperatures, beetles had greatest reproductive success when there were 0 (Figure 5.6a) and 10 

mites (Figure 5.6b) present, but suffered a loss in reproductive success when there were 20 

mites present (post-hoc comparison, 0 v. 20 mites: z = 7.76, P < 0.001; post hoc comparison, 10 

v. 20 mites: z = 4.87, P < 0.001). At higher temperatures, this pattern was reversed, and mites 

expanded the beetle’s thermal niche. Burying beetles produced more larvae when 20 mites were 
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present than when there were no mites present at all (post-hoc comparison, 0 v. 20 mites: z = -

7.33, P < 0.001). 

5.4.3.3 Are mites antagonistic to burying beetles when blowflies are absent?  

Here we analysed only the breeding events without blowflies. Temperature affected beetle 

reproductive success but the effects differed with mite density (mite x temperature interaction, 

χ2 = 13.34, d.f. = 4, P < 0.010; Figure 5.6d-f). To see how, we again split the dataset by 

temperature. At low temperatures, mites reduced beetle reproductive success, but only at high 

densities (post-hoc comparison 0 v. 20 mites, z = 3.95, P < 0.001). At intermediate temperatures, 

mites had a generally negative effect on beetle reproductive success (post-hoc comparison 0 v. 

10 mites, z = 4.23, P < 0.001; post-hoc comparison 0 v. 20 mites, z = 3.93, P < 0.001). At higher 

temperatures, mites again reduced beetle reproductive success, but only at high densities (post-

hoc comparison 0 v. 20 mites, z = 4.19, P < 0.001). 

5.4.3.4 Do temperature and mite density modulate blowfly success? 

Next, we determined the predictors of blowfly reproductive success, analysing only those 

treatments with blowflies present. We found that the number of blowfly larvae produced varied 

with temperature, and that this relationship differed with mite density (mite x temperature 

interaction, χ2 = 14.33, d.f. = 4, P = 0.006; Figure 5.7). Splitting the dataset into the three mite 

treatments, we found that the number of blowfly larvae produced in the absence of mites was 

substantially greater at higher temperatures than at low (post-hoc comparison high v. low 

temperature: z = 3.67, P < 0.001) or intermediate temperatures (post-hoc comparison high v. 

mid temperature: z = 5.62, P < 0.001). Slightly more blowfly larvae were produced at low 

temperatures than in the mid-temperature treatment (post-hoc comparison low v. mid 

temperature z = 2.56, P = 0.029). With 10 mites present, blowfly larvae still thrived at the 

highest temperatures but performed badly at the lower temperatures (post-hoc comparison 

high v. low temperature: z = 4.82, P < 0.001; post-hoc comparison high v. mid temperature: z = 

4.33, P < 0.001). With 20 mites present, blowflies performed badly at high temperatures (Figure 

5.7c), and no longer produced more larvae than when breeding at either low (post-hoc 

comparison high v. low temperature: z = 1.66, P = 0.223) or intermediate temperatures (post-

hoc comparison high v. intermediate temperature: z = 1.27, P = 0.415).  
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Figure 5.7 Blowfly reproductive success in relation to temperature in the presence of (a) 0 mites, 
(b) 10 mites and (c) 20 mites. Sample sizes are as indicated above each bar. The boxplots show 
the median, inter-quartile range, and the range of data. Each datapoint represents one breeding 
event. 

5.4.3.5 Reproductive success of mites in relation to blowfly presence and temperature 

We analysed the effects of blowflies and temperature on mite performance, using two separate 

analyses, one for the 10 mite treatment and one for the 20 mite treatment. In each case, we 

found no significant interaction between the blowfly treatment and the temperature treatment 

on the number of mite deutonymphs produced (10 mites: blowfly x temperature interaction χ2 

= 2.51, d.f. = 2, P = 0.286; 20 mites: blowfly x temperature interaction χ2 = 2.11, d.f. = 2, P = 

0.349; Figure 5.8). Furthermore, when there were 10 mites present we could detect no effect of 

either temperature (χ2 = 1.69, d.f. = 2, P = 0.429; Figure 5.8a,c) or blowfly presence (χ2 = 0.21, 

d.f. = 2, P = 0.644; Figure 5.8a,c) on mite reproductive success. With 20 mites present, there 

was again no effect of temperature on mite reproductive success (χ2 = 4.44, d.f. = 2, P = 0.108; 

Figure 5.8b,d). The presence of blowflies reduced mite reproductive success (χ2 = 8.94, d.f. = 2, 

P = 0.003; Figure 5.8b,d). 
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Figure 5.8 Reproductive success of mites in relation to temperature, with and without blowflies 
and across the temperature treatments. Data for each mite treatment (10 and 20 mites) are 
shown separately. Sample sizes are as indicated above each boxplot. The boxplots show the 
median, inter-quartile range, and the range of data. Each datapoint represents one breeding 
event. 

Summary comparison of lab and field data 

Burying beetles  

The pattern of change in burying beetle reproductive success (Figure 5.6a-c) closely resembled 

the pattern of change seen under field conditions (Figure 5.5a-c). 
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Blowflies  

The pattern of change in blowfly reproductive success (Figure 5.7a-c) resembled the pattern of 

change seen under field conditions (Figure 5.5d-f). The single exception was for blowflies 

breeding at higher temperatures alongside 10 mites. In the field, blowflies performed badly 

compared with those in the lab. 

Mites  

Both in the field and in the lab, we found no evidence that temperature per se explained 

variation in mite reproductive success, although we trapped fewer beetles with mites at higher 

temperatures in the field. 

5.4.4 Laboratory experiment 2 

5.4.4.1 Effect of temperature on blowfly larval development 

Variation in blowfly survival from egg to the end of larval development could not be explained 

by the temperature treatment. We placed a similar number of eggs on the mouse at the start of 

each experiment and found that a similar number of larvae survived to complete development 

in all three treatments (χ2 = 0.35, d.f. = 2, P = 0.841; Figure 5.9a), and that they consumed the 

carcass to a similar extent (χ2 = 2.57, d.f. = 2, P = 0.277; Figure 5.9b).  

However, the pace of blowfly development was greatly accelerated at higher 

temperatures (temperature x developmental stage interaction, χ2 = 178.46, d.f. = 8, P < 0.001; 

Figure 5.9c). Specifically, the first two stages of development, i.e., blowfly eggs and 1st instar 

larvae were much longer at lower temperatures, compared to development at intermediate 

(eggs: t = 3.75, P = 0.001; 1st: t = 3.93, P < 0.001) and higher temperatures (eggs: t = -3.76, P < 

0.001; 1st: t = -4.89, P < 0.001). We could detect no difference in the duration of development 

between intermediate and high temperatures (eggs: t = 0.13, P = 0.990; 1st: t = -0.77, P = 0.722). 

However, carcasses at high temperature reached the bloated stage more rapidly than those at 

intermediate (t = -2.58, P = 0.031) and at low temperatures (t = -7.33, P < 0.001). At high 

temperatures, blowfly larvae fully consumed carcasses in 4.5 days, whereas larvae at 

intermediate temperatures took 5.5 days (t = -4.39, P < 0.001), and those at low temperatures 

took 7.6 days (t = -15.23, P < 0.001). 
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Figure 5.9 Effect of temperature on different measures of blowfly reproductive performance in 
relation to temperature. (a) Number of blowfly larvae produced, (b) rate of carcass 
consumption (mean ± S.E.M), (c) rate of blowfly development. The boxplots show the median, 
inter-quartile range, and the range of data. Each datapoint represents one breeding event. n = 
13 mouse carcasses for each temperature treatment. 

5.5 Discussion 

When breeding without blowflies or mites, burying beetles had peak reproductive success at 

around 15°C, (Figure 5.6d: the fundamental thermal niche). Introducing rival blowflies did not 

change this peak, but caused beetle reproductive success to fall off markedly at lower and high 

temperatures, both in the field (Figure 5.5a) and in the lab (Figure 5.6a), reducing the beetle’s 

realised thermal niche. Our experiments thus suggest that burying beetles can compete 

effectively, and singlehandedly, with blowflies at 15°C (Figure 5.6a,d), perhaps because parents 
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consume blowfly eggs themselves or because beetle larvae are more effective rivals with blowfly 

larvae when both species develop at this temperature. Whatever the mechanism mediating 

competition, blowflies showed a corresponding dip in their reproductive success at these 

intermediate temperatures (Figure 5.5d and Figure 5.7a), which was not seen when blowflies 

bred alone on a dead mouse (Figure 5.9a,b).   

Burying beetles were less effective competitors with blowflies at higher and lower 

temperatures. At higher temperatures, fly development was greatly accelerated (Figure 5.9c), 

making the blowfly larvae more potent rivals for carrion resources. At lower temperatures, 

burying beetle larvae develop slowly (Meierhofer et al. 1999), potentially even more slowly than 

blowfly larvae (Figure 5.9c). This might explain their inferior ability to compete at lower 

temperatures, but further experiments are needed to test this idea directly.  

It was at these higher and lower temperatures that phoretic mites switched from 

commensalism to a protective mutualism in the field (Figure 5.5b,c), causing a substantial 

reduction in blowfly reproductive success (Figure 5.5d-f). The protective mutualism takes the 

form of pseudo-reciprocity (Connor 2010). The beetle transports the mites to the carcass, and 

thereby enables the mites to breed, but presumably at some energetic and competitive cost. 

Nevertheless, by ensuring that mites are present on the carcass, the beetle increases the chance 

that the mite will return it some fitness benefits during reproduction. Our experiments show 

that these fitness benefits are derived as a by-product of the mite’s self-serving foraging 

behaviour rather than through a specific adaptation in the mite that has evolved to serve the 

beetle. Mites could benefit beetles by directly piercing blowfly eggs and larvae (personal 

observation; Springett 1968). Despite this, we found no evidence that mites are specifically 

adapted to eat fly eggs because their reproductive success was not enhanced when they could 

consume fly eggs in addition to carrion (Figure 5.8). 

 The mites expand the burying beetle’s realised thermal niche, counteracting the 

negative effects of the blowflies. In the field experiments, the burying beetle’s thermal niche 

extended to include lower temperatures when mites were present at low densities (Figure 5.5b) 

and expanded to include higher temperatures only when mites were present at high densities 

(Figure 5.5c). This might be because blowflies posed the greatest competitive danger to burying 

beetle larvae at higher temperatures (Figure 5.5d), and more mites were required to neutralise 

this threat. We saw a similar pattern in the protective mutualism when we staged experiments 

in the lab (Figure 5.6b,c). The trapping data show that beetles commonly carry 10-20 mites in 
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the field at higher temperatures, and so are likely to expand the burying beetle’s thermal niche 

in this way at natural breeding events (Figure 5.4).  

Nevertheless, we found limits on the expression of this protective mutualism. In the lab, 

high densities of mites significantly decreased beetle reproductive success at intermediate 

temperatures, even in the presence of blowflies (Figure 5.6c). We did not see equivalent effects 

under field conditions, perhaps because we made conditions more favourable for blowfly larvae 

in the lab, by adding them to the carcass well in advance of the beetles and mites. Furthermore, 

and consistent with previous work (see Wilson 1983) mites were antagonistic to burying beetles 

at all temperatures unless blowflies are present (Figure 5.6e,f). 

 Previous studies have emphasised the significance of the abiotic environment in tipping 

interactions from mutualism to parasitism (Chamberlain et al. 2014; Hoeksema & Bruna 2015; 

Gorter et al. 2016). For example, protective mutualisms sometimes break down at higher 

temperatures because the protecting partner is the more vulnerable to heat stress when 

temperatures rise (e.g. Barton & Ives 2014; Fitzpatrick et al. 2014; Doremus & Oliver 2017). 

However, we found no evidence that mites were more vulnerable to higher temperatures, at 

least under field conditions. Instead, the main driver of change in the protective mutualism 

came from the response of enemy blowflies to variation in temperature. We suggest that similar 

effects might be found in other protective mutualisms, providing that both partners can tolerate 

some thermal stress, and where enemy species are more likely to thrive at high temperatures. 

Predicting how a species might respond to climate change thus involves understanding its 

interactions within the natural ecological community as well as some knowledge of the intrinsic 

variation among those interacting species in their thermal tolerance (Early & Keith 2019). 

In conclusion, our experiments show that not all mutualisms are vulnerable to collapse 

under rising temperatures (see also Frederickson 2017). Where both partners have a similar 

degree of thermal tolerance, mutualisms can instead play a key role in ensuring that species 

persist in new and adverse thermal environments (Afkhami et al. 2014; Johnson 2015; Peay 

2016), by expanding the realised thermal niche. 
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          6 6. Chapter 6: Plasticity Promotes Local Adaptation 
6 Ultra-local Adaptation facilitated by phenotypic plasticity 

Ultra-local Adaptation facilitated by phenotypic plasticity 
 

“In genetic accommodation, discrete, developmentally mediated changes in the phenotype are 

molded by quantitative genetic change to form adaptive traits.” 

Mary Jane West-Eberhard (2003) Developmental Plasticity and Evolution  

6.1 Summary 

Models of ‘plasticity-first’ evolution suggest that phenotypic plasticity precedes and facilitates 

the rapid evolution of new adaptations. Previous work has emphasised how new adaptations 

arise through the loss of plasticity, when populations split to occupy new environments and 

become reproductively isolated from the ancestral population. Here we analyse the role of 

‘plasticity-first’ evolution in generating divergent new adaptations when populations are still 

connected by gene flow. We report that neighbouring populations of burying beetles 

Nicrophorus vespilloides, in different Cambridgeshire woodlands, have divergently adapted to 

breed on different-sized carrion despite ongoing gene flow. We show experimentally that this 

ultra-local adaptation is due to evolution of the reaction norm linking clutch size to carrion 

size, a process known as genetic accommodation. Plasticity is not lost in the derived population, 

but instead is fine-tuned by evolution to match the greater range in carrion available naturally. 

Accordingly, we find that loci associated with oogenesis have become differentiated in beetles 

from the different woodlands. We suggest that genetic accommodation can enable organisms 

to rapidly and specifically adapt to very fine-scale differences in their local environment, even 

while gene flow persists. 

6.2 Introduction 

A key challenge in evolutionary biology is to explain how natural populations evolve new 

adaptations. An old idea (Baldwin 1896; Morgan 1896; Robinson & Dukas 1999), which has 

recently been revitalized (Levis & Pfennig 2016; Levis et al. 2018), is that pre-existing 

phenotypic plasticity can facilitate adaptive evolution in new environments (‘plasticity-first 

evolution’). The extent of phenotypic plasticity in any trait is described by the reaction norm 

which relates environmental variation to the phenotype it induces. Plasticity-first evolution is 



Chapter 6: Plasticity Promotes Local Adaptation 

 93 

possible because the shape, slope and elevation of a reaction norm each have genetic 

components, upon which selection can act (Levis & Pfennig 2016). Focusing mainly on traits 

that promote survival, such as melanic colouration or morphology, recent experimental work 

on natural populations has shown that novel adaptive phenotypes can indeed evolve as a 

consequence of plasticity-first evolution (Corl et al. 2018; Levis et al. 2018). In populations of 

toads and lizards, for example, selection in a new environment has greatly reduced the slope of 

the reaction norm, thus eliminating phenotypic plasticity and causing the constitutive 

expression of novel, canalised traits (Corl et al. 2018; Levis et al. 2018). New adaptations can 

therefore evolve through ‘genetic assimilation’ (sensu (Waddington 1953)) of traits that were 

once induced environmentally. 

However, genetic assimilation is predicted to occur only when there is little or no gene 

flow between populations that inhabit different local environments (Lenormand 2002; Sultan 

& Spencer 2002; Crispo 2008). Consistent with this prediction, the populations of toads and 

lizards that have evolved new traits through genetic assimilation are apparently reproductively 

isolated (Corl et al. 2018; Levis et al. 2018). While gene flow still persists, theory predicts that 

selection will instead act to maintain plasticity in adaptive traits (Sultan & Spencer 2002; Crispo 

2008). Nevertheless, plasticity-first evolution can still facilitate local adaptation because 

selection can fine-tune the slope or elevation of the reaction norm within each population to 

match local conditions. This is the process of genetic accommodation (West-Eberhard 2005). 

In principle, genetic accommodation of the reaction norm provides a mechanism for the ultra-

local adaptation seen in populations that still experience gene flow (Thompson 2013). However, 

whether this mechanism is at work in natural animal populations is unclear (but see (Bock et 

al. 2018) for evidence from a plant species).  

