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ABSTRACT

Parasitism is widespread, yet not all hosts appear to defend themselves against infection. 

The goal of my thesis was to highlight some consequences and in particular the causes of 

variation in insect immune expression. Costs of resistance against parasitism, 

particularly under environmentally relevant conditions will not only have consequences 

for host population dynamics but also may be related to whether or not resistance is 

expressed. My results suggest that likelihood of exposure to parasitism, the immune trait 

induced in response to parasitism, and in particular the likelihood of experiencing low 

temperatures best explains when the costs of resistance are realised under natural 

conditions. Researchers also have identified the relevance of temperature for the 

development of the parasite (costs of parasitism) and for host immune expression. 

Although I tested for other determinants of variation in resistance, my findings suggest 

that temperature likely accounted for the observed seasonal increases in resistance against 

parasitism for a damselfly-parasitic water mite association. Although not often 

examined, characteristics of the parasite also can influence resistance against parasitism. 

However, I found that timing influenced the ability of a water mite to attain parasitism on 

a damselfly host but not host resistance. Overall my studies on damselflies will 

contribute to a better understanding of how host sex, external factors such as temperature 

and biology of ectoparasitic mite larvae influence variation in insect immunity within 

host populations.

Host density is thought to be important immune expression in insects, whereby 

greater allocation to immunity compensates for the density-dependent increases in host 

susceptibility to parasites. Many insects under high-densities also exhibit dark coloration
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(greater cuticular melanism) which for these insects is associated with greater immunity. 

However, my results indicated that immunity is not associated with greater cuticular 

melanism in New Zealand mountain stone weta, a species where a genetic colour 

polymorphism occurs with no correlation to density. Thus, earlier findings of greater 

immunity associated with greater cuticular melanism in phase polyphenic insects cannot 

always be extended to insects with forms of discrete melanin variation.

The novelty, salient findings and future directions as a result of this dissertation 

are also discussed.
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A General Introduction
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Chapter One- Introduction 19

General Introduction

Researchers in the field of parasitology often have focused their attention on descriptions 

of parasite morphologies, parasite life-cycles and parasite pathology. Recently, however, 

the focus of attention has been the importance of host resistance1 against infection and 

how this may be shaped by host life-history (cf., Sheldon & Verhulst 1996). The primary 

means of host resistance is physiological immunity and immune ability should be an 

important determinant of host fitness. In addition, there are a variety of alternative lines 

of defence against infection that also should have important impacts on host fitness 

(Rigby et al. 2002). For instance, biochemical resistance can be achieved through 

molecules that have anti-parasite properties but are not directly involved in the host 

immune response per se, such as melanin in insect cuticles (Wilson et al. 2001). The 

insect cuticle can also act as a structural or morphological line of defence against 

parasites (Vey & Gotz 1986). Hosts can even modify life-history traits to minimise the 

duration of susceptibility to parasitism or alter the timing of life-history traits such as 

reproduction before succumbing to parasitism (Minchella 1985; Koella et al. 1998). 

However, for reasons outlined below it is the host immune response that has become the 

primary focus of several researchers on how defence against parasites may trade-off 

against other host traits (e.g., Boots & Begon 1993; Kraaijeveld & Godfray 1997; 

Fellowes et al. 1998; Rantala & Roff 2005).

A goal of evolutionary ecologists is to explain both the nature and cause of 

variation in a trait using phylogenies and genetic models, as well as explore the abiotic 

and biotic constraints on the trait. Only recently, have immune systems or their

1 See Table 1 for the operational definition o f this term and subsequent terms that are bolded.
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components been treated as life-history traits themselves subjected to selection (cf., 

Sheldon & Verhulst 1996). By definition parasitism is costly to the host therefore the 

ability to fight parasitism should be an essential host life-history component. There is, 

however, considerable evidence for variation in resistance to specific parasites even 

among individuals within single host populations. It is the recently established field of 

ecological immunology that uses an evolutionary and ecological approach to address 

questions on the causes and consequences of variation in immunity and resistance against 

parasitism.

Much of the research in the field of ecological immunology has focused on 

vertebrates, perhaps due to the seminal work of Hamilton and Zuk (1982) where 

secondary sexual traits were implicated as signals of health of prospective mates. This 

work led to the development of the immunocompetence handicap hypothesis (Folstad & 

Karter 1992), and suggests that the production of testosterone for male secondary sexual 

traits is also immunosuppressive. Since that work, some researchers have found that 

degree of trait elaboration does inversely relate to parasite burdens and to immune 

parameters due to the immunosuppressive effects of testosterone (and some researchers 

have found no relationship; reviewed by Roberts et al. 2004). However, the complex 

immune systems of vertebrates have seemingly slowed the progress in understanding 

linkages between immune and other life-history traits related to reproduction or other 

activities. More recently, several researchers have turned to insects as model systems due 

to the relative simplicity of the insect immune system.
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Chapter One- Introduction 21

The main goal o f my thesis research was to use novel approaches within the field o f  

ecological immunology to explore the causes and consequences o f variation in 

immunity and resistance within insect populations.

The Invertebrate Immune System

Prior to outlining my approach for this study, it will be useful to review in some detail 

known components of the invertebrate immune system. The make-up of the invertebrate 

immune system is similar to the vertebrate immune system by having two main 

components (Schmid-Hempel & Ebert 2003). The first component is constitutive i.e., 

made up of sub-components that are always present, are available within minutes to hours 

after a challenge and are often characterised as non-specific. The constitutive defence 

includes the insect cuticle, which provides a structural barrier to infection and also has 

antibacterial properties (Vey & Gotz 1986; Nappi & Vass 1993). Haemocytes 

(invertebrate blood cells) also play a large role in constitutive defence. Upon infiltration 

of a parasite or pathogen into the host haemocoel, haemocytes are involved in the 

recognition of the foreign material as well as the suppression and/or elimination of the 

parasite or pathogen (Gillespie et al. 1997). Haemocytes clear smaller numbers of 

invading micro-organisms by phagocytosis. For larger numbers of invading micro

organisms, haemocytes form aggregates or nodules entrapping invaders from the host 

haemocoel. When a large parasite is encountered, haemocytes form layers around the 

foreign material, thereby encapsulating and isolating it from the host tissue (Strand & 

Pech 1995; Shiao et al. 2001; Yourth et al. 2001).
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Melanin is the major component of the constitutive defence reactions to larger 

parasites as it is often deposited around encapsulated objects, nodules, and at the site of 

fungal infections in insects (Marmaras et al. 1996; Gillespie et al. 1997). The activation 

of the pro-Phenoloxidase (PO) cascade to produce melanin can occur rapidly or can be 

later induced to a specific challenge. The enzymatic pro-PO cascade, through a series of 

catalytic reactions, converts tyrosine and tyrosine derivatives to melanin with PO as the 

primary enzyme (Marmaras et al. 1996; Gillespie et al. 1997).

The second component of the invertebrate immune system refers to the induced 

and specificity of the immune response. Production of antimicrobial peptides is a typical 

induced response and has been found to be specific to the type of infection (Schmid- 

Hempel et al. 1999; Carius et al. 2001). For example, the antimicrobial peptides 

produced by Drosophila in response to microbial infection are specific to the class of 

microorgansim (Lemaitre et al. 1997). In that study specific peptides were produced in 

response to fungal infection, Gram negative bacterial infection and Gram positive 

bacterial infection.

When using real parasites to elicit immune responses, the cost of parasitism and 

the cost of immunity become difficult to disentangle. Further, real parasites may have 

evaded host recognition. In considering the cost of immunity, it is useful to challenge 

insects with immunogenic non-living material. Immunity can therefore be measured by 

scoring melanotic encapsulation of negatively charged C-25 Sephadex beads (an 

immunogenic substance in many insect hosts) that have been injected into hosts and 

retrieved after a set period of time (Suwanchaichinda & Paskewitz 1998; Yourth et al.
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2002a). Immune traits or correlates of immunity also can be measured. These include 

the host haemocyte concentration, which often correlates with the encapsulation response 

(Eslin & Prevost 1996; Eslin & Prevost 1998; Alleyne & Wiedenmann 2001).

Haemocyte concentration can be assessed following sampling of a known volume of 

haemolymph, diluted with an anticoagulant and the numbers of haemocytes scored using 

a hemocytometer. Another correlate of immunity, PO activity, is an important component 

of the melanisation response and antibacterial response (Shiao et al. 2001; Armitage & 

Siva-Jothy 2005). The immune defence to micro-parasites and pathogens can be assessed 

using antibacterial activity assays without, or following, the injection of 

lipopolysaccharide (LPS). LPS are integral components of bacterial cell walls and induce 

an antibacterial immune defence without the pathogenic effect of the bacteria. 

Haemolymph antibacterial assays (e.g., zone of inhibition assays) and/or the haemocyte 

ability to clear bacteria (Moret & Schmid-Hempel 2000; Kurtz et al. 2000) can be used to 

measure immunity with respect to bacterial infections.

Causes and Consequences of Variation in Immunity

The main goal in the field of ecological immunology has been to understand not only the 

evolutionary processes that maintain variation in immune responses but also how 

immunity relates to parasite success. Further there has been renewed interest in ultimate 

and proximate determinants of immune system variation and resistance. Thus factors 

such as the costs of resistance (e.g., Kraaijeveld & Godfray 1997; Mckean & Nunney 

2001), host sex or genetic differences in development and life histories (e.g., Rolff 2001;
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Kurtz 2002) and context-dependent responses (e.g., Wilson & Reeson 1998; Fellowes et 

al. 1999) have been suggested to account for the observed variation in immunity even 

within and among invertebrate individuals, populations and species. Although not often 

discussed, parasite centered attributes such as genotype (e.g., Vizoso & Ebert 2005) or 

parasite ‘condition’ (e.g., Ferrell et al. 2001; Brodeur & Boivin 2004) also should 

influence how a host responds to infection or the success of the parasite. Each of these 

putative determinants is detailed below.