We tested for evidence of plasticity-first adaptation through the genetic 

accommodation of a reaction norm, in wild populations of burying beetles Nicrophorus 

vespilloides. We focused on populations occupying neighbouring woodlands in 

Cambridgeshire, UK, which are c. 2.5 km apart: Gamlingay Wood (Latitude: 52.15555°; 

Longitude: −0.19286°), and Waresley Wood (Latitude: 52.17487°; Longitude: −0.17354°). Both 

Woodlands are ancient ash and maple woodlands of similar size, Gamlingay (48.4 hectares) 

and Waresley (54.2 hectare). In the 20th century, both woodlands were logged for timber and 

replanted with oaks. According to the local Wildlife Trust (Bedfordshire, Cambridgeshire, 

Northamptonshire, and Peterborough), there are a few differences in woodland management 
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between Gamlingay and Waresley Woods. Despite both woodlands being of similar size, 

Gamlingay has had more intensive management than Waresley, including a longer history of 

coppicing (for at least 450 years). This management could have enhanced local plant diversity 

because it allows more light to reach the forest ground, thus benefiting ground dwelling plants. 

In addition, Gamlingay had a number of patches of conifers planted after the Second World 

War, which have been gradually removed over time. On top of that, the flora in Gamlingay is 

more diverse than Waresley, perhaps related to the presence of varied soil types, including 

sandy loam soil, which provides a crucial habitat for various plant species. 

In previous work, we showed that there is gene flow between the N. vespilloides 

populations inhabiting each woodland because they cannot be differentiated at neutral genetic 

markers (Pascoal & Kilner 2017). Here we show that the burying beetle guilds differ between 

the two woodlands. We then test whether genetic accommodation of traits related to fecundity 

has enabled each population of N. vespilloides to become ultra-locally adapted to the 

contrasting levels of competition from other Nicrophorus species. 

Burying beetles (Nicrophorus spp.) breed on the dead body of small vertebrates, such as 

rodents, and typically match their clutch size to the size of the carcass they opportunistically 

secure for reproduction (Müller et al. 1990). The adaptive clutch size therefore depends on the 

size of the carrion that is routinely available for reproduction. This is the population’s carrion 

niche. It is common for several species of Nicrophorus beetle to exist in sympatry within the 

same woodland and then the carrion niche is divided between them, according to their relative 

size (Scott 1998). Burying beetles compete within and between species to obtain exclusive 

ownership of a carcass for breeding upon, and larger beetles are more likely to win these fights 

(Otronen 1988; Safryn & Scott 2000). Competition for carrion divides the carrion niche so that 

larger burying beetle species tend to breed on larger carrion, while the smallest species (N. 

vespilloides in the UK) usually breeds on the smaller carrion (Scott 1998; Urbański & Baraniak 

2015). Larger carrion potentially yields more larvae than small carcasses, and so is more 

intensely fought over (Trumbo 1992). 

In this study, we collected ecological, genomic and experimental data to test three of 

the criteria for plasticity-first evolution, set out by Levis & Pfennig (2016). With ecological and 

genomic data, we show that N. vespilloides from Gamlingay Wood is an ancestral-proxy 

population while the N. vespilloides population from Waresley Wood represents a derived 

condition. Through experimentation and analysis of ecological data, we find that N. vespilloides 
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from each woodland now occupies a different carrion niche. Gamlingay N. vespilloides faces 

competition for carrion from three larger Nicrophorus species and has a narrow carrion niche 

in which reproduction is specialised on small carcasses. By contrast, Waresley N. vespilloides 

competes with only one rival Nicrophorus species, and has expanded its carrion niche to breed 

successfully on carcasses that range more widely in size. To test whether this niche expansion 

has evolved under genetic accommodation we experimentally: (1) expose Gamlingay N. 

vespilloides to larger carrion and test whether this induces an increase in clutch size; (2) 

characterise the equivalent reaction norm in Waresley N. vespilloides to test whether the slope 

or elevation has evolved to be different; (3) test whether any population divergence in the 

reaction norm is adaptive by quantifying how effectively N. vespilloides from each population 

converts small and large carrion into offspring. Finally, we use genomic analyses to test for 

evidence of divergence between the populations at loci associated with oogenesis. 

6.3 Methods 

6.3.1 Competition for carrion in Gamlingay and Waresley Woods 

6.3.1.1 Burying beetle trapping 

Surveys of burying beetle species in Gamlingay and Waresley Woods were conducted from 

June to October in 2014-2017. Five carrion-baited soil-filled traps (see Chapter 2) were placed 

in each site to attract Nicrophorus beetles, with traps set at least 150 m apart from each other 

and at the same location each year (Figure 6.1). Every 2-3 weeks, we collected all the 

Nicrophorus spp. within each trap, and rebaited the trap with fresh compost and a dead mouse. 

In the lab, we identified each burying beetle to species-level, and measured the pronotum width 

(to the nearest 0.01 mm) as an index of body size (see below).  
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Figure 6.1 Study sites and location of traps in Gamlingay Wood (red points) and Waresley 
Wood (blue points). 

We caught five species in total (in increasing order of size): N. vespilloides, N. 

interruptus, N. vespillo, N. investigator and N. humator. However, N. vespillo were only caught 

5 and 3 times within the four years in Gamlingay and Waresley respectively, indicating that 

there is no stable population of N. vespillo in either wood. 

After removing any phoretic mites, all beetles (except those used in the mark-recapture 

experiment) were kept individually in plastic boxes (12cm x 8cm x 2cm) filled with moist soil 

in a laboratory kept at 20°C and on a 16:8 light to dark cycle. Beetles were fed twice a week with 

minced beef. We kept all field-caught individuals for at least two weeks before breeding to 

ensure that they were sexually mature and to reduce any variation in nutritional status. We 

then maintained stock populations of both Gamlingay and Waresley Woods by breeding pairs 

of unrelated individuals on 8-16 g mice carcasses.  

For the genomic analyses, we analysed N. vespilloides from three ancient woodlands 

near Swansea in Wales, trapped by Dr Chris Cunningham in 2017. The three sites in Wales 

(Park Wood (Latitude: 51.57258°; Longitude: −4.03096°); Clyne Valley Wood (Latitude: 

51.61262°; Longitude: −4.02293°); and Caswell Bay Wood (Latitude: 51.57258°; Longitude: 

−4.03096°)) are approximately 300km away from our two study sites in Cambridgeshire.  
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6.3.1.2 Size distributions of the Nicrophorus spp. 

Body size was measured for Nicrophorus spp. collected from 2014 to 2017 (except in 2016). In 

total, 838 N. vespilloides, 41 N. humator, 127 N. interruptus, 54 N. investigator, and 5 N. vespillo 

were measured for Gamlingay Wood, whereas 824 N. vespilloides, 51 N. humator, 25 N. 

interruptus, 4 N. investigator, and 6 N. vespillo were measured for Waresley Wood. Mean body 

size of Nicrophorus spp. significantly varied among species (GLMM: χ² = 2069.44, d.f. = 4, p < 

0.001; Table 6.1). Post-hoc comparisons revealed that N. vespilloides was the smallest species 

compared to other Nicrophorus spp. (Table 6.1 and Table 6.2). Kolmogorov-Smirnov test 

comparing pairwise differences in Nicrophorus spp. body size frequency distribution also 

revealed similar patterns found in differences of mean body size (Figure 6.2; Table 6.3). 

 
Figure 6.2 (a) Number of Nicrophorus beetles caught per trap from 2014-2017. (b) Body size 
diversity and frequency distribution of field-caught Nicrophorus spp. as illustrated in box-and-
whisker plots and kernel density estimation. Outliers are depicted as points. (c) The proportion 
of traps set at which N. vespilloides was trapped with another Nicrophorus species, in the two 
woodlands. Error bars indicate mean ± S.E.M. 
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Table 6.1 Quantifying Nicrophorus spp. body size (mm). 
Species N Mean SD Minimum Q1 Median Q3 Maximum 
N. vespilloides 1662 4.76 0.46 3.25 4.43 4.76 5.08 6.03 
N. interruptus 152 5.59 0.64 4.28 5.10 5.60 6.10 7.07 
N. investigator 58 6.19 0.61 4.89 5.80 6.18 6.58 7.59 
N. humator 92 6.86 0.89 4.85 6.30 6.75 7.31 9.25 
N. vespillo 11 5.74 0.59 4.86 5.44 5.76 5.98 6.93 

Number of Nicrophorus spp. (N); Standard Deviation (SD); 25% Quantile (Q1); 75% Quantile (Q3). 
 
Table 6.2 Post-hoc Tukey HSD comparisons for differences in mean body size between 
Nicrophorus spp. 

Species N. vespilloides N. interruptus N. investigator N. humator 
  t p t p t p t p 
N. interruptus 18.69 <0.001 - - - - - - 
N. investigator 20.62 <0.001 -7.61 <0.001 - - - - 
N. humator 38.15 <0.001 18.54 <0.001 7.69 <0.001 - - 
N. vespillo 6.31 <0.001 -0.93 0.268 2.68 0.058 6.85 <0.001 

p value in bold indicate comparisons with significant difference, and dashes indicate comparisons that were not 
made. 
 
Table 6.3 Differences in body size frequency distribution between Nicrophorus spp.  

Species N. vespilloides N. interruptus N. investigator N. humator 
  D p D p D p D p 
N. interruptus 0.54 <0.001 - - - - - - 
N. investigator 0.81 <0.001 0.41 <0.001 - - - - 
N. humator 0.91 <0.001 0.62 <0.001 0.38 <0.001 - - 
N. vespillo 0.70 <0.001 0.31 0.268 0.43 0.061 0.69 <0.001 

D statistic and corresponding values of significant difference from Kolmogorov-Smirnov tests. p value in bold 
indicate comparisons with significant difference, and dashes indicate comparisons that were not made.  

6.3.1.3 Mark-recapture experiment 

In 2014, we investigated the interconnectivity of populations of burying beetles between 

Gamlingay and Waresley Woods using a mark-recapture survey. In total, 98 N. vespilloides, 9 

N. humator, 17 N. interruptus, 9 N. investigator, and 2 N. vespillo were marked for Gamlingay 

Wood, whereas 113 N. vespilloides, 5 N. humator, 1 N. interruptus, 1 N. investigator were 

marked for Waresley Wood. Beetles were marked with a numbered plastic bee tag on either the 

right or left elytra for those found in Gamlingay or Waresley Woods respectively. To identify 

any previously caught beetles that lost their tags, we permanently marked them by cutting a 

small portion of the elytra (less than 2%). All marked beetles from each wood were released 
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from a designated location at the geographic midpoint with the minimum total distance to all 

trapping sites for Gamlingay and Waresley Woods. We found no evidence of migration 

between the two sites. We recaught 8 of 98 marked N. vespilloides from Gamlingay Wood in 

Gamlingay Wood and 8 out of 113 marked N. vespilloides from Waresley Wood in Waresley 

Wood. None of the other marked Nicrophorus spp. was recaptured in either wood. 

6.3.1.4 Small mammal trapping 

To assess the rodent carrion available for Nicrophorus spp. reproduction, we sampled the small 

mammal communities in the two woodlands. In general rodent populations peak in the 

autumn, because breeding for the year has just ceased and there has yet to be any winter-

induced mortality (Jackson et al. 2001). Sampling at this time is therefore ideal for detecting 

which species are present, and for determining their relative abundance. We placed Longworth 

traps (Figure 6.3) in both woodlands in November 2016. Traps were baited with oats and 

blowfly maggots (with hay provided as bedding) and set in pairs within 20 m of each original 

beetle trapping site (Figure 6.1), with 10 traps set per wood. We continuously trapped rodents 

for three days, generating 50 trap sessions per woodland. Traps were checked daily at 

approximately 0830 and 1500 (generating a total of 30 trap sessions overnight and 20 trap 

sessions in daylight hours). Trapped mammals were identified, weighed, sexed, marked by a 

fur clip on either the right or left rear flank, and released in situ (Figure 6.4). Any recaptured 

mammal was recorded in subsequent censuses. All traps were reset and rebaited immediately 

after checking. 

 
Figure 6.3 A Longworth trap in Gamlingay Wood. 
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Figure 6.4 (a) A yellow-necked mouse was released in a transparent plastic bag, (b) identified 
and sexed, (c) weighed, and (d) marked by hair clipping by Peter Pilbeam.  

6.3.1.5 Division of the carrion niche by Nicrophorus beetles in Gamlingay and Waresley Woods 

During the field season from 2017 to 2018, pairs of wild-caught N. vespilloides, N. interruptus, 

and N. investigator were bred on either small (12-20 g; 16.80 ± 0.55 g) or large carcasses (25-31 

g; 28.27 ± 0.53 g) within a breeding box (17 x 12 x 6 cm) filled with 2 cm of moist soil. All field-

caught beetles were kept for two weeks in the laboratory and fed twice a week prior to breeding. 

In total, we established eight treatments: large (n = 47) and small (n = 48) carcasses for 

Gamlingay N. vespilloides; large (n = 42) and small (n = 33) carcasses for Waresley N. 

vespilloides; large (n = 25) and small (n = 18) carcasses for N. interruptus; large (n = 9) and small 

c

a b
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(n = 13) carcasses for N. investigator. N. interruptus and N. investigator were both drawn from 

Gamlingay Wood as the populations of these species in Waresley were too small to be used 

experimentally.  

Approximately eight days after parents were given a carcass to breed on, larvae switch 

from aggregating on the carcass to dispersing away into the soil to pupate. When one or more 

larvae from each brood switched their behaviour we scored the whole brood as having reached 

the dispersal stage. At this point, all larvae were counted and total brood mass was weighed to 

the nearest 0.001 g. We also calculated average larval mass for each brood by dividing total 

brood mass by number of larvae.  

6.3.2 Niche expansion in N. vespilloides by genetic accommodation 

6.3.2.1 The reaction norm relating carcass size to brood size in each woodland 

This experiment was conducted in the laboratory, over two blocks in 2017, using the second 

and third descendant generations of field-caught beetles from Gamlingay and Waresley Woods. 

By rearing beetles from both woodlands in the lab in a common garden environment for at 

least one generation prior to testing, we minimized any residual environmental effects when 

quantifying the reaction norm for each population. To pair beetles for reproduction, we began 

by haphazardly casting broods into dyads when larvae had matured into adults. Within each 

dyad, we haphazardly chose four males from one brood, and paired them with four 

haphazardly chosen females from the second brood. Two of these pairs were then given a small 

mouse to breed upon (12-17 g; 15.03 ± 0.67 g), while the remaining two pairs were given a large 

mouse to breed upon (26-31 g; 28.86 ± 0.67 g). By using sibships to generate pairs in this way, 

we were able to compare how very similar genotypes responded to the opportunity to breed on 

either a small or large mouse. Each pair, and their mouse, was housed in a clear plastic box (17 

x 12 x 6 cm), with 2 cm depth of Miracle-Gro compost. The box was placed in a dark cupboard 

for eight days after pairing the beetles, at which point larvae started to disperse away from the 

carcass. We measured the number of larvae present at dispersal and weighed the whole brood. 

6.3.2.2 The reaction norm relating carcass size to clutch size in each woodland 

In the second block of the experiment, we also measured clutch size. Fifty six hours after we 

introduced the beetles to the carcass, we photographed the base of each transparent breeding 
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box. Using Digimizer ver. 5.1.0, we then counted the number of visible eggs, and also measured 

the length (L) and width (w) of all eggs that were able to be measured accurately (i.e. those that 

were fully visible and lying flat on the base of the box). All counting and measuring of eggs was 

performed blind to the carcass size treatment and the population from whence the breeding 

beetles came. Egg volume was then calculated using the formula V=1/6 *π*w2*L, which assumes 

eggs to be a prolate spheroid (following (Berrigan 1991)).  

In total, 2518 eggs were counted across 132 breeding boxes, of which 1633 could be 

measured. No eggs could be seen in four of these boxes, and these were excluded from further 

analysis (hence n = 128). Both the total number of eggs counted (observed clutch size) and the 

number of eggs that could accurately be measured, correlated positively with brood size 

(number of eggs counted: χ² = 27.18, d.f. = 1, p < 0.001; number of eggs measured: χ² = 24.26, 

d.f. = 1, p < 0.001), indicating these counts capture biologically meaningful information. 

6.3.3 Divergence at loci associated with oogenesis in N. vespilloides from Gamlingay v. 

Waresley Woods 

We generated low-coverage whole genome sequences for three populations of N. vespilloides 

from Waresely Wood (n = 42), Gamlingay Wood (n = 42) and Swansea (n = 24), Wales, UK. 

DNA was individually extracted from beetle heads using the DNeasy Blood and Tissue kit 

(Qiagen) and subsequently quantified and quality checked using NanoDrop and Qubit. DNA 

was then shipped to Cornell University, where libraries were prepared using partial reactions 

of a Nexterra kit by the Cornell Genomics Core. Libraries were subsequently sequenced by 

Novogene (Davis, CA, USA) at an average depth of approximately 5x coverage. Paired-end 550 

bp insert libraries were prepared for each sample with the Nextera library preparation kit. 

Libraries were sequenced using the Illumina HiSeq (Novogene, Davis, CA) at an average 

coverage of 3.4X. Trimmomatic (v0.36) was used to removed adaptors and poor-quality 

sequence. Trimmed reads were mapped to the N. vespilloides reference genome using the 

Burrows-Wheeler Aligner (v0.7.13) (Li & Durbin 2009). SNPs were identified using Picard 

(v2.8.2) and GATK (v3.6) HaplotypeCaller following best practice recommendations (Van der 

Auwera et al. 2013). After alignment, SNPs were hard filtered using the parameters: QD < 2.0 

|| SOR > 3.0 || FS > 200. We used VCFtools to calculate population genetic statistics for each 

population. To examine population structure, we generated a thinned VCF file with one SNP 

per 5kb and used Tassel (version 5) (Bradbury et al. 2007) to calculate and generate an MDS 
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plot. For calculation of Fst and PBS values, aligned bam files were analysed in ANGSD (v 0.911) 

(Korneliussen et al. 2014), which is specifically designed for analysis of low-coverage genome 

sequencing data. Data for this project is available at the NCBI Sequence Read Archive under 

Bioproject PRJNA530213. 

Genes were assigned gene ontology (GO) terms using the BLAST2GO workflow 

(v5.1.1). In brief, gene identity was determined based upon BLAST searches to the Arthropod 

or Drosophila non-redundant protein databases and protein domains were identified based on 

matches to Interpro database. GO terms were assigned to each gene model based upon 

mapping results. GO terms were filtered with the “Filter Annotation by GO Taxa” option to 

remove GO terms that are incompatible for Arthropods. 

6.3.4 Statistical analyses 

All statistical analyses were performed in R version 3.4.3 (R Development Core Team), with 

NMDS in the package vegan, GLM and GLMM in the package lme4 (Bates et al. 2015), and 

Tukey’s HSD post hoc comparisons in the package lsmeans (Lenth 2016). All GLMs and 

GLMMs had been checked for normality of residual error distributions. 

6.3.4.1 Competition for carrion in Gamlingay and Waresley Woods: field data 

To test for a difference in the Nicrophorus guild between Gamlingay and Waresley Woods, a 

frequency table of beetle communities was analysed using permutational multivariate analysis 

of variance (PERMANOVA) on two-dimensional nonmetric multidimensional scaling 

(NMDS) based on Bray-Curtis distances (Clarke 2016), with the ‘adonis’ function (vegan 

package). We tested the effect of study site on the composition of the beetle community, using 

sampling year as strata. The analysis was based on 10000 permutations of the data. We 

visualized the difference of beetle community between Gamlingay and Waresley population in 

two dimensions of a NMDS plot. NMDS two-dimensional stress values (a measure of goodness 

of fit) were below 0.1 (0.085), indicating the ordination provides a good fit to the data (Ramette 

2007).  

We used general linear mixed models (GLMM) with a Poisson error structure to test 

for differences across beetle species and sites on average abundance for each species per trap as 

an independent variable and year as a random factor. Beetle species and population 
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(Gamlingay/Waresley) were included as fixed effects, whereas trap ID and sampling year were 

included as random factors.  

We assessed the significant difference in body size frequency distribution between 

Gamlingay and Waresley N. vespilloides and among Nicrophorus spp. using the Kolmogorov-

Smirnov (K-S) two-sample test, which compares if the cumulative distributions of two data sets 

are derived from the identical distribution. We also tested for significant differences in mean 

body size between N. vespilloides in Gamlingay and Waresley, using a GLMM that included 

population (Gamlingay/Waresley) and sex (male/female) as fixed effects, and sampling year as 

a random factor. Differences of mean body size among Nicrophorus spp. was assessed in a 

GLMM that included species and sex as fixed effects, and sampling year as a random factor. 

We assessed the significant difference in mean body mass of rodents in Gamlingay and 

Waresley using a GLM by including rodent species and population (Gamlingay/Waresley) as 

fixed effects. 

6.3.4.2 Division of the carrion niche by Nicrophorus beetles in Gamlingay and Waresley Woods 

To test for significant differences in reproductive performance between species, we conducted 

a GLMM regression to analyse differences in efficiency (total brood mass divided by carcass 

mass), which was logit transformed prior to analysis. Beetle species, carcass size (small/large), 

and their interaction were included as explanatory variables. Sampling year was included as a 

random factor. In this analysis, we included beetle species as N. interruptus, N. investigator, 

Gamlingay N. vespilloides and Waresley N. vespilloides to fully compare differences not only 

between Nicrophorus beetle species, but also N. vespilloides between populations. 

6.3.4.3 Niche expansion in N. vespilloides by genetic accommodation 

For the reaction norm experiment, we used GLMMs to test the interacting effect of population 

and carcass size on brood size and average larval mass, with dyad identity nested within block 

and included as a random factor. In all models, brood size and average larval mass were 

analysed with a Poisson and Gaussian error distribution, respectively. A similar statistical 

approach was used for analyses of clutch traits to test for the significant differences on clutch 

size and average egg volume in GLMMs with a Poisson and Gaussian error distribution, 

respectively. The effect of population of origin, carcass size, and their interaction were included 

as fixed effects, whereas dyad identity was included as a random factor. If a significant 



Chapter 6: Plasticity Promotes Local Adaptation 

 105 

interaction was found, a Tukey’s post-hoc test was performed to detect significant effects using 

multiple pairwise comparisons. 

6.4 Results and Discussion 

6.4.1 Gamlingay and Waresley Woods are ‘woodland islands’ that have existed for 1000-4000 

years 

Our study focuses on the Nicrophorus populations that inhabit Gamlingay Wood and Waresley 

Wood, in Cambridgeshire, England, UK. Five thousand years ago, England was almost 

uniformly covered in ancient forest: the so-called ‘Wild Wood’ (Rackham 2000). During the 

Bronze Age, and especially from the Iron Age onwards (i.e. from 3000-4000 years ago), the 

Wild Wood underwent extensive destruction (Rackham 2000). We know from the Domesday 

Book (a land survey commissioned almost 1000 years ago by William the Conqueror) that 

Gamlingay Wood and Waresley Wood have existed as distinct woodlands since at least 1086, 

meaning that they separated c.1000-4000 years ago. In common with other ancient woodlands 

created at this time, these woods have stayed approximately the same size since then (Rackham 

1996). Gamlingay Wood was acquired and managed by Merton College, Oxford for c. 800 years 

(Adamson 1912). Its ecology was described in detail in 1912 (Adamson 1912). The modern 

history of Waresley Wood is less well-known (Darby 1950; Rackham 1996). Both sites are now 

designated as ‘ancient woodland’ and are managed by the Bedfordshire, Cambridgeshire and 

Northamptonshire Wildlife Trust. They are woodland islands of approximately the same size 

(c 50ha) in a landscape dominated by arable farming (Figure 6.1). 

6.4.2 The Nicrophorus guild differs between Gamlingay and Waresley Woods 

Each year from 2014-2017 we set five beetle traps per woodland, at exactly the same five 

locations within each wood, and checked the contents every 2-3 weeks from June until October 

(see Materials and Methods; Figure 6.1). In general, we found that the two woodlands 

harboured a similar number of Nicrophorus beetles: we caught a total of 1873 Nicrophorus 

individuals in Gamlingay Wood over the four-year sampling period compared with 1806 

Nicrophorus individuals in Waresley Wood. However, we discovered that whereas Gamlingay 

Wood routinely supports four Nicrophorus species, Waresley Wood is routinely inhabited by 

only two species (Figure 6.2a). The average abundance per trap of each Nicrophorus species 
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differed between the two woods (species x woodland interaction: χ² = 142.68, d.f. = 4, p < 0.001). 

The smallest species (Figure 6.2b; Table 6.1 and Table 6.2) N. vespilloides, was by far the most 

abundant in each woodland; 80.6% (1510 individuals) of all Nicrophorus beetles trapped in 

Gamlingay Wood and 93.9% (1695 individuals) of those trapped in Waresley Wood were N. 

vespilloides. Both sites also contained stable populations of the largest species, N. humator 

(Figure 6.2b; Table 6.1 and Table 6.2). Only Gamlingay Wood contained populations of 

intermediate-sized N. interruptus and N. investigator in all four years of the study (Figure 6.2B; 

Table 6.1 and Table 6.2). Overall, each of these two species was significantly more abundant in 

Gamlingay than in Waresley Woods (Tukey HSD, z = 7.90, p < 0.001 and z = 5.80, p < 0.001, 

respectively). The Nicrophorus guild is therefore significantly different between the two 

woodlands (PERMANOVA (permutational multivariate analysis of variance) test F = 0.024, p 

< 0.001). A clear separation of the guild structure between the woods can be seen for each 

sampling time across the four years in NMDS (nonmetric multidimensional scaling) 

ordination (Figure 6.5). 

 
Figure 6.5 Population differences in community structure. NMDS ordination of Gamlingay (n 
= 141) and Waresley (n = 134) community structure. Each point represents the sum of the 
beetle community collected in each trap per sampling time.  

6.4.3 No evidence for divergence in the small mammal population between Gamlingay and 

Waresley Woods 

In 2016, we sampled the small mammal population in Gamlingay and Waresley Woods to 

estimate the abundance and type of carrion that might be available to the burying beetles to 

breed upon (see Materials and Methods). In Gamlingay, 32 animals were caught across 50 trap 
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sessions (23 new catches and 9 recaptures); in Waresley 41 animals were caught across 50 trap 

sessions (30 new catches and 11 recaptures). Across both woods, bank voles (Myodes glareolus; 

range: 15-40 g) and wood mice (Apodemus sylvaticus; range: 13-27 g) were the dominant 

species, constituting 53% and 43% of all trapped mammals respectively. One yellow-necked 

mouse (Apodemus flavicollis; range: 14-45 g) and one common shrew (Sorex araneus; range: 5-

14 g) were caught in Waresley. There was no difference in the mean body mass of small 

mammals sampled between the two sites (χ² = 0.19, d.f. = 1, p = 0.661; Figure 6.6). We have no 

reason to think that the mortality of these rodent species should differ between woodlands that 

are in such close proximity and that are subjected to similar levels of ecological management. 

 
Figure 6.6 Mean body weight of small mammals. Gamlingay (n = 21, red) and Waresley Woods 
(n = 30, blue). One bank vole and one wood mouse, each caught in Gamlingay Wood, escaped 
before they could be measured.  

6.4.4 Greater competition among Nicrophorus for carrion in Gamlingay versus Waresley 

Woods 

We conclude from these data that there are approximately similar numbers of Nicrophorus 

beetles within each woodland competing for an approximately similar size, abundance and type 

of rodent carrion to breed upon. The key difference lies in the number of burying beetle species 

in each wood. Evidence from other populations suggests that our measurements reflect long-

term differences because abundance measures of Nicrophorus are robust over time, even when 

there are marked changes in woodland management (Adamson 1912). Tests of plasticity-led 

evolution critically depend on the ability to distinguish ancestral populations from more 

recently evolved populations (Levis & Pfennig 2016). We infer from the ecological data that the 
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more speciose burying beetle guild in Gamlingay Wood more closely approximates the 

ancestral burying beetle guild that was present in the ‘Wild Wood’, whereas the guild in 

Waresley Wood represents a more recent, derived condition. This is because burying beetle 

guilds in pristine ancient forests in North America are more speciose than those present in 

degraded woodlands (Gibbs & Stanton 2001), in keeping with the general observation that 

there is a positive relationship between habitat size and species richness (Lomolino 2000). 

Furthermore, Gibbs and Stanton (2001) found smaller-bodied generalist carrion beetles were 

more likely to survive in fragmented forests (Gibbs & Stanton 2001). 

6.4.5 Niche expansion by N. vespilloides beetles in Waresley Wood 

The ecological data additionally suggest that in Gamlingay Wood, N. vespilloides is more likely 

to be confined to breeding only on smaller carrion, whereas in Waresley Wood this species’ 

carrion niche is likely to extend to include larger carrion because it very rarely faces 

competition from N. interruptus and N. investigator for larger carcasses (see (Scott 1998)). 

Although the proportion of intermediate-sized Nicrophorus species is relatively small (Figure 

6.2c), N. vespilloides in Gamlingay Wood is more likely to face competition from congenerics 

for rarer, larger carrion than N. vespilloides in Waresley Wood (Trumbo 1992; Scott 1998). This 

inference is further supported by previous experimental work on Nicrophorus. In continental 

forests, which are presumably also rich in Nicrophorus species, Urbański & Baraniak (2015) 

found that N. vespilloides was more than twice as likely to be found on small carcasses than on 

large carcasses. In addition, larger species appear to be under selection to breed on larger 

carcasses (Smith & Heese 1995; Hopwood et al. 2016). 

To test these inferences about the division of the carrion niche among Nicrophorus 

species within each woodland, we measured the reproductive performance of N. interruptus 

(from Gamlingay Wood), N. investigator (from Gamlingay Wood) and N. vespilloides beetles 

(from both Gamlingay and Waresley Woods) in the laboratory (see Materials and Methods). 

For each species, we experimentally varied the size of carrion available for reproduction, 

presenting pairs with either a small mouse carcass (range: 12-20 g; mean ± S.E.M: 16.80 ± 0.55 

g) or a large mouse carcass (range: 25-31 g; mean ± S.E.M: 28.27 ± 0.53 g; natural carcass range 

= 8.5-41 g). To quantify reproductive performance on each carcass size, we measured ‘carcass 

use efficiency’: this is the extent to which each species converted the carcass resource into larvae, 

which was calculated by dividing the total brood mass at the end of larval development 
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(measured when larvae had dispersed from the carcass) by the size of the carcass the brood was 

reared on. The rationale was that beetles should exhibit greatest efficiency when breeding on 

the carcass size to which they are locally adapted in nature. Therefore, if there is local 

adaptation, N. interruptus and N. investigator should each exhibit greatest efficiency when 

breeding on a large carcass, while N. vespilloides from Gamlingay Wood should exhibit greatest 

efficiency when breeding on a small carcass. N. vespilloides from Waresley Wood should show 

similar levels of efficiency whether breeding on a small or large carcass. 

We found that the efficiency of converting the carcass into larvae varied with carcass 

size, but in a different way for each Nicrophorus species (carcass size x Nicrophorus species 

interaction term: χ² = 28.85, d.f. = 3, p < 0.001; Figure 6.7; Table 6.4). Specifically, N. interruptus 

had an equal efficiency when breeding on small and large carcasses (t = 0.99, p = 0.325), whereas 

the larger N. investigator exhibited a greater efficiency when breeding on large carcasses than 

on small carcasses (t = 3.51, p < 0.001). N. vespilloides from Gamlingay Wood exhibited greatest 

efficiency on small carcasses (t = -4.16 p < 0.001), whereas N. vespilloides from Waresley had 

similar levels of efficiency on small and large carcasses (t = -0.27, p = 0.791). Confining our 

analyses to reproductive efficiency on larger carcasses, we found that Gamlingay N. vespilloides 

was less efficient than both N. interruptus (t = -3.92, p < 0.001) and N. investigator (t = -2.69, p 

= 0.038), as well as N. vespilloides from Waresley (t = -3.11, p = 0.011).  

Therefore, we conclude that the population of N. vespilloides in Waresley Wood has 

adaptively expanded its carrion niche to breed on larger carcasses, in response to the reduction 

in competition from N. interruptus and N. investigator for larger carrion. 

 

 
Figure 6.7 Efficiency (%) of carcass use (total brood mass divided by carcass mass) of N. 
interruptus, N. investigator, and N. vespilloides from Gamlingay Wood and N. vespilloides from 
Waresley Wood. 
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Table 6.4 Results of the ANOVAs for division of carrion niche by Nicrophorus spp. 

Dependent variable Explanatory variables χ²  d.f. p value 
Efficiency (%) Carcass size  17.26 1 <0.001 
  Beetle species 20.42 3 <0.001 
  Carcass size x Beetle species 28.85 3 <0.001 

p value in bold indicate significant differences in GLMMs. 

6.4.6 Niche expansion by Waresley N. vespilloides is associated with genetic accommodation 

To test whether niche expansion was facilitated by genetic accommodation, we first generated 

reaction norms relating carcass size to brood size for N. vespilloides from the two woodland 

populations (see Methods). We predicted that the reaction norm for N. vespilloides from 

Waresley Wood should be significantly steeper than the reaction norm for N. vespilloides from 

Gamlingay Wood, and this was indeed the case (woodland x carcass size interaction: χ² = 4.80, 

d.f. = 1, p = 0.029; Figure 6.8; Table 6.5). When given a larger carcass for reproduction, N. 

vespilloides from Gamlingay produced only a marginally larger brood than when breeding on 

a small carcass (z = 1.82, p = 0.068). By contrast, Waresley N. vespilloides produced significantly 

larger broods on larger carcasses than on smaller carcasses (z = 5.53, p < 0.001). Thus, on a 

large carcass, Waresley N. vespilloides produced more larvae than Gamlingay N. vespilloides (z 

= -1.97, p = 0.049), whereas on a small carcass the number of larvae produced did not differ 

between the two populations (z = 0.76, p = 0.447). Whether they bred on small or large carcasses, 

the variance was similar for Gamlingay and Waresley N. vespilloides in brood size (Bartlett’s 

test, p = 0.615) and carcass use efficiency (Bartlett’s test, p = 0.943). Females produced heavier 

larvae at dispersal when breeding on a large carcass than on a small carcass (χ² = 139.05, d.f. = 

1, p < 0.001; Table 6.5), irrespective of their woodland of origin (χ² = 1.06, d.f. = 1, p = 0.304; 

Table 6.5). We could find no difference in the size of adult N. vespilloides trapped in Gamlingay 

and Waresley Woods, (χ² = 2.02, d.f. = 1, p = 0.156; Figure 6.9a), even after controlling for sex 

(χ² = 1.41, d.f. = 1, p = 0.235). Nor could we detect any differences in body size distribution 

between Gamlingay and Waresley N. vespilloides (D = 0.044, p = 0.410; Figure 6.9b). Thus, 

given an abundance of resources for reproduction, N. vespilloides allocates them to producing 

more offspring rather than larger offspring. 
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Figure 6.8 The effect of carcass size on the brood size (a) and average larval mass (b) of N. 
vespilloides in the reaction norm experiment (n = 46 and 46 for small and large carcasses in 
Gamlingay Wood, and n = 62 and 62 for small and large carcasses in Waresley Wood). Values 
represent the mean ± S.E.M. 