Costs of resistance

A life-history theory approach to examining immunity explores the fitness benefits of 

immune defence and the subsequent trade-offs or costs with other life-history traits 

(Sheldon & Verhulst 1996). Several studies have shown that activation of immune 

systems (and/or possession of an immune defence) can be costly to the organism, but 

confers resistance (Rigby et al. 2002; but see Coustau et al. 2000). As determinants of 

immune system variation, the costs of resistance have been further classified as 

evolutionary costs, maintenance costs or deployment costs. Evolutionary costs have been 

demonstrated as a selective advantage of an immune response that conveys a fitness 

disadvantage expressed at another time. For example lines of Drosophila larvae selected 

for greater encapsulation response to a parasitoid have reduced competitive ability 

(Kraaijeveld & Godfray 1997). Resistance selection experiments have been 

demonstrated for other insects including Aedes aegyptii (Koella & Boete 2002), the 

Indian meal moth (Boots & Begon 1993), and the snail Biomphalaria glabrata (Webster 

& Woolhouse 1999). Although it is evident for many organisms that the immune system
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can be up-regulated in response to infection there are few studies that have demonstrated 

the costs of maintaining the immune system at a level ready for infection (see Schmid- 

Hempel 2003).

It is the costs of deployment or costs of immune system activation that have 

received more attention in trying to understand the factors underlying variation in 

resistance. To determine deployment costs, researchers manipulate one host fitness 

component and examine the effects on the immune system. Insect activities such as 

foraging (Doums & Schmid-Hempel 2000), copulation and oviposition (Siva-Jothy et al. 

1998) and mating (Rolff & Siva-Jothy 2002) have all been determined to influence 

resistance. Alternatively studies have demonstrated costs of resistance through induction 

of the immune system and examining the effect on a fitness component such as survival 

(Moret & Schmid-Hempel 2000) or egg development (Ferdig et al. 1993).

In Chapter two of this thesis, I demonstrate a survival cost to induction of an 

immune response for only reproductive mature damselflies (and not immature 

damselflies). As discussed in Chapter two, costs are not always realised or observed (in 

laboratory studies). This novel study takes into account a variety of factors that likely 

influence why costs of resistance occur such as host ontogeny, context-dependent costs 

(environmental temperatures), or the type of immune trait expressed.

Sex difference in life-history traits

Many life-history traits are sex-limited (e.g., secondary sexual traits). Others traits 

combine to produce different strategies for each sex (i.e., males are expected to maximise 

mating attempts in a shorter lifetime; females are expected to maximise egg production
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over a longer lifetime). Thus, we might expect sex differences in immunity and 

resistance with implications for fitness of both parasites and hosts (Rolff 2002; McKean 

& Nunney 2005). Many recent studies have found sex differences in immunity in 

vertebrate species (Zuk & Mckean 1996). For birds and mammals, reduced male 

immunity appears androgen-mediated (Folstad & Karter 1992). This finding is 

complemented by a significant number of studies showing male bias in parasitic infection 

(Poulin 1996; Schalk & Forbes 1997), particularly for species where males are larger than 

conspecific females and which presumably engage in greater intrasexual competition than 

males of other species (Moore & Wilson 2002). Two alternative, but not mutually 

exclusive, hypotheses have been proposed to explain such sex differences in parasitism, 

immunoredistribution (Braude et al. 1999) and differences in resource allocation 

(Sheldon & Verhulst 1996). Either way, vertebrate males are more often, or more 

heavily, parasitized than conspecific females because males suppress their immune 

systems or suppress components of their immune systems that are relevant for particular 

parasites.

Recent findings also suggest invertebrate females have greater immunity than 

male conspecifics (da Silva et al. 2000; Kurtz et al. 2000; Rolff 2001; Adamo et al. 2001; 

Kurtz & Sauer 2001; Yourth et al. 2002a). Such immune differences are not androgen 

mediated, since invertebrates lack testosterone. However, invertebrates may share certain 

attributes with vertebrates, such as strong male-male competition for access to females 

versus females attempting to maximise egg number or allocation. Thus the apparent 

differences in immune ability of males and females have been thought to relate to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter One- Introduction 27

differences in their life histories (the “live hard die young” strategy of competing males 

versus “live long provision many eggs” strategy of females). Sex differences in life 

histories are expected to be related to the likelihood of parasitism and costs of parasitism 

to fitness of males and females (Zuk & Stoehr 2002). However, a recent meta-analysis 

on invertebrates found no sex bias in parasitic infection of arthropods (Sheridan et al. 

2000). This was further supported by Yourth et al. (2001) finding no sex differences in 

immune response to a parasitic water mite in four damselfly species. Thus a paradox is 

created whereby allocation to immunity differs between males and females, but does not 

appear to reflect observed rates of parasitic infection in invertebrate hosts, a pattern found 

in many vertebrate hosts. Thus for all studies completed in this thesis I have tested 

specifically for sex differences in immune traits expressed, resistance and/or parasitism. 

Context-dependent resistance: environmental temperature

Although there is an abundance of evidence for the underlying host centered causes of 

variation in immune response, there are several examples where variation cannot be 

explained by either costs of resistance or genetic factors. Only recently has variation in 

immunity and resistance against parasitism been related to external factors such as host 

density (Wilson & Reeson 1998), presence of predators (Rigby & Jokela 2000), 

desiccation tolerance (Hoang 2001; Sandland & Minchella 2004) and environmental 

factors such as temperature (Fellowes et al. 1999; Sandland & Minchella 2003). I 

examined two such external factors, temperature and host density.

Some insects show temperature-related immune system expression (Blumberg & 

Debach 1981; Suwanchaichinda & Paskewitz 1998; Fellowes et al. 1999) which
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presumably influences the consequences of parasitism under good versus poor 

environmental conditions. Furthermore, experimental and empirical evidence 

demonstrates both host and parasite population dynamics are influenced by 

environmental temperature, but less is known about whether these differences are in any 

way mediated by immune relations with temperature (Marin et al. 1998; Marcogliese 

2001; Jaenike 2002). From an evolutionary standpoint, it has been suggested that the 

variability in environmental temperature can alter host resistance and subsequently 

selection pressures on host and parasite to shift (Thomas & Blanford 2003). Thus, at the 

very least, temperature should be considered in observational studies relating parasitism 

to either immunity or survival, and temperature should be controlled in experiments 

principally designed to study the influence of other factors on insect immunity.

Despite a seasonal decrease in condition measured as mass corrected for wing 

length in newly emerged male and female Lestes forcipatus (Yourth et al. unpubl.), newly 

emerged adults collected later in the season had a higher proportion of dead mites 

resulting from melanotic encapsulation (Yourth et al. 2002b). The authors suggested that 

the higher and less variable temperatures later in the season allow for greater Immune 

response. In Chapter three of this thesis, I examined if temperature influences immune 

ability (measured as melanotic encapsulation) of damselflies independent of its potential 

influence on nutritional status through reduced foraging activity.

Another relevant form of context-dependent resistance is host density. However, 

before detailing that study, I outline a final chapter in the damselfly-mite investigations.
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Parasite attributes

In Chapter four, I examined how traits of pre-infective larval ectoparasites (rather than 

hosts) relate to their success in initiating parasitism or in evading host resistance. This 

chapter also relates to Chapter three’s primary objective in attempting to understand 

seasonal increases in resistance by a damselfly host against a parasitic water mite. The 

reason for this investigation relates to attributes of the parasite rather than host centered 

attributes. Selection also acts simultaneously on the parasite to find a suitable host and to 

avoid being recognised by host surveillance systems. In some cases, hosts show 

specificity and memory in their responses to parasitic organisms. In other cases, the 

parasite seems able to evade host defences. This ability to evade or not evade is a 

fundamental premise of models on host and parasite co-evolution (Carius et al. 2001; 

Lively 2001). Further, there is growing evidence that within host parasite associated 

genetic diversity impacts the outcome of a host-parasite interaction (Hellriegel 1992; 

Ferguson & Read 2002; Vizoso & Ebert 2005). The interactions between parasites 

within a host also can alter parasite success and possible host responses (Traynor & 

Mayhew 2005). Few studies, however, have simply focused on qualities of immature or 

pre-infective stages of parasites that influence parasite success (Ferrell et al. 2001; 

Brodeur & Boivin 2004). It is expected that factors, such as the allocation of resources 

by the pre-infective stages, influence the success of the parasite (whether mediated or not 

by host resistance) and ultimately, the numbers and distributions of parasites on hosts.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter One- Introduction 30

Host density and cuticular melanism

Finally, I examined another form of context-dependent resistance, host density. Density- 

dependent pathogen transmission is often assumed when examining insect host-pathogen 

dynamics where the number of new infections is linearly proportional to the density of 

susceptible hosts (Anderson & May 1981). However, several studies have found that for 

many density-dependent phase polyphenic insects, greater immunity is associated with 

the high-density melanic phase (Reeson et al. 1998; Barnes & Siva-Jothy 2000; Wilson et 

al. 2001; Wilson et al. 2002). This pattern is termed density-dependent prophylaxis, 

where the greater allocation to immunity compensates for the density-dependent 

increases in susceptibility to parasites or pathogens (Wilson & Reeson 1998). Also 

associated with high-density morphs is greater cuticular melanism, which for these 

insects is associated with Phenoloxidase activity in both the haemolymph and midgut 

(Reeson et al. 1998; Wilson et al. 2001). Further, melanin in the cuticle may act as an 

antimicrobial, or strengthen the cuticle thus providing a stronger barrier to penetration by 

pathogens entering cutaneously (Vey & Gotz 1986; Nappi & Vass 1993).