 
Table 6.5 Results of the ANOVAs for reaction norm experiment. 

Dependent variable Explanatory variables χ²  d.f. p value 
Brood size Carcass size  3.33 1 0.068 
  Population 3.89 1 0.048 
 Carcass size x Population 4.80 1 0.029 
Average larval mass Carcass size 139.05 1 <0.001 
 Population 1.06 1 0.304 
Clutch size Carcass size 11.33 1 <0.001 
 Population 21.07 1 <0.001 
  Female size 4.26 1 0.039 
Average egg volume Carcass size 5.90 1 0.015 
  Population 4.59 1 0.032 
Total egg volume Carcass size 2.38 1 0.123 
  Population 2.16 1 0.141 

p value in bold indicate significant differences in GLMMs. 
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Figure 6.9 Differences in body size (a) and frequency distribution (b) of field-caught N. 
vespilloides from Gamlingay and Waresley Woods. Median values, inter-quartile range, 
maximum, and minimum are as illustrated in box-and-whisker plots. Outliers are depicted as 
points. Pronotum width was measured as an indicator of beetle body size of Gamlingay (n = 
839) and Waresley Woods (n = 824).  

 The relationship between carcass size and brood size at dispersal depends partly on the 

number of eggs laid, and partly on any mortality that occurs between egg-laying and the 

dispersal of larvae away from the carcass at the end of their development to pupate. In further 

analyses, we compared the reaction norms relating carcass size to clutch size for each 

population. Again, we found that they differed. This time the difference between reaction 

norms was in their intercept, rather than in their slope (Figure 6.10a). Female N. vespilloides 

from both woodlands laid more eggs when given a larger carcass to breed upon (carcass size 

effect: χ² = 10.97, d.f. = 1, p < 0.001; Table 6.5), but Waresley N. vespilloides consistently laid 

more eggs than Gamlingay N. vespilloides (woodland effect: χ² = 21.07, d.f. = 1, p < 0.001; Table 

6.5), irrespective of carcass size (carcass size x woodland interaction: χ² = 1.44, d.f. = 1, p = 

0.231) or female size (woodland x female size interaction: χ² = 1.30, d.f. = 1, p = 0.254). Likewise, 

female N. vespilloides from both woodlands laid smaller eggs when given a larger carcass to 

breed upon (carcass size effect: χ² = 5.90, d.f. = 1, p = 0.015; Figure 6.10b), but Waresley N. 

vespilloides consistently laid smaller eggs than Gamlingay N. vespilloides (woodland effect: χ² = 

4.59, d.f. = 1, p = 0.032), irrespective of carcass size (carcass size x woodland interaction: χ² = 

0.33, d.f. = 1, p = 0.565). Mean egg volume per clutch did not predict mean larval mass per 

brood at dispersal (χ² = 0.28, d.f. = 1, p = 0.595), regardless of the population of origin. This 

suggests that any under-provisioning of eggs is compensated by the over-abundance of 



Chapter 6: Plasticity Promotes Local Adaptation 

 113 

resources available on the carcass after hatching (Russell et al. 2007; Smiseth et al. 2014). The 

total volume of all eggs in a clutch did not differ between populations (χ² = 2.16, d.f. = 1, p = 

0.141; Table 6.5) or carcass size treatments (χ² = 2.38, d.f. = 1, p = 0.123; Table 6.5). 

 
 
Figure 6.10 The effect of carcass size on the (a) clutch size and (b) average egg volume of N. 
vespilloides. n = 27 for small and large carcasses in Gamlingay Wood, and n = 37 for small and 
large carcasses in Waresley Wood. Values represent the mean ± S.E.M.  

We conclude that the reaction norms relating carcass size to brood size differ in slope 

between the two woodlands (Figure 6.8), partly because Waresley females routinely lay more 

eggs when they breed (Figure 6.10a), and partly because Waresley broods on smaller carcasses 

exhibit greater mortality between egg-laying and larvae dispersal. Niche expansion by Waresley 

N. vespilloides is associated with genetic accommodation of the reaction norm linking carrion 

size and clutch size. 

6.4.7 Divergence at loci associated with oogenesis in N. vespilloides from Gamlingay v. 

Waresley Woods 

To test whether these differences between woodlands really were due to evolutionary change, 

and hence genetic change, we generated low-coverage whole genome sequences for 40 

individuals collected from each wood (n = 80 chromosomes per population). Population 

genetic summary statistics were similar for both populations (mean of 2kb windows – 

Gamlingay Pi = 0.0055 + 1.02e-5, Tajima’s D = -0.70 + 0.002; Waresley Pi = 0.0056 + 1.e-5, 

Tajima’s D = -0.67 + 0.002). Consistent with previous microsatellite analyses (Pascoal & Kilner 

2017), we found little to no genetic differentiation between populations from Gamlingay and 
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Waresley Woods (unweighted Fst = 0.0069; weighted Fst = 0.013), strongly suggesting there is 

ongoing gene flow between the two populations. There was minimal divergence across the 

genome with no instances of extreme outliers (Figure 6.11). That no loci were highly diverged 

between the two populations indicates that the divergent traits are likely controlled by many 

loci, as is typical for behavioural and life history traits. It is consistent with the predicted 

quantitative genetic basis of genetic accommodation (Levis & Pfennig 2016). The highest Fst-

windows in the genome showed only modest absolute values of divergence. Nevertheless, they 

were extreme outliers due to the otherwise consistently low pattern of Fst between populations. 

For example, the top window of divergence between the two populations fell in transmembrane 

protein 214 (Fst = 0.11, zFst = 19.2, p = 7.2e-82). This gene is highly expressed in the ovaries in 

Drosophila melanogaster, suggesting a potential candidate gene that may influence differences 

in N. vespilloides egg laying behaviour between Gamlingay and Waresley Woods. 

 
Figure 6.11 Density plot of Fst value between Gamlingay and Waresley Woods. The plot shows 
the narrow distribution of low Fst values between the two woodland populations. Though there 
is a long tail to the right, the extreme values are modest in absolute terms. 

Next, we investigated whether the divergent Fst scores could be attributed to shifts in 

allele frequency in N. vespilloides from Waresley Wood, Gamlingay Wood, or both woodland 

populations. Greater differentiation attributable to Waresley compared to Gamlingay is the 

pattern we would expect if the Waresley N. vespilloides is the derived population. By comparing 

differentiation between both woodlands and a third population, we can polarise the divergence 

between populations. For these analyses, we generated low-coverage whole genome sequences 

from 22 individuals trapped in woods near Swansea, Wales, UK, approximately 300 km away 
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from Gamlingay and Waresley Woods. We calculated all pairwise Fst and assigned the relative 

divergence of each population using population branch statistics (PBS) to understand which 

population was driving divergence across the genome (Yi et al. 2010; Fumagalli et al. 2015). 

Not surprisingly, the distant Welsh population showed the highest genome-wide PBS. 

Interestingly, the population from Waresley Wood showed higher differentiation compared to 

the population from Gamlingay Wood (mean PBS: Waresley = 0.0074, Gamlingay = 0.0056, 

Wales = 0.0109). These analyses therefore support the ecological data in indicating that the 

Gamlingay N. vespilloides represents the ancestral condition, whereas the Waresley N. 

vespilloides are the derived population. 

To visualise the relative divergence between populations across the genome, we 

generated a scatterplot of the PBS values for 2kb non-overlapping windows for each population 

(Figure 6.12a). The analysis highlighted multiple potential candidate genes associated with the 

differences in egg-laying behaviour, again consistent with this trait being controlled by many 

loci of small effect. These genes showed elevated PBS in N. vespilloides from Waresley Wood 

(PBS > 0.05), but not Gamlingay Wood, and they are linked to arthropod oogenesis. For 

example, homologs of three of the highly differentiated genes in the Waresley Wood 

population – obg-like ATPase, transmembrane protein 214, and liprin-alpha – show elevated 

expression in the ovaries of fruit flies (Chintapalli et al. 2013). FlyAtlas: survey of adult and 

larval expression. http://www.flyatlas.org/) and other arthropods (Cao & Jiang 2017), 

suggesting a plausible role in regulating egg production. Another gene, kekkon1, is a 

transmembrane protein known to regulate the activity of the epidermal growth factor receptor 

(EGFR) during oogenesis in Drosophila (Ghiglione et al. 1999; Wittes & Schüpbach 2019). A 

different portion of kek1 is moderately differentiated in N. vespilloides from Gamlingay Wood 

(Figure 6.12a), highlighting that differentiation related to oogenesis is not limited to N. 

vespilloides from Waresley Wood. One of the stronger signals of differentiation in Waresley 

Wood that may contribute to the phenotypic differences observed between populations is 

found in a serotonin receptor (Figure 6.12b). Serotonin has been linked to reproduction via 

effects on the production of ecdysteroids such as juvenile hormone in multiple insects 

(Woodring & Hoffmann 1994; Shimada-Niwa & Niwa 2014; Cook et al. 2019). Serotonin has 

also been related to the intensity of aggressive behavior in contests across diverse insect groups 

(Aleksandrowicz & Komosiński 2005; Dierick & Greenspan 2007; Bubak et al. 2014; Stevenson 

& Rillich 2016). 
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Finally, we asked in addition to the most extreme outliers whether genes involved in 

oogenesis generally showed elevated levels of differentiation in each population, in comparison 

with the rest of the genome. For each population, we ranked genes by the highest PBS score in 

500bp windows overlapping with the gene-body and conducted a gene set enrichment analysis 

for each population. N. vespilloides from both Waresley and Gamlingay Woods showed 

enrichment in multiple GO terms associated with ovaries and oogenesis (Table 6.6). Consistent 

with the outlier analyses, oogenesis-related GO-terms tended to have higher enrichment scores 

in N. vespilloides from Waresley Wood compared to Gamlingay Wood. The gene enrichment 

analysis also revealed local divergence between beetles from Waresley and Gamlingay Woods 

at genes associated with other traits, including learning and memory and sensory systems (see 

S1 Data from Sun et al. unpublished data (doi: https://doi.org/10.1101/598292)). 
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Figure 6.12 Differentiation at putative oogenesis genes. (a) A scatterplot of PBS values for 
Waresely and Gamlingay in 2kb windows genome-wide. Loci in the lower right hand of the 
graph show high differentiation in Waresely but Gamlingay. Loci with PBS scores greater than 
0.05 are highlight – Waresley = blue, Gamlingay = red, Both = purple. Notable genes are 
highlighted. (b) Sliding window analysis (window = 500bp, slide = 100bp) of PBS values at the 
5HT receptor 2a-like receptor. The peak PBS in Waresley (blue) falls in the last intron of the 
gene. 
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Table 6.6 Population differences in enrichment scores in multiple GO terms associated with ovaries and oogenesis.  

 

   Waresley Gamlingay Wales 
GO ID GO Name Size NES FDR q-val NES FDR q-val NES FDR q-val 
GO:0030707 ovarian follicle cell development 345 3.36 0.00E+00 3.27 1.2E-05 2.52 1.35E-03 
GO:0007297 ovarian follicle cell migration 129 3.32 0.00E+00 2.86 1.0E-04 3.09 4.10E-05 
GO:1905879 regulation of oogenesis 66 2.22 7.31E-03 2.07 1.4E-02   
GO:0048599 oocyte development 165 2.16 9.70E-03 1.83 4.1E-02   

GO:0007304 
chorion-containing eggshell 
formation 78 2.12 1.20E-02 2.41 2.0E-03   

GO:0007308 oocyte construction 157 2.07 1.55E-02 1.83 4.2E-02   
GO:0030703 eggshell formation 79 2.04 1.80E-02 2.50 1.3E-03   
GO:1905881 positive regulation of oogenesis 37 2.04 1.83E-02     
GO:0009994 oocyte differentiation 194 2.01 2.05E-02 2.25 5.1E-03   
GO:0007309 oocyte axis specification 145 1.90 3.44E-02 1.85 3.9E-02   
GO:0030728 ovulation 11 1.83 4.58E-02     
GO:0007306 eggshell chorion assembly 66   2.04 1.6E-02   
GO:0060281 regulation of oocyte development 29   1.79 4.9E-02   
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6.5 Conclusions 

Our analyses support three of the criteria required to show evidence for plasticity-first 

evolution (Levis & Pfennig 2016). We show that the ancestral reaction norm linking carrion 

size to clutch size has evolved to have a greater intercept in N. vespilloides from Waresley Wood. 

This change has enabled Waresley N. vespilloides beetles to expand their carrion niche in the 

absence of rival congenerics. It is adaptive because Waresley N. vespilloides are now more 

effective than Gamlingay N. vespilloides at converting carrion that ranges widely in size into 

offspring. 

Previous analyses of plasticity-first evolution in natural populations have emphasised 

how new adaptations can evolve from the genetic assimilation of plastic traits, and are caused 

by the loss of plasticity (Scoville & Pfrender 2010; Levis & Pfennig 2016; Corl et al. 2018; Levis 

et al. 2018). In these studies, there is little evidence of ongoing gene flow between diverging 

populations (Scoville & Pfrender 2010; Levis et al. 2018). The new adaptations presumably arise 

from a loss-of-function mutation(s), that makes trait expression independent of wider 

environmental conditions.  

 Fewer studies have explicitly shown how new adaptations can also evolve from the 

genetic accommodation of previously plastic traits. Here, adaptation involves re-tuning the 

reaction norm to change the extent of plasticity that is induced by an environmental cue (Bock 

et al. (2018) and this study, but see also (Postma & van Noordwijk 2005; Charmantier et al. 

2008)). The candidate loci for evolutionary change are thus likely to function in gene regulation. 

Our data suggest that the candidate loci that have re-tuned the fecundity reaction norm in N. 

vespilloides include genes associated with the regulation of oogenesis. In both Bock et al. (2018) 

and this study, plasticity-first evolution through genetic accommodation was possible despite 

gene flow between the diverging populations. Ultra-local adaptations, between populations 

that are separated by just a few kilometres and that exhibit ongoing gene flow, have now been 

reported from diverse contexts (e.g. (Thompson 2013)). We suggest that these types of 

adaptation are likely to have evolved by genetic accommodation as well. 

The emerging empirical evidence therefore suggests that plasticity-first evolution could 

frequently be the source of diverse new adaptations in natural populations. Where gene flow is 

minimal, new adaptations have been shown to arise through a loss of plasticity. By contrast, 

while gene flow continues, our study suggests that new adaptations are more likely to arise 
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through changes in the extent of plasticity, just as theory predicts. Through this mechanism, 

organisms can rapidly and specifically adapt to very fine-scale differences in their local 

environment. 
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Cryptic Host Specialization within P. carabi Mites 
Explains Population Differences in the Extent of Co-adaptation  
with their Burying Beetle Nicrophorus vespilloides Hosts 

7.1 Summary 

Symbiotic organisms adapt to one another but the extent of co-adaptation commonly varies 

among pairs of the same symbiotic species drawn from different populations. Here we identify 

some ecological causes of such differences between populations. We analysed the extent of local 

co-adaptation between burying beetles Nicrophorus vespilloides and their phoretic mites 

Poecilochirus carabi in Gamlingay and Waresley Woods, in Cambridgeshire, UK. Burying 

beetles transport mites to small vertebrate carrion upon which they both reproduce. We 

conducted reciprocal transplant experiments to test for evidence of local co-adaptation during 

reproduction. We found variation in the extent of local co-adaptation that was explained by 

cryptic host specialization within P. carabi mites. P. carabi is a species complex, within which 

races of mites are specialised to associate with different species of burying beetle. We found 

that N. vespilloides from Gamlingay Wood carries a mixture of mite races, from each of the 

four Nicrophorus species that inhabits this wood. This mixture of races makes P. carabi harmful 

to Gamlingay N. vespilloides: together, they reduce beetle reproductive success. Experimentally 

purifying mites, so that Gamlingay N. vespilloides is associated only with the vespilloides mite 

race, improves beetle reproductive success. Waresley N. vespilloides, by contrast, carry a near 

pure race of vespilloides mites, which cause negligible damage to Waresley N. vespilloides 

reproductive success. This is probably because Waresley Wood harbours only two burying 

beetle species, which differ markedly in their reproductive biology. Cryptic host specialization 

with P. carabi mites, combined with differences in the Nicrophorus guild between Gamlingay 

and Waresley Woods, therefore explain population differences in the extent of local adaptation 

between N. vespilloides and P. carabi. 
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7.2 Introduction 

Ever since Darwin (1859), evidence has been gathering that natural selection causes 

populations to adapt in different ways to their different local environments. More recent work 

suggests that adaptation can happen on very local scales, even when there is still gene flow 

between populations (Thompson 2013; see also Chapter 6). Nevertheless, the extent of local 

adaptation varies across landscapes, between populations of the same species (Thompson 1999, 

2005). This is especially true for adaptations that arise from co-evolutionary interactions 

between symbiotic species, which are engaged in reciprocal selection. In specialist antagonistic 

interactions, or obligate mutualisms, each party exerts such strong selection on the other that 

there can be little differentiation between populations (Lively & Dybdahl 2000; Forde et al. 2004; 

Johnson et al. 2010). For many other pairwise species interactions, however, the outcome of 

these reciprocal interactions varies with local conditions (Chamberlain et al. 2014), and this 

can have a profound effect on the extent and pattern of local co-evolution and co-adaptation 

(Thompson 1999, Gandon and Michalakis 2002, 2005b). A key challenge is to understand the 

ecological factors that generate such geographical mosaics of coevolution and co-adaptation 

(Thompson 2013). 