In such insects as described above, immunity and cuticular melanism show 

phenotypic plasticity (Armitage & Siva-Jothy 2005). In many other insect orders, genetic 

colour polymorphisms occurs where individuals vary in degree of cuticular melanism but 

this does not correlate with environmental changes such as density or season. In Chapter 

five of this thesis, I proposed that the degree of cuticular melanism might also be a 

determinant of investment in immunity, in the New Zealand mountain stone weta (a 

species where the melanic morph did not obviously occur at higher densities).
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Alternatively, (subtle) variation in density of the host population with respect to morph 

may best predict immunity, where at high densities it is assumed there is greater potential 

for transmission of parasites.

Study Species

Damselfly-parasitic mite association

I have chosen three temperate damselfly species (Enallagma boreale, Lestes forcipatus 

and Lestes disjunctus) as model organisms to explore variation in immunity and 

resistance against parasitism (Chapters two, three and four). Damselflies (Odonata, 

Zygoptera) have an aquatic larval stage and a winged adult terrestrial stage and their 

biology has been described in detail by Corbet (1999). The mature males of the above 

species do not compete for mating territories instead males outrace other males for 

receptive females (Corbet 1999). This non-territorial mating system has been defined as 

scramble mate competition (Fincke 1994). Copulation occurs while male and female are 

in tandem (male grasps at the base of female head; Figure 1.1a). Tandems are initiated 

away from the pond at breeding sites and subsequent to fertilisation the tandem proceeds 

to over a pond (can be either ephemeral or permanent ponds depending on the species). 

At this time the female oviposits in emergent vegetation at the water level (such as 

Typha; Walker 1953). During female oviposition, the male will continue to clasp the 

female, guarding his mate from other males. Females can lay multiple clutches (the 

number depending on the species) separated by intervals of 1-5 days (Corbet 1999).
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Enallagma boreale eggs hatch in the summer of oviposition and over winter as larval 

stages. However, Lestes spp. over winter as eggs and the time of hatching in the spring is 

associated with temperature experience and photoperiod (Sawchyn & Gillott 1974). The 

larval stage of parasitic water mites (Arrenurus spp.) forms a phoretic association with 

late damselfly larval stages (Smith 1988; Figures 1.1b and 1.2). Attending mites or mites 

attempting to attend damselfly larvae are often removed through grooming by the 

damselfly larvae (Leung et al. 2001). Just prior to emergence, larval damselflies move to 

shallow waters and crawl on emergent stems. Upon host eclosion and emergence from 

the water, attending mites pierce the damselfly cuticle on the ventral surface of the thorax 

or abdominal segments to form a feeding tube (Smith 1988). Newly emerged damselflies 

are characterised by a soft, colorless cuticle and soft opaque wings for up to 24 hours.

The newly emerged damselfly can spend between 6  to 14 days foraging (dependent on 

species and sex) before becoming reproductively mature (Sawychyn & Gillot 1974; 

Corbet 1999). The mites continue to engorge until damselflies become reproductively 

mature and return to the water during mating and oviposition (Figure 1.1c; Figure 1.2).

At this time the engorged mite detaches from its host and continues on through several 

larval stages to becoming an adult (Figure l.ld ; Figure 1.2). Damselfly resistance to 

parasitic water mites is melanotic encapsulation of the mite feeding tube and usually, if it 

occurs, is within 24-48 hours after damselfly emergence (Yourth et al. 2001; Figure 3.1a 

and b, Chapter three). The cellular and humoral melanotic encapsulation response binds 

and collapses the feeding tube and even partial encapsulation will kill the mite. Dead
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Figure 1.1: (a) Tandem Enallagma sp.; the typically blue male (total length ca. 30 mm) 

is on top and is clasping the female (total length ca. 32 mm) at the base of her head. The 

female has positioned the tip of her abdomen for sperm transfer. Also note the engorged 

Arrenurus sp. mites attached on the ventral surface of the male abdominal segments 7 

through to 8 . (b) Lestes forcipatus late instar larval nymph (total length ca. 20 mm) (c) 

Adult male Lestes forcipatus (total length ca. 40 mm) with fully engorged Arrenurus 

planus mites attached on the ventral surface of the thorax and (d) Arrenurus planus adult 

female (ca. 2  mm diameter).
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(c) Adults (d) Eggs

t  Water Mite 
(Arrenurus sp.)

Life Cycle

(b) Predatory (Nymph) (a) Larval Infectiveinstars

(B) Adults Damselfly (A) Larvae (Nymph)

Life Cycle

lr
(C) Eggs

Figure 1.2: A typical Arrenurus sp. water mite and damselfly life cycle. All stages of the 

mite life cycle are aquatic except for during larval infective stages attaining parasitism on 

terrestrial adult damselflies. The open arrows represent (a) larval infective stages 

attending (A) the late larval instar damselfly and fully engorged mite larvae dropping 

from (B) reproductively mature adult damselflies. Upon their return to the pond, the 

larval mites undergo a series of moults and quiescent periods as (b) predatory nymph 

instars until they reach an (c) adult stage. After mating, female mites will lay multiple (d) 

egg clutches, each consisting of up to 30-40 eggs in a gelatinous encasing (T. Robb, 

personal observation). The damselfly life cycle is characterised by (C) eggs hatching 

either late summer or early spring that develop into aquatic larval nymphs. The 

damselfly nymphs undergo a series of moults (instars) before eclosion to adulthood.

Adult damselflies emerge from the water, forage and once reproductively mature the 

adults return to the water during mating and oviposition.
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mites appear flattened, darker in appearance when compared to engorging live mites and 

are easily observed on hosts (T. Robb, personal observation).

New Zealand mountain stone weta

In Chapter five of this thesis I used a genetic colour polymorphic insect, Hemideina 

maori, to examine links between cuticular melanism, density and immunity. The New 

Zealand mountain stone weta, Hemideina maori (Orthoptera Anostostomatidae) is a 

flightless, nocturnal orthopteran endemic to New Zealand. This species is unique 

amongst other weta (the genus Hemideina is comprised of at least seven species; 

Morgan-Richards & Gibbs 2001) in that it has an alpine distribution whereas most weta 

inhabit holes in tree trunks. At these high altitudes, over wintering means enduring sub 

zero climate conditions, although H. maori is know to be freeze tolerant (Ramlov et al. 

1992; Sinclair et al. 1999). Hemideina maori take refuge in crevices or under loose rocks 

on rocky schist outcrops or tors during the day (Jamieson et al. 2000; Leisnham & 

Jamieson 2002). The weta life cycle is characterised by nymph juvenile stages and a 

subadult stage (that together can be up to 1 0  instars) that moult to become a mature adult 

(Leisnham et al. 2003). The lifespan of a mature adult can range between one and four 

years (Leisnham et al. 2003). Adult H. maori weight ranges between 4 and 7 grams. 

Weta are sexually dimorphic; males are characterised by large heads and jaws used in 

male-male combat for mates (Figure 1.3a). Adult female weta are characterised by long 

ovipositors (Figure 1.3b). The mating system of H. maori is characterised by males 

defending access to female harems. Female harems can be as large as seven females 

however most consist of two or three females (Gwynne & Jamieson 1998).
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Figure 1.3: New Zealand mountain stone weta, Hemideina maori (a) adult males 

exhibiting large head weaponry used in male-male combat for mates and (b) adult 

females with characteristic long pointed ovipositors. The two morph phenotypic 

extremes, yellow and black, are shown for each sex. The yellow morph is slightly larger 

than black morphs when comparing femur lengths (yellow femur length ca. 16mm; black 

femur length ca. 15mm).
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As first described by King et al. (1996), H. maori have two genetically distinct 

colour morphs- yellow and black (Figure 1.3). Yellow morphs are characterised by the 

alternating yellow and black banding with yellow on ventral surface while black morphs 

are characterised by dark purple or brown bands and a dark purple-brown ventral surface. 

Intermediates of the two colors can also be found and are either predominately yellow 

with black speckling or are predominately black with yellow speckling. Previous work 

by King et al. (1996) at the Rock and Pillar Range and the location used for collections in 

this study (50 km north-west of Dunedin, New Zealand 45°28’S, 170°03’E) has shown 

that the black morph is found at low altitudes (1000-1200 m). In comparison, the yellow 

morph can be found from 1000-1450 m, but occur at greater local densities at the highest 

altitudes (>1250 m) where the black morphs are rare (I.G. Jamieson unpublished). 

Intermediates are found where the two morphs overlap (King et al., 1996). It is not 

known whether body colour associated with altitude affects thermoregulation in weta. 

Thesis Synopsis

This thesis is comprised of four case studies (Chapters two through five) illustrating the 

variation in insect immunity and/or resistance and uses both previously established and 

novel approaches to test hypotheses that explain both causes of this variation and some 

onsequences to both host and parasite. I also include three appendices that focus more on 

the consequences of variation or lack of variation in insect immunity such as the parasite 

success in relation to environmental temperature (Appendix one) and sex differences in 

parasitism (Appendix two) and parasite success in relation to adult morphs and sex of the 

mountain stone weta (Appendix three).
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Table 1.1: Operational definitions of terms bolded in the text.
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Term Definition

Cuticular Melanism
Darkening of the insect cuticle and is associated with the tanning or 
hardening of the cuticle which involves tyrosine and the oxidation 
product of tyrosine, dopa (Marmaras et al. 1996).

Fitness
Life time reproductive contribution (relative to other members of 
the same population) to the next generation; factors that contribute 
to fitness will be growth and survivorship (Roff 1992).

Immunity Baseline or elevated expression of immune traits in resisting 
infection (Rigby et al. 2002).

Immune Trait

Various factors including haemocyte concentrations, PO activity, 
anti-microbial activity that can be measured and are presumed to 
reflect ability to resist infection or mitigate costs of parasitism 
(Rigby et al. 2002).