Environmental differences among populations are known to cause variation in the 

outcome of any species interaction. These might arise from variation in the availability of an 

essential resource (Johnson et al. 2010), or the presence of a common enemy species (Hopkins 

et al. 2017), or differences in the abiotic environment (Kersch & Fonseca 2005). Theoretical 

analyses suggest that this variation, in turn, can cause dramatic differences in the trajectory of 

local co-evolution (Nuismer et al. 2000). Suppose, for example, that one species has little effect 

on the fitness of another i.e. it is commensal. Here we might expect relatively little selection for 

reciprocal co-adaptation. By contrast, if the same species reduces (or enhances) the fitness of 

its partner species in a different population then we might expect greater reciprocal selection 

according to the strength of the fitness effect (Thompson et al. 2002). Therefore, determining 

ecological correlates of variation among populations in the extent of reciprocal selection 

between the same two partner species can potentially explain why there is geographical 

variation in the pattern of local adaptation (Johnson et al. 2010; Garrido et al. 2012; Gorter et 

al. 2016). 

Interactions between species seldom partition neatly into discrete dyads. For example, 

one cactus species is in a protective mutualism with multiple species of ants (Ness et al. 2006). 
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One insect species commonly pollinates more than one plant species, while each plant species 

can be pollinated by more than one insect species (Thompson 2013). Multiple bumblebee 

species Bombus spp. commonly interact with multiple mite species (Haas et al. 2019). Likewise, 

host species richness and abundance is positively correlated with parasite species richness 

(Hechinger & Lafferty 2005). Multispecies associations are likely to generate variation in the 

strength of reciprocal selection. For example, multiple infection of different parasite species or 

strains can differentially influence the fitness among different host species interacting in the 

same community, depending on the susceptibility and tolerance of each host species (Friesen 

et al. 2017). Therefore understanding how interactions with multiple species cause variation in 

selection can help account for additional geographical variation in the pattern of local co-

adaptation. 

Here we determine the extent of local co-adaptation between burying beetles 

Nicrophorus vespilloides (Coleoptera: Silphidae) and their phoretic mites Poecilochirus carabi 

(Mesostigmata: Parasitidae) in two neighbouring yet geographically isolated populations 

(Gamlingay and Waresley Woods) in Cambridgeshire, UK. Mites are termed “phoretic” 

because they are benign passengers when travelling onboard burying beetles. However 

interactions between mites and beetles while they breed on the same carrion are highly variable, 

ranging from parasitic (De Gasperin & Kilner 2015) to commensal to mutualistic (Sun et al. 

2019; Chapter 5). This means it is likely that the extent of local reciprocal adaptation between 

burying beetles and their phoretic mites will vary accordingly, from population to population. 

Although Gamlingay and Waresley Woods are no more than 2.5 km apart, we have 

discovered differences in the Nicrophorus guild inhabiting each woodland (Chapter 6). Both 

woods contain the smallest burying beetles N. vespilloides and largest burying beetle N. 

humator. However, only Gamlingay Wood is additionally routinely inhabited by intermediate-

sized N. interruptus and N. investigator, both of which are not commonly found in Waresley 

Wood. As a result, N. vespilloides in Waresley Wood has adapted to breed on larger carrion, 

whereas N. vespilloides in Gamlingay Wood is confined to breeding on smaller carrion 

(Chapter 6). 

We tested whether these ecological differences between the two woodlands, and the 

adaptations that have ensued, could potentially affect the extent of reciprocal local adaptation 

between burying beetles and their mites. We tested for local co-adaptation by exposing beetles 

from each woodland to mites from the alternative woodland. In addition, we tested whether 
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carcass size plays an important role in modulating the extent of local adaptation. Specifically, 

we predicted (1) that Gamlingay N. vespilloides and mites should be less adapted to each other 

on a larger carcass, because they are seldom exposed to this breeding resource (Chapter 6). 

Second, we investigated the composition of P. carabi mite community carried by N. vespilloides 

from each woodland. P. carabi exists as a species complex, comprising distinct races of mites 

that are each specialised to breed on different species of burying beetle. The mite’s lifecycle is 

timed to match the duration of parental care in the host burying beetle species, so that the new 

generation of mites can disperse on the burying beetle parents when they have finished looking 

after their young. However, each burying beetle species differs slightly in the time it spends 

tending its larvae. This has favoured local adaptation in the mite populations associated with 

each species of burying beetle, which in turn has generated distinct mite races (Wilson 1982; 

Müller and Schwarz 1990, Brown & Wilson 1992). Nevertheless, mite races can still interbreed 

and cannot be told apart phenotypically except behaviourally, through their relative preference 

for different burying beetle species (Wilson 1982; Müller and Schwarz 1990, Brown & Wilson 

1992). Previous work suggests that when sympatric Nicrophorus species do not differ much in 

their duration of care, then each species of burying beetles carries a mixture of the different 

mite races associated with each of the sympatric beetles and the mites hybridise across races 

(Brown & Wilson 1992). Mixing happens when Nicrophorus species gather to feed, for example 

on larger carrion (Brown & Wilson 1992). However, in populations where Nicrophorus species 

differ considerably in their duration of care, each species is more likely to carry its own 

specialist mite race and mites are more likely to be reproductively isolated (Brown & Wilson 

1992). Accordingly, we predicted: (2) that N. vespilloides from Gamlingay Wood should be 

more likely to carry a mixture of mite races, whereas N. vespilloides from Waresley Wood 

should be more likely to carry the N. vespilloides race of mites. We further predicted (3) that 

this should affect the extent of local adaptation. Specifically, P. carabi mites and N. vespilloides 

from Gamlingay Wood should show greater levels of reciprocal local adaptation than those 

from Waresley Wood. 

7.3 Methods 

All burying beetles and mites used were descendants from Gamlingay and Waresley Woods in 

Cambridgeshire, UK. Colonies of beetles and mites were maintained as previously described 

(Chapter 2).   
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7.3.1 Field observations 

Surveys of burying beetle communities were conducted in Gamlingay and Waresley Woods in 

Cambridgeshire, UK. From June to October in 2016-1017, five traps at each site were baited 

with mouse carcasses and hung in the same location, separated by at least 150m (Chapter 6). 

We checked the traps every 2-3 weeks and collected all Nicrophorus spp. Traps were then 

refilled with fresh mice at each collection. Beetles and mites were then brought to the lab 

(Department of Zoology, University of Cambridge). The number and sex of each beetle species 

were recorded at each location for each trapping event. Beetle pronotum width was measured 

to the nearest 0.01 mm as a standardised measurement of body size (Jarrett et al. 2017). We 

separated mites from their beetle hosts using CO2 anaesthetisation, and counted the number of 

mites per beetle. 

7.3.2 Prediction 1: Carcass size affects local adaptation 

To assess the extent of local adaptation on carcasses of different sizes, we adopted a fully 

factorial design of experimental reciprocal mite infestation (Nuismer & Gandon 2008; Garrido 

et al. 2012; Blanquart et al. 2013). These experiments were carried out in four blocks. Each 

beetle population (Gamlingay/Waresley) was infested with either 10 Gamlingay mite 

deutonymphs or 10 Waresley mite deutonymphs, on 25-30 g (26.84 ± 0.18 g) large carcasses or 

15-20 g (16.94 ± 0.12 g) small carcasses, thereby generating eight treatments in total (2 x 2 x 2). 
Mites were introduced directly onto the carcass, when beetles were paired. Pairs of beetles were 

unrelated, to prevent inbreeding. At larval dispersal, 8 days after pairing, we counted all larvae 

and weighed the whole brood (to the nearest 0.1mg). We calculated the average larval mass for 

each brood (total brood mass divided by the number of larvae). To determine the reproductive 

success of mites, we used CO2 to detach dispersing mite deutonymphs from adult beetles, at the 

end of the breeding event. 

In parallel, we also bred Gamlingay and Waresley N. vespilloides without mites on large 

(26.31 ± 0.20 g) and small (16.48 ± 0.12 g) carcasses, to test whether they performed better or 

worse than the beetles exposed to mites in the local adaptation experiment. We made the same 

measurements of reproductive success as described above. We also bred mites in the absence 

of beetles by allowing ten mite deutonymphs to breed on a large (28.04 ± 0.14 g) or small (17.31 

± 0.24 g) mouse carcass. Seven days later, we introduced a pair of beetles from the same 
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population to associate with mites, and counted the dispersing mite offspring attaching to 

beetles the next day (day 8) so that mites had the same duration of reproduction as in the 

treatments with beetles. 

7.3.3 Prediction 2: Gamlingay N. vespilloides carry a mixture of P. carabi races 

To investigate population differences in the number of mite races present, we used consecutive 

choice experiments. P. carabi from either Gamlingay or Waresley Woods were allowed to 

choose between one of the following field-collected burying beetle species: N. vespilloides, N. 

humator, N. interruptus, and N. investigator. Each species was represented by one individual, 

drawn at random from a pool of field beetles (184 N. vespilloides, 98 N. humator, 129 N. 

interruptus and 100 N. investigator). Burying beetles in this pool were haphazardly chosen from 

four field populations (Gamlingay Wood, Waresley Wood, Madingley Wood (Latitude: 

52.22658°; Longitude: 0.04303°), and Thetford Forest (Latitude: 52.41286°; Longitude: 

0.75167°). This allowed us to remove any population specific effect on mite preferences, and to 

focus entirely on the species effect. 

We used mites that had been bred for one generation in the lab without burying beetles 

and field-caught beetles. The four burying beetles (of the same sex, one from each species) were 

introduced into a plastic container (17 x 12 x 6 cm), around which they could move freely. At 

the same time 50 mites were also introduced – either from the Gamlingay population or from 

the Waresley population. The container held moist soil to a depth of 2 cm and minced beef in 

ad libitum quantities to prevent intraguild predation. The number of mites carried by each 

beetle species was recorded 24 h later, and used to assess the mixing of different mite races in 

each population. Mites that chose N. vespilloides, N. humator, N. interruptus, and N. 

investigator were defined as P-ves, P-hum, P-int, and P-inv, respectively. We then bred these 

mites separately on a fresh mouse carcass, with one mouse carcass for each race of mite 

identified in the first experiment. The offspring of these breedings were then tested again for 

their burying beetle preferences, as a further test of extent to which the mite races were mixed 

in each woodland. Just as before, we introduced 10 mites and one beetle from each of the four 

species in a plastic container, and counted the number of mites on each beetle after 24 h.  
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7.3.4 Prediction 3: The extent of local adaptation is reduced when mite races are mixed 

These experiments were focused on N. vespilloides and P. carabi mites drawn specifically from 

Gamlingay Wood. We experimentally manipulated the composition of the mite community 

associated with each burying beetle (n = 10 deutonymphs), generating three treatments in all: 

a) pure N. vespilloides race of P. carabi; b) a mixture of all four races of P. carabi; and c) no 

mites (control). The mites used were descendants of the second generation of P. carabi from 

the experiment above, and races were determined from the preferences they exhibited in this 

experiment. They were introduced at beetle pairing, directly onto the carcass. Pairs of beetles 

were sequentially assigned to one of the three mite treatments, introduced into a breeding box 

(17 x 12 x 6 cm with 2 cm of soil) and given a 15-20 g (17.71 ± 0.16) mouse carcass to breed 

upon. We took the same measurements of beetle reproductive success as in the previous 

experiments, when larvae dispersed away from the carcass 8 days after pairing. Because the 

next generation of mites could show race-specific choice towards host beetles, our method of 

estimating the number of mites carried by N. vespilloides therefore might not accurately 

represent the real measurement of mite reproductive success. However, in the absence of the 

most suitable hosts, mites still attach to any available beetle. Accordingly, the current method 

is still likely to be a valid approach for measuring mite reproductive success. 

7.3.5 Statistical analyses 

We analysed the data using generalized linear mixed models (GLMM) with the glmer function 

in the lme4 (Bates et al. 2015) package in R version 3.4.3 (R Development Core Team 2014). 

To obtain minimal adequate models, we applied a stepwise approach to exclude non-significant 

variables and interactions (Crawley 2007). We included block as a random effect in all models. 

All GLMMs had been checked for normality of residual error distributions. To test for 

significant interactions, post-hoc interaction contrasts were conducted using the 

testInteractions function with a Holm’s correction in the phia package (de Rosario-Martinez 

2015). Tukey HSD tests were used for post-hoc pairwise comparisons, as necessary, using the 

lsmeans package (Lenth 2016). 

 

 

7.3.5.1 Field observation 



Chapter 7: Co-adaptation by Host Specialisation 

 128 

To determine whether mite abundance differed between Nicrophorus beetle species and 

population, we used a negative binomial GLMM (using the function glmer.nb in the lme4 

(Bates et al. 2015) package to account for data overdispersion). We included as explanatory 

variables the interaction between beetle species and population, sex, and body size of beetles, 

while sampling year was included as a random factor.     

 

7.3.5.2 Prediction 1: Carcass size affects local adaptation 

Local adaptation of beetles to mites 

We analysed two measures of beetle reproductive success when exposed to different mite 

populations using GLMMs: brood size (using a Poisson distribution) and average larval mass 

(using a Gaussian distribution). Beetle treatment (Gamlingay/Waresley), mite treatment 

(control/local/foreign), carcass size (large/small) and their interaction were included as 

explanatory variables. For the analysis of average larval mass, we also included larval density 

(brood size divided by carcass mass) as a covariate. In all models, block was included as a 

random factor. 

 

Local adaptation of mites to beetles  

We analysed the number of dispersing mite deutonymphs present at the end of each 

reproductive bout using a negative binomial GLMM. Beetle treatment (control/local/foreign), 

mite treatment (Gamlingay/Waresley), carcass size (large/small) and their interaction were 

included as explanatory variables. Block was included as a random factor. 

7.3.5.3 Prediction 2: Gamlingay N. vespilloides carry a mixture of P. carabi races 

We analysed variation in the number of mites carried by each beetle species using a Poisson 

model, with an offset of the log total number of mites allowed to make a choice in each trial. 

We included mite population (Gamlingay/Waresley), beetle species (N. vespilloides, N. 

humator, N. interruptus, and N. investigator), and their interaction as explanatory variables. 

Sex and body size of beetles were included as covariates. We also included as random factors 

the sampling year (2017 or 2018), and trial ID. We analysed the data in a similar manner for 

the second choice experiment, testing for consistency of beetle species preference among mites 
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in the next generation. However, this time we analysed only those the mites that made the same 

choice as their parents.  

7.3.5.4 Prediction 3: The extent of local adaptation is reduced when mite races are mixed 

We used generalized linear models (GLM) to analyse two measures of beetle reproductive 

success when exposed to different mite populations: brood size (using a Poisson distribution) 

and average larval mass (using a Gaussian distribution). We included mite treatments and 

carcass mass as explanatory variables in each model. When analysing variation in average larval 

mass, we additionally included larval density as a covariate. We also analysed variation in mite 

reproductive success using a negative binomial GLM with mite treatments and carcass mass as 

explanatory variables.   