Immunoredistribution
A temporary redistribution of immune cells to more useful 
compartments of immunity in response to testosterone (Braude et 
al. 1999).

Life-History Theory

Theory that attempts to explain patterns of allocation of an 
individual’s resources throughout their lifetime to fundamental 
activities such as growth, survival and reproduction: such patterns 
are presumably influenced by environmental conditions, which may 
vary predictably or unpredictably. A fundamental tenet is the 
principal of allocation relating to trade-offs. (Roff 1992)

Life-History Traits

Prime determinants of fitness; set of rules and choices pertaining to 
an individual’s schedule of reproduction, survival and survival of 
offspring (e.g., development time, body size and fecundity; Roff 
1992).

Melanotic Encapsulation

A combination of humoral and cellular immune responses by the 
insect host to large foreign material (e.g., mite feeding tube) that 
incorporates both the layering of host haemocytes around the 
foreign body and the addition of melanin (by induction of the pro- 
PO cascade). Melanin acts to potentially further encapsulate the 
foreign body from the host and/or kill the foreign tissue. (Marmaras 
et al. 1996; Gillespie et al. 1997)

Resistance
One or more combined traits such as the host immune system, life- 
history traits or behaviour that contribute to the decrease in 
detrimental effect of the parasite (Coustau et al. 2000).

Resource Allocation

The allocation of resources (assuming they are limited) to growth 
survivorship, immunity and reproduction thereby constraining 
maximal investment to any one compartment (Sheldon & Verhulst 
1996).
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CHAPTER TWO

Environmentally relevant temperatures affect cost of resistance for 

sexually mature, but not sexually immature, damselflies

This chapter formed the basis for the following publication:

Robb,T. & Forbes,M.R. Submitted. Environmentally relevant temperatures affect cost of 

resistance for sexually mature, but not sexually immature, damselflies. BMC Ecology.

-3 9 -
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Abstract

The purpose of this study was to examine costs of resistance using a damselfly host 

(Enallagma boreale Selys), where experimentally challenged and control individuals 

were subjected to environmentally relevant low temperatures and starvation. Relevance 

of our experimental conditions was assessed by relating them to natural local variation in 

duration of bouts of inclement weather, during which damselflies could not forage 

effectively. I expected variation in the costs of resistance for newly emerged and 

sexually mature males and females, based on expectations of how resources are allocated 

to immune investment. At least one of three immune parameters (haemocyte 

concentration, Phenoloxidase (PO) activity or antibacterial activity) was induced when 

both newly emerged and mature E. boreale were challenged by Lippopolysaccharide 

(LPS)-injection versus saline-injected controls at 22°C; however the immune trait 

expressed varied among age group and sex. Although mature females had significantly 

higher immune induction (in PO activity and antibacterial activity) when compared to 

mature males, there were no sex differences in longevity or the cost of resistance. In the 

year experiments were performed and in two of four previous years, I observed bouts of 

poor weather and cool temperatures of sufficient duration, primarily during the 

emergence period of E. boreale, compared to duration of experimental trials. Costs of 

resistance (reduced longevity) at environmentally relevant low temperatures were 

observed for reproductively mature damselflies, but not for newly emerged damselflies. I 

suggest that costs of resistance are related not only to the immune trait induced in 

response to an immune challenge but also the likelihood of experiencing low 

environmental temperatures and reduced foraging.
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Introduction

In natural populations, many species are host to one or more parasite species, where 

parasites are broadly defined to include viruses and bacteria. However whereas some 

parasitic organisms elicit an immune response from individuals of a given host species, 

other parasites do not elicit such responses (Ferrari et al. 2001; Jackson & Tinsley 2003). 

Additionally, immune responses and degree of resistance often varies among host 

individuals, even when the same species of parasite is studied or used in experimental 

challenges (Yourth et al. 2001; Zuk & Stoehr 2002). Recently, researchers have become 

interested in the intrinsic and extrinsic factors that account for this variation in immune 

responses among hosts and the consequences of such variation to both host and parasite 

individuals and populations (Fellowes & Godfray 2000; Norris & Evans 2000).

In attempting to explain within-population variation in immune responses and 

resistance expression, evolutionary ecologists have adopted various approaches. Using a 

genetic approach, researchers examine the extent to which resistance is heritable and 

whether host responses are specific to the parasite strains used (Kraaijeveld & Godfray 

1997; Cotter & Wilson 2002). In those studies, host responsiveness often is assessed 

using surrogates like parasite establishment. Researchers using another approach based 

on life-history theory view the fitness benefits of immune defence as being traded off 

against other traits (Sheldon & Verhulst 1996; Norris & Evans 2000). Costs of resistance 

can include intrinsic costs of maintaining immune components in anticipation of 

parasitism and/or costs of initiating and activating an immune response. It is the latter 

costs that are often demonstrated for both vertebrate and invertebrate hosts in response to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Two- Costs o f Resistance 42

challenges from parasites or surrogates of parasitism (e.g., insertion of nylon filament or 

injection of Lipopolysaccharides) (Lochmiller & Deerenberg 2000; Rigby et al. 2002).

Importantly, the magnitude of the costs of induced resistance are often context 

dependent, a problem that has only recently been discussed (Sandland & Minchella 

2003). For instance, extrinsic conditions either before or during an immune challenge 

may influence whether costs of resistance are realised or detectable. One of the first 

studies to examine context dependent resistance found starved and immune challenged 

bumblebee workers had lower survivorship than fed and challenged workers and also 

than starved workers that were not challenged (Moret & Schmid-Hempel 2000). Since 

this seminal work examining costs of resistance, it has become apparent that to predict 

the impact of parasites on their hosts, researchers must examine how immune expression 

and the cost of responding to parasites vary with environmentally relevant external 

factors.

Under natural conditions, insects are subjected to hours or days when foraging is 

restricted as a result of variable or inclement weather conditions. Hosts unable to acquire 

sufficient dietary resources may not be able to mount an effective immune response 

(Downs & Schmid-Hempel 2000; Koella & Sorensen 2002) or suffer lowered 

survivorship following resistance expression (Moret & Schmid-Hempel 2000). One of 

the most relevant environmental factors is temperature. Environmental temperature can 

play a key role in host response to parasitism (see Chapter three). The costs of parasitism 

often is greater at higher temperatures (Mitchell et al. 2005; Appendix one) however little 

is known of the costs of resistance when temperature is low, high or variable. Further,
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insects that resist parasites when weather conditions are ‘good’ (resources are not limiting 

and temperatures are optimal) may later be subjected to ‘poor’ conditions after allocating 

resources to resistance. Thus, costs of resistance may not be realised until the host 

expressing resistance is challenged environmentally.

The main purpose of this study was to examine direct fitness costs in relation to 

induction of an immune response(s) for the temperate damselfly, Enallagma boreale 

Selys. In this study, individuals were immune challenged with a dose of immunogenic 

Lipopolysaccharide (LPS) and allowed to respond at environmentally relevant high 

temperatures. I assessed survivorship after the challenged damselflies were subjected to 

environmentally relevant cooler temperatures and starvation. Both low temperatures and 

periods of heavy rainfall prevent foraging attempts for damselflies under natural 

conditions (Forbes & Baker 1991). To ensure the experiment included environmentally 

relevant conditions, I assessed the local variation in temperature and rainfall during the 

emergence and flight period of E. boreale over five years (the year of study and four 

previous years).

There have been several studies examining insect immunity; however, patterns of 

how insects respond to immune challenges are inconsistent perhaps relating to the 

immune metrics assayed (Nigam et al. 1997; Gray 1998; da Silva et al. 2000; Kurtz et al. 

2000; Kurtz & Sauer 2001). I assayed three indices of insect immunity: haemocyte 

concentration, Phenoloxidase (PO) activity and antibacterial activity. The expectation 

was that at least one of these immune responses would be induced when E. boreale were 

immune challenged. Multiple measures of immunity also were assayed because I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Two- Costs o f Resistance 44

expected age and/or sex variation not only in immune responses generally but also the 

specific immune trait expressed for reasons discussed below.

Survivorship was assessed for newly emerged and reproductively mature males 

and females. Differences in survivorship between the sexes, in relation to reproductive 

maturity for E. boreale were expected for several reasons. First, newly emerged 

damselflies must allocate resources to cuticular hardening as well as contend with 

parasites and pathogens. Later, mature adults have to contend with costs of reproduction 

as well as costs of defence if challenged by parasites and pathogens. Second, previous 

work with the damselfly Lestes virdis found differences in immune parameters between 

newly emerged and mature damselflies, that were explained by age-related differences in 

life-history traits (Rolff 2001). Finally, the cost of resistance early in life also may differ 

from reproductively active individuals reflecting the patterns of energy allocation during 

maturation. For example sex differences in immunity were evident for mature 

Scathophaga stercaria flies however this trend was not found for newly emerged flies 

(Schwarzenbach et al. 2005). This inconsistency between mature and newly emerged 

flies was explained as a result of different physiological requirements.

I also expected sex differences in costs of resistance, particularly if the magnitude 

of resistance expression differed between males and females. Many researchers have 

assessed whether sex differences in immunity are present, and can be understood by 

reference to varied natural or sexual selection on the sexes (Folstad & Karter 1992; 

Sheldon & Verhulst 1996). There is currently no general pattern on sex differences in 

immune investment by insects as has been suggested for mammals (Zuk & Mckean
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1996). Notwithstanding, host sex is an important factor to consider when assaying 

immune responses and the ultimate or evolutionary cost of resistance in anticipation of 

parasitism (Schmid-Hempel 2003). As with many insect species, male and female 

damselflies do differ in life-history strategies: males only forage to maintain body weight 

whereas females forage to increase resources for egg production and gain weight during 

maturity (Anholt et al. 1991). The question of interest is whether fitness in relation to 

longevity differs for males or females leading to the expectation of higher immunity and 

longevity in one sex. Thus, I examined sex differences in the type of immune expression 

and its magnitude and also if there were sex differences in costs of resistance.