7.4 Results 

7.4.1 Field observation 

In total, 1464 Nicrophorus individuals were caught over the two sampling years (779 and 685 

for Gamlingay and Waresley Woods, respectively), carrying a total of 17,171 P. carabi mite 

deutonymphs on four beetle species (Figure 7.1). We found that the mite load on each 

Nicrophorus species varied differently between populations (beetle species x population 

interaction, χ² = 49.65, d.f. = 3, p < 0.001; Figure 7.1). Specifically, N. vespilloides from 

Gamlingay had an average lower number of mites compared to N. interruptus (post-hoc 

comparison: z = 2.82, p = 0.025), but carried similar number of mites compared to those of N. 

humator (post-hoc comparison: z = 0.45, p = 0.970) and N. investigator (post-hoc comparison: 

z = 1.30, p = 0.563). In Waresley Wood, however, N. vespilloides carried more mites than N. 

humator (post-hoc comparison: z = -7.23, p < 0.001), but we could detect no difference in the 

mite load carried by N. vespilloides and N. interruptus (post-hoc comparison: z = -2.47, p = 

0.064), nor between N. vespilloides and N. investigator (post-hoc comparison: z = -1.17, p = 

0.645). Moreover, comparing mite abundance on the beetle species, between woodlands, we 

found that N. humator from Gamlingay had higher mite abundance than N. humator from 

Waresley (post-hoc comparison: z = 4.72, p < 0.001), and there was a tendency for Gamlingay 

N. interruptus to carry more mites than those from Waresley (post-hoc comparison: z = 1.89, p 

= 0.060). In contrast, Gamlingay N. vespilloides had lower number of mites than Waresley N. 
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vespilloides (post-hoc comparison: z = -7.43, p < 0.001). We could detect no significant 

difference between Gamlingay and Waresley in mite abundance on N. investigator (post-hoc 

comparison: z = 0.82, p = 0.414).  

 

 
Figure 7.1 Number of P. carabi carried by each Nicrophorus spp. in Gamlingay and Waresley 
Woods. The box plot show median values, the 25th and 75th percentiles, interquartile ranges, 
and outliers as pointed. Letters indicate significant differences among groups in Post-hoc 
pairwise comparisons. Sample sizes are as indicated. 

7.4.2 Prediction 1: Carcass size affects local adaptation 

7.4.2.1 Local adaptation of beetles to mite populations 

In general, we found that the different mite populations affected burying beetle brood size in 

different ways, depending on the size of the carcass used for reproduction and the burying 

beetle’s woodland of origin (Table 7.1a).  

 

Brood size 

To understand the factors driving the significant three-way interaction (Figure 7.2a,b; Table 

7.1a), we initially split the dataset by beetle population, to understand the separate effects of the 

mites and carcass size on burying beetle brood size in each population.  

In Gamlingay Wood, we found that burying beetles exposed to Gamlingay mites 

produced smaller broods, but that the extent of reduction in brood size depended on carcass 
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size (mite origin x carcass size interaction, χ² = 20.02, d.f. = 2, p < 0.001). Gamlingay mites 

significantly reduced brood size when beetles bred on both small carcasses (post-hoc 

comparison, no mites v. local mites: z = 2.92, p = 0.010), and large carcasses (post-hoc 

comparison, no mites v. local mites: z = 6.24, p < 0.001), but the magnitude of difference in 

brood size was greater when beetles bred on large carcasses. On small carcasses, Gamlingay 

beetles produced broods of similar size whether breeding with Gamlingay or Waresley mites 

(post-hoc comparison, local mites v. foreign mites: z = -0.53, p = 0.859). On larger carcasses 

they produced fewer larvae when breeding with Gamlingay mites compared with Waresley 

mites (post-hoc comparison, local mites v. foreign mites: z = -7.10, p < 0.001). 

For beetles from Waresley Wood, we found that mite populations consistently reduced 

beetle brood size (χ² = 7.17, d.f. = 2, p = 0.028), irrespective of carcass size (mite origin x carcass 

size interaction, χ² = 0.40, d.f. = 2, p = 0.819). Waresley beetles produced fewer larvae when 

breeding alongside Waresley mites than when breeding with no mites at all (post-hoc 

comparison, no mites v. local mites: z = 2.68, p = 0.020). Waresley beetles produced broods of 

similar size whether breeding with Waresley or Gamlingay mites (post-hoc comparison, local 

mites v. foreign mites: z = 1.42, p = 0.332). Breeding on large carcasses always generated more 

offspring than on small carcasses (carcass size effect: χ² = 48.48, d.f. = 1, p < 0.001). 

 

Average larval mass  

We found that beetles produced smaller larvae when breeding on a smaller carcass, and that 

the woodland origin of the mites breeding alongside them affected the magnitude of decrease 

in larval mass (Figure 7.2c,d; Table 7.1b). The woodland origin of the beetles did not 

additionally affect this interaction (beetle population x mite origin x carcass size interaction, χ² 

= 0.81, d.f. = 2, p = 0.668). When beetles bred on a small carcass alongside mites from the same 

woodland population, their larvae were smaller than when they bred alongside mites from the 

other woodland (post-hoc comparison, local mites v. foreign mites: t = -4.57, p < 0.001), and 

when they had no mites at all (post-hoc comparison, local mites v. no mites: t = -4.64, p < 0.001). 

Neither effect was seen on larger carcasses (post-hoc comparisons: local mites v. foreign mites: 

t = -0.77, p = 0.721; local mites v. no mites: t = -1.34, p = 0.373).  
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Table 7.1 Results from the final models analysing the fitness components of beetle local 
adaptation 
Dependent variable Explanatory variables  X2 d.f. p value 
a. Brood size beetle population 5.49 1 0.019 
 mite treatment 59.33 2 <0.001 
 carcass size 8.09 1 0.004 
 beetle population*mite treatment 23.73 2 <0.001 
 beetle population*carcass size 0.66 1 0.418 
 mite treatment*carcass size 19.59 2 <0.001 
 beetle population*mite treatment*carcass size 11.00 2 0.004 
b. Average larval mass beetle population 0.019 1 0.890 
 mite treatment 1.80 2 0.406 
 carcass size 8.30 1 0.004 
 larval density 380.72 1 <0.001 
 mite treatment*carcass size 21.55 2 <0.001 
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Figure 7.2 Burying beetle reproductive success (mean ± S.E.M) in relation to woodland of 
origin, carcass size and the three mite treatments. Data are shown for brood size of beetles from 
(a) Gamlingay and (b) Waresley Woods and average larval mass from (c) Gamlingay and (d) 
Waresley Woods. In the mite treatments, ‘local’ means that beetles bred alongside 10 mite 
deutonymphs from the same woodland and ‘foreign’ means that beetles bred alongside 10 mite 
deutonymphs from the other woodland. Each point represents one brood.   
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7.4.2.2 Local adaptation of mites to beetle populations 

We found that the reproductive success of the mites depended on whether or not they were 

breeding alongside beetles from the same woodland population, and that this relationship 

varied with the size of the carcass (Figure 7.3; Table 7.2). To understand the factors driving this 

significant three-way interaction, we initially split the dataset by mite population, to 

understand the separate effects of the burying beetles and carcass size on mite reproductive 

success.   

In Gamlingay Wood, we found that mites produced more offspring on larger carcasses, 

but that this effect was modulated by the presence of beetles on the carcass and their woodland 

of origin (beetle origin x carcass size interaction, χ² = 8.80, d.f. = 2, p = 0.012; Figure 7.3a). In 

general, Gamlingay mites had greater reproductive success when they bred alongside beetles 

from their own woodland than when there were no beetles present at all, whether they bred on 

a small (post-hoc comparison, no beetles v. local beetles: z = -8.82, p < 0.001) or large carcass 

(post-hoc comparison, no beetles v. local beetles: z = -12.45, p < 0.001). On smaller carcasses, 

Gamlingay mite reproductive success was enhanced to a similar extent, whether beetles were 

from Gamlingay or Waresley Woods (post-hoc comparison, local beetles v. foreign beetles: z = 

-2.02, p = 0.106). On larger carcasses, mites had even greater reproductive success when 

breeding alongside Gamlingay beetles rather than Waresley beetles (post-hoc comparison, local 

beetles v. foreign beetles: z = 2.42, p = 0.041). 

Similarly, we found that Waresley mites produced more offspring on larger carcasses, 

but that the magnitude of this effect depended on the presence of beetles on the carcass and 

their woodland of origin (carcass size x beetle origin interaction, χ² = 6.93, d.f. = 2, p = 0.031; 

Figure 7.3b). This time, we found that mites produced a similar number of offspring when 

breeding on a small carcass regardless of whether beetles were present or not (post-hoc 

comparison, no beetles v. local beetles: z = -1.69, p = 0.208) and regardless of the beetles’ 

woodland of origin (post-hoc comparison, local beetles v. foreign beetles: z = -1.07, p = 0.531). 

However, on larger carcasses, mites tended to produce more offspring when breeding alongside 

Waresley beetles than when breeding alongside Gamlingay beetles (post-hoc comparison, local 

beetles v. foreign beetles: z = 2.22, p = 0.067). They produced a similar number of offspring 

with Waresley beetles as when they did breeding with no beetles at all (post-hoc comparison, 

no beetles v. local beetles: z = -1.69, p = 0.209). 
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Figure 7.3 Mite reproductive success (mean ± S.E.M) in relation to woodland of origin, carcass 
size and the three beetle treatments. The number of mite offspring (deutonymphs) dispersing 
with adult beetles at the end of reproduction are shown for (a) Gamlingay mites and (b) 
Waresley mites. In the beetle treatments, ‘local’ means that mites bred alongside beetles from 
the same woodland and ‘foreign’ means that mites bred alongside beetles from the other 
woodland. Each point represents one brood.  

 
Table 7.2 Results from the final models analysing the fitness components of mite local 
adaptation 
Dependent variable Explanatory variables  X2 d.f. p value 
Number of mite offspring beetle origin 152.61 2 <0.001 
 mite population 66.31 1 <0.001 
 carcass size 2.15 1 0.143 
 beetle origin*mite population 65.29 2 <0.001 
 beetle origin*carcass size 5.51 2 0.064 
 mite population*carcass size 5.95 1 0.015 
 beetle origin*mite population*carcass size 7.18 2 0.028 

 

7.4.2.3 Prediction 2: Gamlingay N. vespilloides carry a mixture of P. carabi races 

The first lab-bred generation of P. carabi differed significantly from each other in their relative 

preference for the different Nicrophorus species, depending on whether they were derived 

originally from Gamlingay or Waresley Woods (mite population x beetle species interaction, 

χ² = 151.61, d.f. = 3, p < 0.001; Figure 7.4a; Table 7.3). P. carabi derived from each woodland 

showed clear preferences for the different Nicrophorus species (Gamlingay: χ² = 293.06, d.f. = 
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3, p < 0.001; Waresley: χ² = 459.69, d.f. = 3, p < 0.001). However, Gamlingay mites were similarly 

likely to favour N. interruptus and N. vespilloides. They favoured N. investigator less frequently 

and N. humator even less (Figure 7.4a; Table 7.3). In contrast, Waresley P. carabi showed a 

clear preference for N. vespilloides. Their next-favoured beetle species was N. interruptus, 

followed by N. investigator, and then N. humator (Figure 7.4a; Table 7.3). We used post-hoc 

comparisons to compare the strength of the mite preference for each Nicrophorus species 

between populations. We found that Gamlingay mites showed stronger preference for N. 

humator (z = 5.99, p < 0.001) and N. interruptus (z = 5.45, p < 0.001) than mites from Waresley. 

They also tended to have a stronger preference for N. investigator (z = 1.93, p = 0.054). By 

contrast, Waresley mites showed a higher preference for N. vespilloides than Gamlingay mites 

(z = -9.04, p < 0.001).    

We paired mites that showed the same preference for burying beetle species, and tested 

whether the preferences of the offspring matched those of their parents, to test for indirect 

evidence that mites were segregating into genetic races. The extent to which the beetle 

preferences aligned between the generations varied by woodland (mite population x beetle 

species interaction, χ² = 50.42, d.f. = 3, p < 0.001). We found that Waresley P-ves mites 

consistently had stronger preference for N. vespilloides than Gamlingay mites (t = -2.17, p = 

0.030; Figure 7.4b). In contrast, both P-hum and P-int mites from Gamlingay Wood showed 

stronger consistence in their choice of N. humator (t = 5.48, p < 0.001; Figure 7.4b) and N. 

interruptus (t = 4.92, p < 0.001; Figure 7.4b), respectively, compared to those from Waresley 

Wood. Gamlingay P-inv mites also preferred N. investigator compared to Waresley P-inv mites 

(t = 1.78, p = 0.075; Figure 7.4b), although the effect was relatively weak. 
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Figure 7.4 Population differences of mite preferences between Gamlingay (G) and Waresley 
(W) Woods. (a) Proportion of mites that were attracted to each Nicrophorus spp. in the first 
generation and (b) proportion of mites that were attracted to their parents’ preferred 
Nicrophorus spp. P-ves, P-hum, P-int, and P-inv represent mites that chose N. vespilloides, N. 
humator, N. interruptus, and N. investigator, respectively. The dashed line at 25% represents 
the proportion of P. carabi associating simply by chance with one of the Nicrophorus species. 
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Table 7.3 Results of Tukey's post hoc comparisons for beetle species x population 
interaction in the first choice experiment 
Gamlingay     
Groups compared Estimate SE z-ratio P-value 
hum to int -1.22 0.08 -15.54 <.0001 
hum to inv -0.29 0.09 -3.24 0.007 
hum to ves -1.10 0.09 -11.57 <.0001 
int to inv 0.93 0.07 13.39 <.0001 
int to ves 0.12 0.06 1.89 0.233 
inv to ves -0.81 0.08 -9.98 <.0001 

     
Waresley    
Groups compared Estimate SE z-ratio P-value 
hum to int -1.53 0.10 -15.56 <.0001 
hum to inv -0.75 0.11 -6.93 <.0001 
hum to ves -2.21 0.11 -20.57 <.0001 
int to inv 0.79 0.08 10.48 <.0001 
int to ves -0.68 0.06 -11.36 <.0001 
inv to ves -1.47 0.08 -19.23 <.0001 

Abbreviations: ves, N. vespilloides; hum, N. humator; int, N. interruptus; inv, N. investigator. 

7.4.2.4 Prediction 3: The extent of local adaptation is reduced when mite races are mixed 

We tested whether the variation caused by mites in Gamlingay beetle reproductive success 

(Figure 7.2) could be explained by the differential mixing of mite races within woodlands. We 

created experimental mite communities, manipulated to different degrees to contain mites with 

different beetle preferences. We showed that mite community had an effect on beetle’s brood 

size (χ² = 36.02, d.f. = 2, p < 0.001; Figure 7.5a). Beetles produced a similar number of larvae 

whether they were breeding without mites or with a pure population of N. vespilloides-specific 

mites (post-hoc comparison, z = -1.38, p = 0.351). Beetles that bred alongside mites that varied 

in their preference for different beetle species produced fewer larvae than beetles that had no 

mites at all (post-hoc comparison, z = 4.50, p < 0.001). We found no effect of the mite treatments 

on average larval mass (mite treatment: χ² = 4.11, d.f. = 2, p = 0.128; Figure 7.5b). The beetle 

preferences of the mites also explained variation in mite reproductive success (Figure 7.5c). 

Mites produced more offspring in a pure population of N. vespilloides-specific P. carabi than 

when in a mixture of different P. carabi ‘races’ (χ² = 18.13, d.f. = 1, p < 0.001). 
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Figure 7.5 Reproductive success of beetles and mites from Gamlingay Wood, following 
experimental manipulations of mites on each carcass. Reproductive success of beetles were 
measured as (a) brood size, (b) average larval mass, whereas mite reproductive success was 
measured as (c) the number of deutonymphs dispersing with adult beetles. In the mite 
treatments, ‘mix’ means that beetles bred alongside 10 mites as a mixture of all four ‘races’ and 
‘ves’ means that beetles bred alongside 10 mites from pure N. vespilloides race. Each point 
represents one brood. Means and standard error bars are shown. 

7.5 Discussion 

Spatially-structured interactions between hosts and symbionts can result in population 

differences in the strength of selection that interacting species exert upon one another. This, in 

turn, can lead to geographical variation in the pattern of co-evolution and co- adaptation 

between partner species (Thompson 2013). Our experiments show that this is true for 

interactions between N. vespilloides and P. carabi mites from Gamlingay and Waresley Woods, 

and they identify the ecological factors that cause these differences in selection. 

In our first experiment, we tested whether the extent of co-adaptation varies between 

woodlands, with resource availability. From the mites’ perspective, we found evidence of 

adaptation to the local N. vespilloides population that varied in strength with the size of the 

carcass upon which both species bred (Figure 7.3). Regardless of carrion size, Gamlingay mites 

were locally adapted to breed alongside Gamlingay N. vespilloides. By contrast, Waresley mites 

were more weakly adapted to their local hosts, and this was evident only when they bred on a 

larger carcass. One explanation is that Waresley mites more frequently breed on larger carrion 

than smaller carrion (Chapter 6). 

 Turning to the beetles’ perspective, at first sight we seemingly found no equivalent 

evidence of adaptation in beetles to their local mite population (Figure 7.2). In general, mites 

appear to be parasitic because they reduced beetle reproductive success. For Gamlingay beetles 
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breeding on a large carcass, the local mite population seems to be even more parasitic than the 

foreign mite population.  