Methods

Study species

Enallagma boreale is a non-territorial damselfly with a mating system that can be defined 

as scramble mate competition (Fincke 1994). E. boreale is found throughout eastern 

Ontario at beaver ponds and freshwater marshes (Forbes 1991). Emergence of E. boreale 

usually begins at the end of May and mature adults are present through to mid to late 

June (Forbes 1991). As with many dragonfly and damselfly species, E. boreale are 

subject to parasitism by larval water mites (Acari: Hydrachnida). During host 

emergence, the water mites transfer to newly eclosed adult damselflies and become 

parasitic (Smith 1988). The mites engorge during the host maturation period and return 

to the water during host reproduction. Host resistance to parasitism (melanotic
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encapsulation) will occur during the first 24-48 hours after emergence (Yourth et al. 

2001).

Collections

Male and female E. boreale were collected from Jack's Marsh near the Queen's Biology 

Station near Chaffeys lock Ontario, Canada (44° 34’N, 79° 15’W). Newly emerged 

damselflies were collected on a daily basis beginning 28 May through to the 1 June 

between 10:00 h and 12:00 h. For collections of mature adult damselflies, I collected the 

first individuals to be observed in tandem, ensuring males and females were 

reproductively mature and within a similar age group (Corbet 1999). I collected 

reproductively mature damselflies on 6 - 8  and 10-11 June (no adults were observed in 

tandem on the 9 June between 10:00 h and 12:00 h). I attempted to collect equal numbers 

of damselflies each day. Each day damselflies were brought back to the Queen’s Biology 

Station (within 15 minutes of the collection site) in insect cages (30cm X 30cm X 40cm) 

and placed in a cool dark room for 1 hour. Individuals were weighed (± 0.001 g; Mettler 

AE100 Digital Scale) and placed in plastic cups (volume ca. 255 ml) covered with 

aluminium foil. Each plastic cup contained 2 ml of water under a metal mesh screen to 

prevent drowning of the damselfly and a wooden stick was placed in the cup to provide a 

perch. At this time, I also assessed for the presence of parasitic water mites on each 

individual.

Survivorship

Upon collection of newly emerged adult damselflies, individuals were assigned to one of 

two treatment groups: saline-injected or Lippolysaccharide (LPS)-injected. LPS or
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bacterial cell wall components are known to induce an immune response in insects (e.g., 

Moret & Schmid-Hempel 2000). For each sex, I ensured that each treatment group did 

not differ in average mass or number of mites (see results). Each individual assigned to 

LPS-injected group was injected through the ventral surface of the metaepimeron with 

0.5|il of 0.5mg/mL LPS (Sigma) dissolved in ice-cold insect Ringers solution using a 32 

gauge Hamilton Syringe (Hamilton Company). Individuals assigned to the saline 

treatment were similarly injected but with 0.5pl of the insect Ringers solution alone.

After the injection, individuals were placed back in the plastic cups and held at 22°C 

(16L:9D cycle, similar to that under natural conditions) for a 24-h time period to allow 

for the induction of the immune response. Individuals were then placed into a 15°C 

incubator with the same L:D cycle. This starvation and temperature regime should mimic 

‘real’ occurrences of adverse weather and limited food availability. Damselflies were 

observed approximately every 1 2  h at which time if individuals were dead the date was 

recorded as well as wing length (± 0.01 mm; Mitutoyo digital callipers). Observations 

were completed until all individuals were dead. To determine survivorship differences of 

LPS-injected and saline injected mature adults, the same methods as outlined above were 

completed using reproductively mature E. boreale.

Immune parameters

Both newly emerged (n = 25) and mature damselflies (n = 60) were also examined for 

activation of one or more immune parameters after injection of LPS or saline and being 

held at 22°C for 12 h. The following assays were completed at the same time as the 

survivorship experiments and I ensured there was no difference in body size and mite
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numbers between treatments. I immediately collected haemolymph from the thorax of 

each injected damselfly by pushing 40 pi of ice cold sodium cacodylate buffer (0.01 M 

sodium cacodylate, 0.005 M calcium chloride, pH 7.4) through the thorax using a 26 

gauge Hamilton Syringe. The haemolymph and buffer were collected in a 1.0 mL 

eppendorf held on ice. From this mixture of haemolymph and buffer I removed 10 pi for 

a haemocyte count and the remainder was frozen at -30°C to disrupt haemocytes for 

measure of PO activity and antibacterial activity. The number of haemocytes was 

determined using an improved Neubauer Bright Line® hemocytometer (Hausser 

Scientific). Haemocytes are the primary method of invertebrate immune defence as they 

are involved in recognition, phagocytosis and encapsulation of invading parasites and 

pathogens (Strand & Pech 1995; Gillespie et al. 1997).

Activation of the pro-PO cascade to produce melanin also is a key component of 

the invertebrate immune system. Phenoloxidase activity was determined by quantifying 

the conversion of L-3,4-dihydroxyphenylalanine (L-DOPA) to melanin catalyzed by PO 

(Sorrentino et al. 2002). Filter paper (Whatman No.52) cut in halves was soaked in 2 

mg/ml L-DOPA (Sigma) in a sodium cacodylate buffer and 6  pi of the damselfly 

haemolymph solution was applied to the center of the filter paper. Samples were kept for 

30 minutes at room temperature and filter paper was kept moist with additional L-DOPA 

solution to allow excess substrate for the reaction to occur. Samples were then 

transferred to clean paper towel and allowed to dry. The end result was a circular 

melanised spot on the filter paper as a result of the PO present in the haemolymph 

solution. The PO activity was quantified by calculating a mean of the greyscale values
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for the melanised region. The addition of buffer alone resulted in no colour 

(melanisation) indicating melanin was produced as a result of the PO in the haemolymph. 

Multiple pieces of filter paper were scanned using a Cannon Scanner (CannoScan 9900F) 

set at 2 0 0  dpi, greyscale, 8  bits per colour, no automatic tone curve and high sharpness 

(60%). For each sample a mean greyscale pixel value of a circular region (364 pixels) at 

the visually estimated centre of the melanised spot was determined using UTHSCSA 

ImageTool program Version 3.0 (University of Texas Health Science Center 2006). A 

raw mean pixel value (RMP V) was calculated by subtracting the mean greyscale pixel 

value from 255; thus a value of 255 represented black and 0 represented white. To 

convert the RMPV values to a standardised measure of PO activity or the melanisation 

index (MI) a standard India ink solution (Faber-Castell Waterproof drawing ink no 4415) 

was used. The mean RMP Vs for three aliquots at twelve dilution levels of the India ink 

solution was determined using the above methods (dilution levels range from undiluted to

1 9a dilution factor of 2 ' , in decrements of powers of 2 ) and the best fit function was 

calculated. The MI for each damselfly sample was computed as MI = e[(RMPV"b)/m] * 

100% (where m was the slope of the best fit function and b was the intercept). For each 

individual the MI for three separate samples was determined and the mean MI was used 

for comparison of LPS injected versus saline injected controls.

Antibacterial peptides also are produced in response to infection and can be 

measured by testing haemolymph effectiveness at killing live bacteria (e.g., Moret & 

Schmid-Hempel 2000). Antibacterial activity of the damselfly haemolymph was 

determined using a zone of inhibition assay against the bacteria Arthrobacter globiformis.
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Methods were completed similar to Moret & Schmid-Hempel (2000). Test plates were 

made by adding 0.05 ml of A. globiformis (105 cells/ml) to 5 ml of nutrient agar and the 

plates were swirled to distribute bacteria evenly. Plates were left to settle at room 

temperature and then stored upside down at 4°C for up to two days prior to use. Six 

pieces of sterilised circular filter paper (6.29 mm in diameter) were placed on each test 

plate and 6  pi of the damselfly haemolymph mixture was pipetted on a single filter paper. 

For each plate, a negative control consisting of 6  pi of buffer alone was pipetted on a 

single filter paper. Plates were incubated upside down at 28°C for 24 hours. The 

diameter of the clear zone around the filter paper was measured using digital callipers. 

The average of the minimum and maximum diameters was used for comparison.

Bacteria growth was not inhibited by the buffer alone.

Environmental relevance

A standard Stevenson screen at 1.5 m height with a Campbell Scientific 2 IX datalogger 

was operational at the Queen’s University Biological Station and was used to obtain 

temperature data. Temperature was recorded at 5-sec intervals, allowing us to examine 

mean hourly temperatures from 04:00 h to 19:00 h (representing sunrise to sunset or 

possible foraging times of E. boreale in the study region, cf. Forbes 1994). Mean hourly 

temperatures for each day were examined during the emergence period of tenerals as well 

as flight period of mature adults (approximately 15 May- 15 June) during the year of 

study (2005) as well as years 2001-2004 for comparison. Runs tests were completed to 

determine if periods of good and poor weather were random or came in bouts for the 31 

day emergence/flight period of each year. Poor weather days were determined as the
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daily mean temperature less than or equal to 15 °C and/or when greater than 5 mm of rain 

occurred indicating heavy rainfall and preventing periods of foraging.

Statistical analyses

All analyses were completed using R (version 2.0.1; Ihaka & Gentleman 1996) and 

means are reported as ± 1 SE. Body mass, wing length, haemocyte count and MI were 

log transformed to meet the assumptions of normality. Separate analyses were completed 

for newly emerged and reproductively mature individuals and any non-significant (NS) 

interactions were removed for final analyses. I completed separate analyses because 

newly emerged and mature individuals were collected at different times of the season 

thus I could only explain the variation in survivorship and immune parameters within 

each age category and discuss if there were differences in explanatory variables.

Results

Survivorship

Newly emerged adult E. boreale injected with LPS did not have a significantly lower 

survivorship than conspecifics injected with saline (Figure 2.1; ANOVA F\^a = 0.72, p  

= 0.40). However, newly emerged females did survive longer than males in both 

treatments (Figure 2.1; F \ t8 8  = 3.95 ,p  = 0.05, interaction NS). Survivorship of mature 

adults was lower in the LPS treatment compared to saline injected individuals (Figure 

2.1; ANOVA F ^ w  -  5.81,/? = 0.02). Similar to the newly emerged E. boreale, mature
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Figure 2.1: Mean (± 1 SE) survival for male (circle) and female (square) newly emerged 

and mature Enallagma boreale after injection of either saline or LPS and held at 15°C 

after an initial 24 hours at 22°C. Numbers indicate sample size.
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adult females did live longer than conspecific males in both treatments; however, the 

result only approached significance (Figure 2.1; F \tm  -  3.54,/? = 0.06, interaction NS).

Before experimentation, I assigned males and females ensuring there was no 

difference in average mass between treatment groups within a sex (Table 2.1). Wing 

length also did not differ between treatment groups within each sex (Table 2.1). I also 

ensured that the number of parasitic water mites observed on newly emerged E. boreale 

did not differ between treatment groups prior to the survivorship experiment (Table 2.1). 

Although I did ensure that the number of mature E. boreale with mites was equal 

between sex and treatment groups (Table 2.1) I did not statistically compare mean mite 

abundance between treatments, due to the low infection levels (only 8  of 1 2 0  individuals; 

approximately two parasitized individuals per treatment).

Tmmune parameters

Haemocyte concentration (cells/0.2 pi) did not differ between treatments or between 

sexes of newly emerged E. boreale (Figure 2.2; Sex Fj^i = 2.77, p  = 0.11; Treatment 

7 1̂ ,2 1 = 1.07,/? = 0.31; interaction NS). However, both newly emerged males and females 

did have a higher melansiation index (MI; a measure of PO activity as detailed in the 

methods) when injected with LPS versus saline (Figure 2.2; Sex F \^ 2  = 1.59,/? = 0.22; 

Treatment F \j2  = 4.21,/? = 0.05; interaction NS). Mature males and females injected 

with LPS did have greater haemocyte concentration than saline injected conspecifics 

(Figure 2.2; Sex F\ ;5 7  = 1.64,/? = 0.21; Treatment F^57 = 24.07, p  < 0.001; interaction 

NS). The MI for mature females was significantly greater than conspecific males, but
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Table 2.1: Means ± 1 SE of body size measures (mass and wing length) for saline-injected and LPS-injected newly 

emerged and mature Enallagma boreale used in the survivorship experiment. No differences were found between 

treatment groups within each age and sex category (Newly Emerged: Mass- males, Uo = -1.52,p  = 0.14; females, U$ = - 

1.53,/? = 0.13; Wing length- males, = 0.27,/? = 0.79; females, U& = 0.83,/? = 0.41; Mature: Mass- males, t^  = -0.91,/? = 

0.36; females, = -0.44,/? = 0.66; Wing length- males, t^i = -0.50,/? = 0.62; females, 15 9  = 0.31,/? = 0.76). No 

differences between the median number of parasitic water mites (interquartile ranges are indicated in brackets) were found 

for saline injected and LPS injected newly emerged E. boreale (zeros were included in analyses; males, W= 161,/? =

0.16; females, W = 275.5, p  = 0.63). Few (8) mature adults were found with mites and therefore no statistical tests were 

completed; Table values indicate the number of mites observed on each parasitized individual.

Mass (g) Wing Length (mm) Mites

Saline LPS Saline LPS Saline LPS

Newly

Emerged

Males

Females

0.328 ± 0.007 

0.350 ± 0.008

0.324 ± 0.007 

0.345 ± 0.008

12.87 ±0.15 

13.81 ±0.15

12.91 ±0.11 

13.64 ±0.16

7 (3 -10) 

4 (2 -10)

4 (3 -1 1 )  

5 ( 1  -  1 2 )

Mature
Males 0.304 ± 0.007 0.313 ±0.007 13.07 ±0.11 13.14 ±0.09 27,2 4, 15, 5

Females 0.464 ±0.014 0.469 ±0.010 13.79 ±0.12 13.74 ±0.13 3 1 , 2

4̂
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Figure 2.2: Mean haemocyte concentration (± 1 SE) and mean melanisation index (MI) 

values (± 1 SE) of newly emerged (top panels) and mature (bottom panels) Enallagma 

boreale 12 h after injection of saline or LPS and held at 22°C. Melanisation index values 

provide an indication of Phenoloxidase (PO) activity i.e. higher values indicates higher 

PO activity. Numbers denote sample size; males- circles, females- squares.
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there was no treatment effect (Figure 2.2; Sex F i j5 4  = 4.09, p  = 0.04; Treatment F \ j5 4  =

1.03,p  = 0.32; interaction NS). Both newly emerged and mature females had a stronge 

antibacterial response than males although this relationship only approached significance 

for the mature damselflies (Table 2.2; Newly emerged- F jj 9  = 2.24,p  = 0.15; Mature- 

F i ,5 5  = 3.51, p  = 0.06). No difference in strength of antibacterial response between the 

treatments was observed for either newly emerged and mature damselflies (Table 2 .2 ; 

Newly emerged-Fi(i9  = 1.85,/? = 0.19, interaction NS; Mature- F i )5 5 = 0.12,/? = 0.73, 

interaction NS). Again the measures of body size (wing length and body mass) did not 

differ between treatment groups for each sex (p values range from 0.22 to 0.98). 

Environmental relevance

An important aspect of this study was to ensure the methods of testing for costs of 

resistance were environmentally relevant; in particular, the temperatures at which 

damselflies were subjected to during the immune challenge (22°C) and subjected to when 

survivorship was recorded (15°C). Daily grand means of the mean hourly temperatures 

were assessed for each day of a typical emergence and flight period of E. boreale in the 

study area (Figure 2.3 and 2.4). I also assessed if cool and warm days occurred in 

recognizable bouts (related to whether damselflies were able or unable to forage; detailed 

in the methods). I was interested in whether bouts of cool days occurred and equalled the 

duration at which survivorship was reduced in experimental trials. There were significant 

trends of good and poor weather during the year of study (Figure 2.3; Runs Test Z = -3.1, 

p  = 0.001). Particularly newly emerged damselflies could be exposed to good weather
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Table 2.2: Mean ± 1 SE of the average diameter of the zone of inhibition for newly 

emerged and mature male and female Enallagma boreale for saline-injected and LPS- 

injected treatments. Sample sizes are indicated in brackets.

Newly emerged Mature

Males Females Males Females

Saline 7.45 ±0.11 (5) 7.55 ±0.08 (8 ) 7.80 ±0.15 (16) 8.13 ±0.20 (15)

LPS 7.46 ±0.20 (5) 8.01 ±0.24 (7) 7.85 ± 0.24 (14) 8.23 ±0.19 (15)
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Figure 2.3: Mean hourly temperatures (± maximum and minimum temperatures for the 

foraging period 04:00-19:00 h) during the emergence and approximate flight period of 

Enallagma boreale, for the year of study. The line marked at 15°C indicates the cut off 

for the measure of poor weather and open squares indicate days with > 5 mm of rain also 

indicating poor weather. The open bar represents the period of time when newly 

emerged individuals were observed and/or collected and the closed bar represents the 

period of time when mature adults were collected for this study.
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and resist parasites; and subsequently be exposed to sometimes up to four days of poor 

weather (Figure 2.3). I found similar significant runs of the measures of good and poor 

weather in previous years at the study location. During the four years previous to the 

study, both 2001 and 2002 had significant runs of good and poor weather (Figure 2.4; 

2001: Z = -2.3 l ,p  = 0.01; 2002: Z =  -2.14,p  = 0.02; 2003: Z= -0.74,p  = 0.23; 2004: Z = 

- l . \5 ,p  = 0.12). Even in 2003 and 2004, the measures of poor and good weather 

occurred throughout the emergence and flight period of E. boreale, although not in 

significant runs (Figure 2.4).
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Figure 2.4: Mean hourly temperatures (+ maximum and minimum temperatures for the 

foraging period 04:00-19:00 h) during the emergence and approximate flight period of 

Enallagma boreale, for the years 2001-2004. The line marked at 15°C indicates the cut 

off for the measure of poor weather and open squares indicate days with > 5 mm of rain 

also indicating poor weather. The open bar represents the period of time when newly 

emerged individuals were observed and/or collected for that year. Open bar with hatch 

marks represents an estimated period of time when newly emerged individuals would 

likely have been observed (reproductive maturity takes approximately 1 0 - 1 2  days to 

occur). The closed bar represents the period of time when mature adults were collected.
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Discussion

Costs of resistance were evident for immune challenged mature E. boreale when 

subjected to low temperatures and starvation. Two other studies have found similar 

results where upon activation of the immune system with LPS in adult bumblebees 

(Moret & Schmid-Hempel 2000) and male field crickets (Jacot et al. 2004), survivorship 

was lowered. Fellowes et al. (1998) also found that larval Drosophila had a reduced 

competitive ability that likely leads to reduced survivorship when resistance was selected. 

Costs are not limited to just this specific immune challenge (LPS) and immune 

expression; upon induction of cellular encapsulation of a foreign body, Tenebrio molitor 

females had lowered survivorship compared to control females (Armitage et al. 2003). 