However, to fully understand these findings, we need to consider the results of the 

subsequent experiments. Here we found that mites substantially depress burying beetle fitness 

only when multiple mite races coexist within the same N. vespilloides breeding event. 

Gamlingay beetles carried a mixture of mite races, including some hybrids (we infer their 

existence through the discovery that mite offspring show lower fidelity than their parents to a 

particular beetle species; Figure 7.4). Furthermore, experimentally mixing the mite races 

carried by Gamlingay N. vespilloides was sufficient to cause reduced beetle reproductive success, 

and also reduced mite reproductive success (Figure 7.5). By contrast, Waresley mites displayed 

a marked preference for associating with N. vespilloides, and this preference persisted between 

generations. Therefore, we conclude that Waresley beetles carry, almost exclusively, a near 

pure-bred race of P-ves mites.  

 These results suggest that N. vespilloides beetles are locally adapted to mites after all, but 

only to mites of the P-ves race. The adaptation involves a form of tolerance to parasitism rather 

than a defence against parasitism (Svensson & Råberg 2010). Consequently, when exposed to 

mites of the P-ves race, beetles suffer relatively little, or no, reduction in reproductive success. 

Furthermore, beetles from both Gamlingay and Waresley Woods are similarly tolerant of the 

P-ves race of mites (Figure 7.2 and Figure 7.5a).  

  However, Gamlingay N. vespilloides are not as well-adapted to mites from other races, 

with whom they presumably share a less specialist co-evolutionary history. These other mite 

races are also apparently more dependent on the beetle than the P-ves race, even after they have 

arrived on the carcass (Figure 7.3). This might explain how they are able to reduce beetle 

reproductive success to a greater extent than the P-ves race. Interestingly, Waresley N. 

vespilloides were better able than Gamlingay N. vespilloides to tolerate the presence of mites 

from other races. We suggest that this is because Waresley females routinely lay more eggs than 

Gamlingay females, and so can better withstand any offspring mortality caused by mites from 

other races (Chapter 6). What remains to be clarified is the extent of co-adaptation between 

other Nicrophorus spp. and each race of mites. 

 Geographic mosaic theory suggests that populations differ in the extent of co-

adaptation between interacting species because the structure of selection varies between 

populations; because the strength of reciprocal selection varies between populations; or because 
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genetic variation influences the capacity for co-adaptation in different populations; or some 

combination of all three of these factors. This study is relatively rare in showing how the first 

two factors contribute to variation in the extent of local co-adaptation between N. vespilloides 

and its P. carabi mites. The structure of selection differs between populations as a consequence 

of differences in the Nicrophorus guild between the two woods (Chapter 6). In Gamlingay 

Wood, where four Nicrophorus species live, N. vespilloides carry a mixture of mite races from 

all four Nicrophorus species. The non-vespilloides mite races are more dependent on N. 

vespilloides for reproductive success, reduce N. vespilloides brood size to a greater degree, and 

also impair the reproductive success of P-ves mites. Consequently, they impose stronger 

selection on N. vespilloides than the P-ves mites. Yet any counter-selection by N. vespilloides is 

bound to be weaker because the mites’ descendants are likely to be carried by other Nicrophorus 

species. Hence Gamlingay N. vespilloides is less suitable as a host because P-ves mites routinely 

share these beetles with other mite races, which essentially dilute any adaptation that can occur 

between N. vespilloides and P-ves.  

By contrast, in Waresley Wood, where there are routinely only two burying beetle 

species (Chapter 6), N. vespilloides carries an almost pure population of P-ves mites. Perhaps 

N. vespilloides and N. humator differ too much in their duration of parental care for mixed 

races, and hybrids, to persist (Brown & Wilson 1992). P-ves mites are more self-sufficient on 

the carcass and consequently less costly both to N. vespilloides beetles and other P-ves mites. 

As a result, co-evolution between mites and N. vespilloides in Warelsey means that mites now 

impose only weak selection on N. vespilloides. In addition, the loss of intermediate-sized rivals 

for carrion, means that Waresley N. vespilloides routinely lays more eggs than Gamlingay N. 

vespilloides (Chapter 6). Coincidentally, this means Waresley N. vespilloides can now better 

endure the costs of breeding with mites from other races, when exposed to them experimentally. 

 Animals are commonly hosts to diverse communities of symbionts. This study suggests 

that the structure of that community can vary cryptically and geographically and this plays a 

key role in determining the extent of local co-adaptation between a host and any one of its 

many symbionts. 
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          8 Chapter 8: Discussion 
8 Discussion 

Discussion   

8.1 Summary 

In this thesis, I proposed to investigate whether and how ecological factors cause symbiotic 

interactions to vary from mutualism to parasitism. Using burying beetles Nicrophorus 

vespilloides and their phoretic mites Poecilochirus carabi as a model system, the key findings of 

this thesis suggest that the outcomes of interactions between beetles and mites are highly 

variable in different ecological contexts. The interaction can be strengthened when ecological 

conditions change the fitness benefits that beetles and mites stand to gain. It is tipped from 

mutualism to commensalism when there is little to be gained from the partnership, or can 

degrade to a more antagonistic relationship when mites gain fitness at the burying beetle’s 

expense. The environmental factors that bear directly on individual competitive ability were 

most likely to profoundly influence the outcome of symbiotic interactions between beetles and 

mites. Given these findings, I discuss potential future directions to be explored and the 

implications for symbiotic interactions in changing environments. 

 

We are now in a position to present some answers to the two questions I posed in Chapter 1, 

namely: 

1) What are the evolutionary and ecological mechanisms that determine a species’ 
niche breadth?  

2) What factors cause symbiotic interactions to shift from mutualism to parasitism (or 
vice versa)? 

8.2 Question 1: What are the evolutionary and ecological mechanisms that determine a 

species’ niche breadth?  

With experiments in both the field and the lab, I found that there is a thermal dimension to the 

N. vespilloides niche. In the absence of interactions with other animals, I found that the beetle’s 

reproductive success peaked at intermediate temperatures but decreased at both higher and 

lower extremes. This represents the burying beetle’s fundamental thermal niche. By 

experimentally adding back in the beetle’s interactions with other animals, I characterised the 
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beetle’s realised thermal niche. I found that the realised niche was restricted by interspecific 

competition with rival blowflies, particularly at both higher and lower temperatures. However, 

by carrying mites during reproduction, beetles expanded their realised niche beyond the 

fundamental niche. By modulating temperature-dependent competition with blowflies, mites 

enabled their burying beetle hosts to breed successfully across a wider range of temperatures 

(Chapter 5). 

These results were derived by comparing populations. An important finding from the 

experiments presented here is that individuals vary in the niche they occupy. Understanding 

individual niche variation could help us better predict the extent of ecological specialisation 

within species and identify the factors that constrain niches of some individuals but not others. 

Differences in morphological traits, including body size, are likely to be a key determinant of 

individual niche variation, especially for invertebrates because they are ectothermic. I found 

that smaller individuals were less capable of maintaining high body temperatures, for example 

(Chapter 4). This matters because their lower body temperature places them at a competitive 

disadvantage against larger conspecifics in contests to obtain the essential carrion breeding 

resource (Chapter 4). Contests over carrion are common, but are most likely to arise over larger 

corpses. A large dead body is a more valuable prize because it potentially yields more larvae. 

Large corpses therefore generate competition both within and among burying beetle species.  

As long as there is competition for carrion, being small constrains the range in carrion 

size upon which individuals can breed, narrowing their carrion niche. This is true for species 

(Chapter 6) and potentially also true for individuals (Chapter 4). Within species, my results 

suggest that smaller beetles can potentially expand the breadth of their carrion niche by 

entering a partnership with the mites. The mites provide thermal benefits as they travel as an 

insulating layer onboard beetles, and thus increase competitive prowess of smaller ‘losers’ 

(Chapter 4).  

Once competition is removed, even smaller individuals can expand the breadth of their 

carrion niche. This explains why N. vespilloides from two neighbouring yet geographically 

isolated populations (Gamlingay and Waresley) have diverged in the breadth of the carrion 

niche they each occupy (Chapter 6). I found that this evolutionary divergence was caused by a 

retuning of the reaction norm linking carrion size to clutch size. Evolutionary change in this 

reaction was possible, despite ongoing gene flow, because the number of larvae on the carcass 

was additionally plastically regulated by filial cannibalism. Thus plasticity-led evolution can 
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arise through genetic accommodation as well as through genetic assimilation, as previous 

studies have emphasised (Corl et al. 2018; Levis et al. 2018). In future work, it would be 

interesting to determine why the Waresley burying beetle guild lacks stable populations of the 

intermediate-sized N. interruptus and N. investigator, and the extent to which temperature and 

soil characteristics play more important roles in modulating competition within and among 

burying beetle species. 

Turning to the mite’s perspective, their carrion niche breadth is strongly contingent on 

their host beetle because their capacity to distribute and breed depends so strongly on whether 

their host can locate and secure a carcass for reproduction. The limiting resource over which 

mites compete is instead a suitable attachment site on a beetle host (Chapter 3). Space onboard 

a beetle is limited so that not all mites can disperse and those who miss opportunities to disperse 

will end up with very little fitness (Schedwill et al. 2018). A single beetle can host several mite 

species, resulting in competition for space between species. I showed that P. carabi and M. 

nataliae prefer to attach to different body parts on the same beetle host. Moreover, force 

measurements revealed that they are locally adapted for attaching to the site they prefer. P. 

carabi are generalists because they use a wider niche breadth (several body parts), whereas M. 

nataliae are specialists that specifically target abdomen. The mechanisms of attachment 

mediate spatial niche partitioning between these two sympatric mite species on the same 

individual host beetle (Chapter 3). In future work, it would interesting to use a comparative 

approach to determine whether the attachment mechanisms have diverged directly in response 

to competition for space or whether they diverged before mites existed in sympatry on the same 

beetle host.   

8.3 Question 2: What factors cause symbiotic interactions to shift from mutualism to 

parasitism (or vice versa)? 

There is ample evidence showing that the outcomes of symbiotic interactions are context-

dependent (Hoeksema & Bruna 2015), shifting between mutualism, commensalism and 

parasitism in the differing ecological conditions experienced by the same pair of species. 

Chamberlain et al. (2014) suggest that this flexibility threatens the long-term stability of 

mutualisms, especially in a fluctuating or unstable ecological environment. Frederickson (2017) 

have recently challenged this idea, arguing that mutualisms are more robust than this. They 

argue that many cases of context dependency have been found in laboratory and greenhouse 
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studies, and there is less flexibility in the symbiotic relationship when data are collected in field 

studies (Chamberlain et al. 2014). Unrealistic settings in the laboratory could be responsible 

for this mismatch in results. I suggest that a dual approach might resolve this dispute, 

combining detailed field observations with naturally plausible manipulations of key 

environmental factors in the laboratory. This might involve manipulations along 

environmental gradients, for example Chamberlain et al. (2014). By adopting this approach in 

this thesis, I have shown that the outcomes of symbiotic interactions between burying beetles 

are indeed highly variable as environments change, and that the consequences of this variation 

play out at the individual level, the population level, and potentially extend across multiple 

populations.  

I showed that variation between parasitism and mutualism can happen within 

individual members of the same population. In Chapter 4, I experimentally showed that social 

environments within species can be just as important as other ecological factors in shaping 

variation in the interaction outcomes with mites. Variation in competitive ability within species 

arises because smaller individuals consistently lose when competing with larger individuals for 

a carcass. I found that smaller beetles were consequently more likely to be in mutualistic 

interaction with mites, whereas the mites were more likely to be parasitic when associated with 

larger beetles (Chapter 4).  

A key challenge for future work is to examine this variation from the mites’ perspective. 

Does the variation in beetle competitive availability affect partner choice by the mites? Do they 

preferentially associate with smaller or larger beetles? Answering these questions can help us 

determine whether the fitness benefits of beetles and mites align or are divergent, and can 

therefore explain whether or not there is likely to be ongoing co-evolution between beetles and 

their phoretic mites. Interestingly, these relationships are likely to change as environmental 

temperatures rise, because it changes the thermal benefits that mites can confer on smaller 

beetles, when competing with conspecifics. On the one hand, rising temperatures could 

decrease the asymmetry in fighting ability between large and small individuals, and reduce the 

magnitude of thermal benefits from mite associations. On the other hand, increasing 

temperatures could influence the growth, development, body size of beetles, changing variation 

in body size thereby changing the extent to which it influences intraspecific competition. Tseng 

et al. (2018) combined analysis of a long-term beetle dataset (spanning decades) with a 

quantitative review of 22 beetle species studied in the laboratory, and found that increasing 
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temperatures cause a general decrease in beetle body size. Furthermore, the larger beetle species 

shrank more than smaller species under global climate change (Tseng et al. 2018). Perhaps this 

means that variation in body size will decline with rising temperatures and mites will 

correspondingly be less effective at helping beetles to win fights because the outcome is less 

likely to be determined by a size-related thermal asymmetry.  

In Chapter 5, I showed that the presence of fly competition causes interactions between 

beetles and mites to be mutualistic, but that when flies are absent, the relationship is more likely 

to be commensal or parasitic because both beetles and mites require carrion resources to breed 

and thus compete with each other on the carcass. Mites eliminate blowfly competition in 

exchange for transport to carrion, upon which both beetles and mites reproduce. This service 

is more beneficial for burying beetles at lower and higher temperatures. A key challenge in 

ecology and evolutionary biology is to understand how symbiotic interactions function under 

climate change. Contrary to previous studies, which suggest that mutualisms tend to break 

down under global warming (Rafferty et al. 2015; Renner & Zohner 2018), I found that 

mutualisms between beetles and mites are strengthened in response to rising temperatures, 

because warmer environments increase competition with a common enemy, the blowfly. 

Ecological factors acting differently in isolated populations can thus cause variation in 

the outcome of interactions between beetles and mites across different populations. In some 

populations, mites depress burying beetle fitness while in others, mites enhance beetle fitness, 

as shown explicitly in Chapter 7. This, in turn, generates contrasting coevolutionary dynamics 

between populations, generating geographic mosaics of coevolution and coadaptation.  

Some of the ecological factors that drive these evolutionary mosaics can be attributed 

to anthropogenic habitat fragmentation. The two woodlands I studied in Cambridgeshire, 

Gamlingay Wood and Waresley Wood are small remnants of the Wild Wood that once covered 

England, and which was destroyed between the Iron Age and writing of the Domesday Book 

(Chapter 5). I found that Gamlingay Wood routinely has four Nicrophorus species, whereas 

Waresley Wood is now routinely inhabited by only two Nicrophorus species. This difference 

between woodlands in the burying beetle guild causes N. vespilloides to carry different 

combinations of P. carabi races (Chapter 6). In the more speciose Gamlingay Wood, N. 

vespilloides carries a mixture of P. carabi races whereas in Waresley Wood, this beetle species 

carries a purer strain of the vespilloides race of P. carabi. These differences in mite race 

composition have different effects on N. vespilloides fitness, reducing it in Gamlingay Wood 
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but causing negligible harm in Waresley Wood. Thus, changing environments through habitat 

fragmentation leads to changes in host community structures and generates geographic 

mosaics of coevolution and coadaptation in their symbionts (Thompson 2013). 

Nevertheless, it should be noted that what I discovered in Chapter 7, i.e., the existence 

of cryptic species of P. carabi, might influence some of the findings and interpretations from 

Chapters 3-5. These effects are most likely due to differences in mite number attached to 

beetles, which are attributed to distinct mite preferences for each burying beetle species. 

Thus, the number of mites carried by each N. vespilloides individual could determine the 

extent of intra- and inter-specific competition over limited space on beetles (Chapter 3), how 

much thermal benefits can be gained by beetles (Chapter 4), and the effectiveness of 

protective mutualisms that support beetles in competition with blowfly enemies (Chapter 5). 

Nevertheless, the number of mites in these experiments was controlled in line with natural 

mite densities and any density-dependent effects of mites on beetles should be biologically 

relevant from the beetle’s perspective. From the mite’s perspective, as the mite race used in 

Chapters 3-5 was not specifically controlled, it was likely that multiple cryptic races existed. 

Consequently, measurements of mite reproductive success could have been affected, as 

different mite races compete with each other for carrion resource, which in turn, could have 

influenced the reproductive success of the beetles (as shown in Chapter 7). For example, a 

mixture of mite races could negatively impact the reproductive success of beetles, thus 

reducing the value of thermal benefits provided by mites (Chapter 4), as well as the defensive 

mutualism between beetles and mites (Chapter 5). Whether or not the existence of multiple 

mite races does affect the net outcomes of interactions between beetles and mites remains to 

be tested in future work. 

Overall, I have shown that mites can be mutualists, but that they can also be parasites. 