The results suggest that under natural conditions mature damselflies would pay the cost 

of resistance when faced with poor weather conditions. For this particular E. boreale 

population, the likelihood of poor or inclement weather during the mature adult flight 

season is small (Figures 2.3 and 2.4). Further, resistance against parasitic mites (one of 

the most prevalent parasitic associations with adult Odonata; Corbet 1999), when 

initiated, occurs at damselfly emergence (Yourth et al. 2001). In comparison, mature E. 

boreale, similar to other damselflies, ingest parasitic gregarines when feeding (Hecker et 

al. 2002). Although it is still unclear how or if damselflies respond to gregarines in the 

gut, the data suggest that future research should investigate whether mature damselflies 

responding to gregarines have lowered survivorship when faced with inclement weather.
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One question of interest is why I observed survivorship of challenged newly 

emerged E. boreale was not significantly lower when compared to unchallenged controls. 

There is still some debate as to whether costs of resistance should occur despite evidence 

in recent studies, including this one, that there are trade-offs against other traits (Coustau 

et al. 2000; Rigby et al. 2002). One explanation for the lack of finding a cost in newly- 

emerged adults is related to risk of exposure. Newly emerged damselflies must contend 

with parasitic water mites in addition to the wounds inflicted by mites piercing the 

cuticle. For other insect hosts, risk of exposure as well as the type of challenge an 

individual is exposed to has explained how investment into immunity is optimised and 

subsequently how costs of resistance are minimised (Reeson et al. 1998; Wilson et al. 

2001). It is expected that newly emerged E. boreale with a high risk of parasitism have 

allocated more resources to potential immune responses than have mature reproductive E. 

boreale.

Another explanation concerns the nature of the cost of resistance. At emergence, 

damselflies must also invest in cuticular hardening a process that uses the same enzyme 

pathways (e.g. PO cascade) as the production of melanin used in immune defence 

(Marmaras et al. 1996; Gillespie et al. 1997). Thus, a more likely cost of resistance or 

cost in repairing wounds for newly emerged damselflies is longer times for cuticular 

hardening after eclosion. Newly emerged damselflies also are more likely to encounter 

poor weather conditions, in particular for long periods of time in this study population 

(Figure 2.3 and 2.4). Responding to parasitism on good days does not appear to represent
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a cost for newly emerged E. boreale when inclement weather follows. In fact, starved 

newly emerged E. boreale could live up to ten days at 15°C despite being initially 

immune challenged and responding to the challenge. It is also important that newly 

emerged E. boreale responded to the immune challenge by increasing levels of PO 

activity; however, mature individuals responded to the LPS challenge with a significant 

increase in haemocyte concentration and a stronger antibacterial response. This 

difference in immune activation may also be partially responsible for the inability to find 

a cost of resistance under environmentally relevant conditions for newly-emerged 

damselflies.

Both newly emerged and mature females did live longer than males in both 

treatment groups. A larger body size (both wing length and mass) could explain the 

greater female survivorship compared to male conspecifics for both newly emerged and 

mature E. boreale. For mature females, egg resorption may also occur and may help 

maintain longevity following resistance expression (Ohgushi 1996). In comparison, 

immune challenged reproductive female Tenebrio molitor beetles suffered reduced 

longevity while maintaining fecundity (Armitage et al. 2003). It is expected that clutch 

size is less important to reproductive success of female damselflies than is the number of 

clutches over her lifetime -  this may not be the case for T. molitor females.

I did not find any evidence to suggest the cost of resistance differed between 

males and females. This is a surprising result as previous work has indicated female 

immune investment is often greater than male investment (Gray 1998; Kurtz et al. 2000;
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Rolff 2001). Several hypotheses have been put forward to predict invertebrate sex 

differences in investment into immunity. Females are expected to invest in egg 

production whereas males must compete to fertilize eggs (i.e. Bateman’s Principle).

Rolff (2002) suggested that assuming greater longevity will increase lifetime egg 

production; females will invest more into immunity compared to conspecific males. 

Alternatively males down regulate or suppress immunity as a result of costly secondary 

sex ornaments and behaviour (Zuk 1990; Moore & Wilson 2002). Recently Mckean & 

Nunney (2005) have suggested that sex differences in investment in resistance arise from 

male and female differential response to the environment: a topic of considerable 

relevance to the present study. They suggest the cost of resistance will depend not only 

on the investment in reproduction, but also will relate to variation in fitness-limiting 

resource availability. Yet my data suggests that while allocation to immune parameters 

differed between mature males and females, there were no detectable differences in the 

costs of resistance despite being subjected to similarly poor conditions.

Sex differences in immune measures were evident where mature females had 

significantly greater levels of PO activity when challenged or not challenged compared to 

conspecific males. Both haemocytes and PO are involved in sclerotization or tanning of 

egg coverings (involved in the egg viability) in invertebrates (Li et al. 1992; Bai et al. 

1997). Thus heightened immune traits such as haemolymph PO activity in females may 

not be indicative of greater immunity, but rather a side-effect of a greater need for 

melanin. However, LPS injected females expressed increased antibacterial response
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when compared to controls. No differences in immune expression or magnitude of 

immune expression were observed between the newly emerged sexes in response to the 

immune challenge. The results were similar to that found for the non-territorial 

damselfly, Lestes viridis, where newly emerged and mature damselflies demonstrated no 

sex difference in haemocyte totals, but where PO activity was higher in mature females 

than conspecific males (Rolff 2001).

The results suggest that costs of resistance do not depend just on the magnitude of 

investment in immune measures. I found that costs of resistance were evident for mature 

damselflies but not for newly emerged damselflies. The variation in weather conditions 

normally experienced by this temperate damselfly, the type of immune expression, and 

when resistance against parasitism is typically mounted, are likely explanations for the 

age related differences in relation to experimental challenges that I observed. It is 

important that the environmental relevance of laboratory conditions are well founded for 

future studies on costs of resistance in the laboratory. For mature E. boreale, resistance 

against parasitism is costly however costs are realised only when mature damselflies are 

subjected to long periods of inclement weather. Costs are not realized for immature 

damselflies even though long periods of inclement weather are expected often during 

maturation.
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CHAPTER THREE

On understanding seasonal increases in damselfly defence and 

resistance against ectoparasitic mites

This chapter formed the basis for the following publication:

Robb,T. & Forbes,M.R. 2005. On understanding seasonal increases in damselfly defence 

and resistance against ectoparasitic mites. Ecological Entomology 30:334-341.
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Abstract

Defence against parasites and pathogens can be essential, yet not all hosts respond 

similarly to parasitic challenge. Environmental conditions are thought to explain variation 

in host responses to parasites. Lestes forcipatus damselflies emerging later in the season 

have shown higher resistance to the mite, Arrenurus planus, than hosts emerging earlier. 

This study was undertaken to determine whether variation in environmental temperatures 

characteristic of early versus late emergence times, degree or costs of mite parasitism, 

and/or size of newly emerged adults, could explain seasonal variation in defence and 

resistance to ectoparasitic mites. In this study damselflies from early versus late 

emergence groups differed in size at emergence and mite intensity. In general, early hosts 

were larger and had more mites than later hosts. However only experimental 

temperatures experienced by damselflies at emergence influenced defence and resistance 

against mites and not host size or degree of parasitism. More specifically, hosts from 

early and late emergence groups did not differ in defence and resistance when held at the 

same temperatures in incubators. Housing at a high temperature, indicative of later in the 

season, was associated with higher defence and resistance for damselflies from both early 

and late emergence groups. These results indicate that daily temperatures in relation to 

emergence timing can account for seasonal increases in resistance for this temperate 

insect. Seasonal increases in resistance may be expected for other temperate insect- 

parasite associations and should have important implications for the phenology of 

parasites and for seasonal variation in parasite-mediated selection.
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Introduction

There is considerable variation in how conspecifics respond to parasites and pathogens.

In studies on variation in host resistance, one focus has been to test for genetic variation 

in resistance (Hughes & Sokolowski 1996). Another view is that immune traits are 

subject to trade-offs against other life history traits (Sheldon & Verhulst 1996). 

Researchers have thus developed theory and explored whether host sex, age and/or 

developmental stage are associated with immune defence and resistance to parasites 

(reviewed by Zuk & Stoehr 2002). Also, the importance of environmental factors to 

allocation of resources to host defence against parasites has been discussed recently: there 

are reasons to expect that the environmental context may greatly influence resistance or 

the costs of resistance (Sandland & Minchella 2003).

Several researchers have demonstrated an influence of environmental temperature 

on measures of insect host resistance such as melanotic encapsulation. For Drosophila 

larvae, higher rearing temperatures confer greater resistance to two of three parasitoids 

(Fellowes et al. 1999). In another study, the brown soft scale Coccus hesperidum 

encapsulated significantly more parasitoid eggs at higher than at lower temperatures 

(Blumberg & DeBach 1981). However, higher temperatures did not result in greater 

encapsulation ability for the mosquito Anopheles gambiae (Suwanchaichinda &

Paskewitz 1998).

For many temperate insects, seasonal temperature fluctuations may occur, thereby 

changing the environmental context in which the host-parasite interaction plays out. In a 

recent study by Yourth et al. (2002b), Lestes forcipatus Rambur damselflies showed a
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seasonal increase in resistance to the parasitic water mite, Arrenurus planus (Marshall). 

More specifically, there was a strongly significant and positive relationship between 

numbers of dead mites (relative to intensity of infestations) and time of season. In this 

host-parasite association, resistance to the mite is mounted within the first 24 hours after 

host emergence. It is likely that for this temperate damselfly, individuals emerging early 

in the season are often subject to cooler temperatures, as compared to later-emerging 

conspecifics. My objective was to determine whether temperature variation at emergence 

could account for seasonal increases in damselfly resistance observed in nature. Thus, 

the effect of temperature (cool versus warm) on resistance to Arrenurus planus mites was 

examined for early and late emerging male and female Lestes forcipatus in a laboratory 

setting.