Biotic (the density of mites and presence of intra- and inter-specific competitors) and abiotic 

factors (environmental temperature) underpinning competition over carcass resources 

explain much of this variation. These findings add further evidence to the concept of a 

mutualism-parasitism continuum, showing that there is not a clear-cut division between 

mutualism and parasitism: both can simultaneously persist, within the same pair of species 

and within the same population. 
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Appendix 
MATLAB code for measuring peak forces  

 

The MATLAB code I used for measuring peak forces of mite attachment in Chapter 3. I 

gratefully acknowledge Simon Chen for writing the code. 

 
function FindPeakForces 
%% Function processes peak forces single channel in 2D data 
%Can use either pico or labview files 
 
%Aleksandra Birn-Jeffery 2015 
%% Find the folder directories for each file type 
 
%Now find the folder directory for the pico files 
t_folderPathN = uigetdir(pwd,'Select folder containing all files for processing'); 
 
%Make sure the path directory is correct for the folder path 
if exist('folderPathN','file') == 2 
    [t_folderPathN,msg] = SetRootDir(t_folderPathN,0,'Browse for data directory'); %#ok<ASGLU> 
elseif strcmp('\',t_folderPathN(end)) == 1 ||  strcmp('/',t_folderPathN(end)) == 1 
else 
    if ismac == 1 || isunix == 1 
        t_folderPathN = [t_folderPathN '/']; 
    else 
        t_folderPathN = [t_folderPathN '\']; 
    end 
end 
%Place into structure for future use 
allFileDetails.folderPathN = t_folderPathN; 
 
%Now specifically search for only .csv (from picoscope) to find out all the 
%file details, path names and the number of iterations to run the code for 
folderDetails = dir(fullfile(t_folderPathN,'*csv')); 
numFiles = size(folderDetails,1); 
if numFiles~=0 
    %Pull in file names for the csv files from the picoscope 
    fileList = cell(numFiles,1); 
    emptyCells = nan(numFiles,1); 
    for i = 1:numFiles 
        t_fileName = folderDetails(i).name; 
        %Check to make sure pulled out file actually is a file so check 
        %that the name is longer than 5 characters 
        if length(t_fileName)>5 
            fileList{i} = folderDetails(i).name; 
            emptyCells(i) = 1; 
        end 
    end %end for loop to pull out file names. 
    %Find instances where there is left a "nan" and remove from file 
    %list 
    nanIdx = find(isnan(emptyCells)==1); 
    fileList(nanIdx) = []; %#ok<FNDSB> 
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    numFiles = length(fileList); 
    fileType = 'csv'; 
else%try searching for text files 
    folderDetails = dir(fullfile(t_folderPathN,'*txt')); 
    numFiles = size(folderDetails,1); 
    if numFiles~=0 
        %Pull in file names for the txt files from labview 
        fileList = cell(numFiles,1); 
        emptyCells = nan(numFiles,1); 
        for i = 1:numFiles 
            t_fileName = folderDetails(i).name; 
            %Check to make sure pulled out file actually is a file so check 
            %that the name is longer than 5 characters 
            if length(t_fileName)>5 
                fileList{i} = folderDetails(i).name; 
                emptyCells(i) = 1; 
            end 
        end %end for loop to pull out file names. 
        %Find instances where there is left a "nan" and remove from file 
        %list 
        nanIdx = find(isnan(emptyCells)==1); 
        fileList(nanIdx) = []; %#ok<FNDSB> 
        numFiles = length(fileList); 
        fileType = 'txt'; 
    else %Break out of code with error message as no files available 
    error('Aborting program as no files avaliable for processing'); 
    end 
end %end if statement 
allFileDetails.fileNames = fileList; 
allFileDetails.fileType = fileType; 
 
%% Ask user if normal or shear peak force they're interested in 
prompt={'Normal or Shear force'}; 
name='Force type'; 
numlines=1; 
defaultanswer={'normal'}; 
forceType=inputdlg(prompt,name,numlines,defaultanswer); 
if strcmp('normal',forceType{1})==1 
    forceTypeCol = 2; 
    otherCol = 1; 
else 
    forceTypeCol = 1; 
    otherCol = 2; 
end 
%NOTE: assumes column 1 is shear and column 2 normal forces 
 
%% Ask user whether looking for max or min peaks 
peakType = questdlg('What peak are you trying to find?','PeakType','min','max','max'); 
 
%% Process the data per file 
for i = 1:numFiles     
    %% Pull in current file and open dependent on file type 
    if strcmp('csv', allFileDetails.fileType)==1 
        %Pull our the details for the current pico file 
        curFileN = allFileDetails.fileNames{i}; 
        curFolderPathN = allFileDetails.folderPathN; 
        disp(curFileN); 
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        %First column is time and there are issues where picoscope saves 
        %these out as general formula so therefore the file is not readable 
        %via csvread. Therefore use textscan to read the first column in 
        %which is the time in milliseconds 
        fid = fopen([curFolderPathN, curFileN]); 
        tempTimeData = textscan(fid,'%s %n %n','Delimiter',',','HeaderLines',2,'CollectOutput',1); 
        fclose(fid); 
         
        %Pull out the time data from the cell 
        timeData = str2double(tempTimeData{1,1}); 
        curTimeData = timeData./1000; %convert to seconds 
         
        %Pull out both the voltage data for friction and normal force 
        %Unlike the labview code here the first column is normal force and 
        %the second column is friction force so before putting into array 
        %'voltData' need to sort them out to arrange that first column is 
        %always friction force and second is normal force 
         
        %%%%%%%%%%%%%%%%%%%%%%%%%%%NOTE%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%% 
        %Depending on the settings of the picoscope when data collection 
        %was obtained, the output voltage could be in volts (so has no 
        %repercussions on this code) or in millivolts, which would require 
        %a conversion of the millivolts to volts before the calibration. 
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%% 
        tempForce = tempTimeData{1,2}; 
        voltData(:,1) = tempForce(:,2); 
        voltData(:,2) = tempForce(:,1); 
        %voltData = voltData./1000;%Conversion from millivolts if required 
        curVoltData = voltData; 
         
        %Calculate the frequency from the number of frames and time data. 
        curFreq = round(size(curTimeData,1)./(curTimeData(end))); 
         
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%% 
        %Add in section here for calibrating the voltdata!!! 
        curForceData = curVoltData; 
%         %Use the filtered picoscope volt data for calibration 
%         %Calibration is using the slope and offset from the co-efficient file. 
%         %This has been currently hard coded into the code. This assumes that 
%         %all values will be within the linear relationship of the fiber optic 
%         %sensors. 
%         picoStruct.forceData = nan(size(picoStruct.filtVoltData,1),size(picoStruct.filtVoltData,2)); 
%          
%         normOffset = 0.47194; 
%         normSlope = 0.018807; 
%         frictionOffset = 0.046647; 
%         frictionSlope = -0.000028535; 
%         zeroPosLever = 0; 
%          
%         %Pull out the details of the lever arm 
%         t_curLeverArm = str2double(curLeverArm); 
%          
%         %Calibration is done by the following equation: 
%         %calibratedF = volts/(offset+(slope*(zeroPositionLever+currentLeverArm))) 
%          
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%         %Calibrate the normal channel using a linear relationship 
%         picoStruct.forceData(:,2) = 
(picoStruct.filtVoltData(:,2))./(normOffset+(normSlope.*(zeroPosLever+t_curLeverArm))); 
%          
%         %Calibrate the friction channel using a linear relationship 
%         picoStruct.forceData(:,1) = 
(picoStruct.filtVoltData(:,1))./(frictionOffset+(frictionSlope.*(zeroPosLever+t_curLeverArm))); 
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%% 
    else%Open file from labview data - a text file so can used dlmread 
        %Pull our the details for the current pico file 
        curFileN = allFileDetails.fileNames{i}; 
        curFolderPathN = allFileDetails.folderPathN; 
        disp(curFileN); 
         
        %Read force data into code - lateral and normal force columns are 6 
        %and 7 respectively (These are calibrated so don't pull in). 
        %The voltage channel data are columns 8 and 9 respectively 
        t_forceData = dlmread([curFolderPathN, curFileN]); 
        %Pull out both the voltage data for friction and normal force 
        curVoltData = t_forceData(:,8:9); %#ok<NASGU> 
        curTimeData = t_forceData(:,1); 
        curForceData = t_forceData(:,6:7); 
        %curTrigSignal = t_forceData(:,2); %value of 1 = trigger for video 
         
        %Calculate the frequency from the number of frames and time data 
        curFreq = round(size(curTimeData,1)./curTimeData(end)); 
    end %end if statement for opening up current file 
     
    %% Check baselining of the file 
    %%%%%%%%%Baseline offset (simple method) if needed%%%%%%%%%%% 
    %Baseline the current calibrating channel based on colIdx 
    fT = figure; 
    tilefigs; 
    plot(curTimeData,curForceData(:,forceTypeCol)); 
    ylabel('Force (mN)'); 
    title('BASELINING: Select two points from which to average; Just hit "enter" if data well baselined already'); 
    [baseLineIdx, ~] = ginput(2); 
    close(fT); 
     
    %Check whether data is to be baselined or not (if baseLineIdx is 
    %empty then no need to baseline) 
    if ~isempty(baseLineIdx) 
        %Data needs to be baselined 
        %Pull out indices for start and end averaging for baselining 
        %sections. 
        [~, startIdx] = min(abs(curTimeData-baseLineIdx(1))); 
        [~, endIdx] = min(abs(curTimeData-baseLineIdx(2))); 
        aveValForZero = nanmean(curForceData(startIdx:endIdx,forceTypeCol)); 
         
        %Now baseline all the normal channel data 
        curForceData(:,forceTypeCol) = curForceData(:,forceTypeCol)-aveValForZero; 
    end%end if statement for offsetting 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
     
    %% Now find and select the peak force of interest 
%     %Here see if automatic selection of peak force functions by using max 
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%     %force. Check first whether you need min or max force for this. Use the 
%     %absolute maximum value to determine which to use. Note later asks if 
%     %the maximum is correctly found, and if it is not then user can 
%     %manually select it 
%     [t_maxVal,t_maxIdx] = max(curForceData(:,forceTypeCol)); 
%     [t_minVal,t_minIdx] = min(curForceData(:,forceTypeCol)); 
%      
%     %Find whether the peak forces are negatives or positives 
%     if abs(t_maxVal)>abs(t_minVal) 
%         curPeakIdx = t_maxIdx; 
%         curPeakForce = t_maxVal; 
%         peakType = 'max'; 
%     else%peak forces are negatives (depends on calibrations) 
%         curPeakIdx = t_minIdx; 
%         curPeakForce = t_minVal; 
%         peakType = 'min'; 
%     end%end if statement for finding whether data positive or negative 
     
    %%%%%%%%%%%%%%%%%%%%% WHEN USER SPECIFIES PEAK TYPE %%%%%%%%%%%%%%% 
    if strcmp(peakType, 'max') == 1 
        [t_maxVal,t_maxIdx] = max(curForceData(:,forceTypeCol)); 
        curPeakIdx = t_maxIdx; 
        curPeakForce = t_maxVal; 
    else%peak forces are negatives (depends on calibrations) 
        [t_minVal,t_minIdx] = min(curForceData(:,forceTypeCol)); 
        curPeakIdx = t_minIdx; 
        curPeakForce = t_minVal; 
        peakType = 'min'; 
    end%end if statement for finding whether data positive or negative 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%% 
     
    %Now plot the data and overlay with peak force value. Ask user to check 
    %if correctly selected and if so then save, if not then manually select 
    %point. 
    fTest = figure; 
    tilefigs; 
    plot(curTimeData,curForceData(:,forceTypeCol),'-r'); 
    hold on; 
    plot(curTimeData(curPeakIdx),curForceData(curPeakIdx,forceTypeCol),'*b'); 
    %Add in question for user 
    prompt={'Correct peak selected (y/n)?'}; 
    name='Peak selection'; 
    numlines=1; 
    defaultanswer={'y'}; 
    correctPeakSelection=inputdlg(prompt,name,numlines,defaultanswer); 
    close(fTest); 
    while strcmp('y',correctPeakSelection{1})~=1 
        %Wrong peak selection so allow user to manually select point 
        fManual = figure; 
        tilefigs; 
        plot(curForceData(:,forceTypeCol),'-r'); 
        title('Manually select peak force - Zoom = left click on area; Point selection = right click') 
        %[t_peakIdx,t_peakForce]=ginput(1); %#ok<ASGLU> 
        [t_peakIdx,t_peakForce]=ginput2(1); 
        close(fManual); 
         
        %Try to manually correct value in case user misses the maximum. 
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        %This corrects by looking at up to 10 frames either side of the 
        %current selected point and seeing if any others are higher 
        pointIdxCheck = [-10:1:10]'+round(t_peakIdx); %#ok<*NBRAK> 
        forceValsCheck = curForceData(pointIdxCheck,forceTypeCol); 
        %Next check depends on if values are positives or negatives 
        if strcmp('max',peakType) 
            [t_newPeakForce,t_newPeakIdx] = max(forceValsCheck); 
            curPeakIdx = pointIdxCheck(t_newPeakIdx); 
            curPeakForce = t_newPeakForce; 
        else%peak forces are negatives 
            [t_newPeakForce,t_newPeakIdx] = min(forceValsCheck); 
            curPeakIdx = pointIdxCheck(t_newPeakIdx); 
            curPeakForce = t_newPeakForce; 
        end 
         
        %Done the manual selection and ask user to double check got correct 
        %peak force value 
        fTest = figure; 
        tilefigs; 
        plot(curTimeData,curForceData(:,forceTypeCol),'-r'); 
        hold on; 
        plot(curTimeData(curPeakIdx),curForceData(curPeakIdx,forceTypeCol),'*b'); 
        %Add in question for user 
        prompt={'Correct peak selected (y/n)?'}; 
        name='Peak selection'; 
        numlines=1; 
        defaultanswer={'y'}; 
        correctPeakSelection=inputdlg(prompt,name,numlines,defaultanswer); 
        close(fTest); 
    end%end while loop for manually selecting peak force 
     
    %% Now pull out the variables of interest 
    %Already got peak of current column of interest, but also pull out time 
    %that peak force occurs as well as force in column of non-interest at 
    %peak force of column of interest 
    peakTime = curTimeData(curPeakIdx); 
    otherColForce = curForceData(curPeakIdx,otherCol); 
    
    %% Now save out variables of interest as well as file info 
    %To save all this data out in one file, all the output will be 
    %converted into strings and then for each new trial a new line will be 
    %inserted for it. 
     
    %Save out file name and folder check 
    saveNameFolder = [allFileDetails.folderPathN 'SaveOutData\']; 
    if exist(saveNameFolder,'dir')==7 
        %folder exists so no need to do anything 
    else%Does not exist so make a folder 
        mkdir([allFileDetails.folderPathN 'SaveOutData\']); 
    end    
    saveName = [allFileDetails.folderPathN 'SaveOutData\PullOffDataOutput.csv']; 
     
    %Now generate the output data line 
    outputCellArray = cell(1,5); 
    outputCellArray{1,1} = curFileN; 
    outputCellArray{1,2} = peakTime; 
    outputCellArray{1,3} = curPeakForce; 
    outputCellArray{1,4} = otherColForce; 
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    outputCellArray{1,5} = curFreq; 
     
    %Check if file exists, if doesn't then add headers then move onto data, 
    %but if does exist only save out the data portion     
    if exist(saveName, 'file') == 2 
        %Start saving out main data 
        fileID = fopen(saveName,'a+'); 
        %Firstly save out each row and within each row all columns 
        for k = 1:size(outputCellArray,2) 
            fprintf(fileID, '%s,',outputCellArray{k}); 
        end 
        fprintf(fileID,'\n'); 
        %Close the open file 
        fclose(fileID); 
         
    else%does not exist so need to create it and save out headers 
        %Headers depend on which force type was selected - normal versus 
        %friction 
        if forceTypeCol == 2 %normal channel 
            curForceName = {'Normal Force - selected peak (mN)'}; 
            otherForceName = {'Shear Force at normal force peak (mN)'}; 
        else%friction channel peak picked 
            curForceName = {'Shear Force - selected peak (mN)'}; 
            otherForceName = {'Normal Force at normal force peak (mN)'}; 
        end 
        %Prepare the header column 
        headerNames = [{'Filename'} {'Time at peak force (s)'} curForceName... 
            otherForceName {'Data freq (Hz)'}]; 
         
        %Start saving out main data 
        fileID = fopen(saveName,'wt+'); 
        %Write headers to csv first (',' indicates new column, whilst '\n' 
        %indicates a new line) 
        %Firstly save out each row and within each row all columns 
        for k = 1:size(headerNames,2) 
            fprintf(fileID, '%s,',headerNames{k}); 
        end 
        fprintf(fileID,'\n'); 
         
        %Now save out the data 
        %Firstly save out each row and within each row all columns 
        for k = 1:size(outputCellArray,2) 
            fprintf(fileID, '%s,',outputCellArray{k}); 
        end 
        fprintf(fileID,'\n'); 
         
        %Close the open file 
        fclose(fileID); 
    end %end if statement for saving out info 
    
end%end for loop per numFiles 
end %end function 
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