Prior to testing the effect of temperature on resistance to ectoparasites, the 

premise that later emerging damselflies were in fact subjected to higher temperatures 

after emergence as compared to early-emerging conspecifics was tested. Environmentally 

relevant air temperatures were chosen, representative of early versus late emergence 

periods, for the subsequent experiments on whether temperature and resistance to 

ectoparasites was linked. Damselfly expression of resistance or defence against mites is 

melanotic encapsulation of mite feeding tubes, resulting in the death of the mite (Yourth 

et al. 2001). If temperature after emergence influences melanotic encapsulation, then 

damselflies from different emergence groups should not differ appreciably in resistance if 

housed at the same temperatures after emergence. However, it was expected that 

damselflies subjected to higher temperatures after emergence would show greater
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expression of resistance to mites. This greater resistance was expected because melanin 

deposited around foreign material(s) results from an enzymatic pro-Phenoloxidase 

cascade that is temperature dependent (Gillespie et al. 1997). Also, the production of 

insect haemocytes that are likely involved in the encapsulation response is greater at 

higher temperatures (cf. Strand & Pech 1995; Cheng & Chen 2000).

The expectation of higher resistance expression to mites at higher temperatures 

does not mean it occurs in nature for various reasons. Early and late emerging 

damselflies, for example, are likely to differ in other aspects such as body size or 

intensity of parasitism and these factors may play a role(s) in degree of resistance 

expression. More specifically, timing of emergence could explain some or all of the 

variation in resistance, independent of temperatures experienced post emergence. Several 

studies on temperate odonates have shown differences in size at emergence for early 

versus later-emerging individuals (reviewed by Corbet 1999). Further, nutritional 

condition influences behavioural resistance to ectoparasites on damselflies (Leung et al. 

2001) and/or various aspects of immune defences in bees (Moret & Schmid-Hempel 

2000).

It is also important to recognise that ectoparasitism is costly to the host and should 

have negative consequences for damselfly fitness (reviewed by Forbes et al. 2004). It is 

expected that body size (or condition) as well as the intensity of mites should affect costs 

of parasitism. This cost of parasitism could relate to whether a damselfly expresses 

resistance to the mites. Later emerging damselflies might suffer a greater cost of
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parasitism, if they are subjected to faster engorgement of mites at higher temperatures. 

Thus, mite engorgement rates at different temperatures also were assessed.

This study was designed to disentangle the influence of various factors such as 

emergence group, temperature at emergence, host sex or size, and expected costs of 

parasitism on variation in defence and resistance to mites. Previous work indicates that 

both partial and fully melanised feeding tubes results in the death of the mite (Yourth et 

al. 2001). Thus, the proportion of feeding tubes of mites showing some degree of 

melanotic encapsulation was measured. The percent coverage of melanin per tube was 

also assessed as another measure of defence against mites.

Methods

Study species

Larval A. planus initially attach to Lestes forcipatus larvae before the host’s eclosion to 

adulthood. Upon eclosion, the mites crawl onto the newly formed adult; the mites attach 

to the ventral side of the thorax, pierce the host cuticle and produce a feeding tube, 

similar to other water mites parasitizing dragonflies (Smith 1988). Mites engorge until 

the damselfly becomes reproductively mature and returns to appropriate water bodies for 

mating and egg laying. At this time, the engorged mite detaches from its host. Thus, 

mite larvae are only phoretic on damselfly larvae and parasitic of damselfly adults. 

Temperatures and emergence timing

Lestes forcipatus emergence periods begin as early as the 12 June and can continue into 

the second week of July, although most damselflies emerge by the end of June through to
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the first week of July (Yourth et al. 2002b). Environmental air temperatures were 

monitored to determine if early and later emerging damselflies were subjected to different 

temperatures during their first 24 hours as an adult (i.e. when defence against the mite is 

or is not mounted). To monitor temperatures during the emergence period, I placed 

temperature data loggers (iButtons®, Dallas Semiconductor, Dallas, USA) at the margin 

of Yezerinac's Pond 5km from the Queen’s University Biological Station (44° 34'N; 79° 

15'W). Hourly temperatures were recorded and averaged to obtain average daily 

temperatures over the course of the emergence period. This data was subsequently used 

to choose relevant temperatures (15°C and 22°C) for the experiments (see results).

Mass. size, and intensity of mite infestations

Two groups of final-instar male and female L. forcipatus were obtained. The first (early) 

group was collected from the study pond 16-19 June 2003; whereas the second (late) 

group was collected from 25-29 June 2003. The second collection was made only 9-10 

days later to ensure that there were enough final-instar larvae for the experiment (as 

numbers emerging declines as the season advances). On each trip, D-nets were used to 

collect larvae and larvae were brought back to the laboratory in plastic 1-L containers 

with pond water. Larval damselflies were housed in one of four 9.5-L aquaria (< 20 

larvae per aquarium), with nylon screening inside to allow emergence. Aquaria (with 

larvae) were held in a room with a 16L:8D photoperiod and with temperatures ranging 

from 17°C to 25°C.

Adults that eclosed were placed into covered 255-ml plastic cups with a wooden 

dowel for a perch and ca. 2 ml of water beneath a window screen mesh. For the early
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group, eclosion occurred from 23-29 June and adults from the late group eclosed from 3- 

9 July. Mass (± 0.0 lg, Mettler® AE100 Digital Scale) and the intensity of mite 

infestations (sensu stricto Bush et al. 1997) were recorded for each newly-eclosed male 

and female. Wing lengths were recorded as a measure of body size using Mitutoyo® 

digital calipers (± 0 . 0 1  mm).

Resistance and mite engorgement

Within 1-2 hours of emergence, male and female damselflies from both emergence 

groups were randomly assigned to either the 15°C or 22°C treatment and held in their 

cups for 24-h time period (16L:8D) in 125-L incubators (Conviron®, Winnipeg, Canada). 

There was six days variation in time spent in the lab as final-instar larvae prior to 

emergence and eclosion to adulthood, within both emergence groups (above). On each 

day of emergence, damselflies were divided between the two temperature treatments.

This procedure eliminated differences between groups in either time spent in the lab or in 

temperature experienced by larval damselflies prior to emergence. Damselflies from early 

and late groups that were assigned to different temperature treatments were compared for 

mass at emergence and numbers of mites.

To examine melanotic encapsulation, each damselfly was prepared by separating 

the thorax from the rest of the body. Each thorax was placed into a dram-vial (4.5 X 1.5 

cm) containing Andre's solution (Martin 1977; 1:1:1 chloral hydrate: acetic acid: water 

by mass) to ‘clear’ the cuticle and muscle tissue, while leaving the feeding tubes and 

responses to the feeding tubes intact. Each sample was dissected using a 26-gauge needle 

and the ventral portion of the thorax (with the mites intact) was placed on a microscope
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slide with a few drops of glycerol to prevent desiccation. Approximately 96% of the total 

number of mite feeding tubes were found on the slides.

Feeding tubes were assessed for occurrence of melanotic encapsulation and for 

the percent coverage of melanin at 250x, using phase contrast. The percent coverage of 

melanin was assessed for each feeding tube and for each damselfly (e.g., Figure 3.1a & 

3.1b).

The scoring of percent coverage that was used was highly repeatable between 

observers (Spearman's Rho = 0.92, p  < 0.001, n = 20). I scored percent coverage of 

melanin for feeding tubes ‘blind’ with respect to sample identity. The average percent 

coverage of melanin across all feeding tubes was calculated for each damselfly (non

responding damselflies were given a score of 0 %).

For non-responding damselflies, mite engorgement 24-h post emergence was 

assessed. The degree of engorgement was scored using a scale, previously used for this 

same mite species (Forbes et al. 1999). Mites scored 0 if their body was flat with no 

separation between ventral sclerites and the dorsal plate. Mites scored 1 if there was 

slight separation between sclerites and dorsal plate; and 2  if mites were ca. twice the 

length of their dorsal plate (see Forbes et al. 1999 for conversions of mite engorgement 

scores into mm).
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Figure 3.1a: Digital photographs illustrating variation in percent coverage of melanin (0% & 25%) of Arrenurus planus 

feeding tubes by non-responding and responding Lestes forcipatus. The mite feeding tube ('t'), the mite ('m') and the 

attachment point of the mite and where the feeding tube begins ('a') are indicated.
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feeding tubes by responding Lestes forcipatus. The mite feeding tube ('t'), the mite ('m') and the attachment point of the 

mite and where the feeding tube begins ('a') are indicated.
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Statistical analyses were completed using R (version 1.9.1; Ihaka & Gentleman 

1996) and means are reported as ± 1 SE. All statistical models were completed with 

interactions; however non-significant (NS) interactions were removed from the final 

analysis. Both mass and wing lengths were log transformed for normality.

Results

Temperatures and emergence timing

Over the emergence period, average daily temperatures ranged from 14°C to a high of 

27°C (Figure 3.2); 15°C and 22°C were chosen as experimental temperatures because 

these can occur respectively when early and later groups of damselflies are emerging 

(horizontal bars in Figure 3.2).

Mass. size, and intensity of mite infestations

There were no differences in mass at emergence or mite intensity for males or females 

within either emergence group, subjected to different temperature treatments (Table 3.1). 

For the between group comparisons, males and females in the late group had smaller 

wings than same sex individuals from the early group (ANOVA, Group F i^o  = 5.09,/? = 

0.03, Sex F | j 6o = 96.95,/? < 0.001; interaction NS). Early males had wings that averaged 

13.41 ± 0.11 mm (n = 38); for the 26 late males, wings averaged 13.14 ± 0.14 mm. The 

same held true for the 45 early versus the 54 late females (early: 14.62 ± 0.08 mm; late: 

14.15±0.11 mm). Further, both main effects and the sex-by-group interaction
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Figure 3.2: Average daily temperatures (± 1 SE; calculated from hourly temperatures) 

during the emergence period of Lestes forcipatus at Yezerinac’s Pond in 2002. 

Temperature data loggers (iButtons®, Dallas Semiconductor, Dallas, USA) were placed 

at the margin of the pond to obtain hourly temperatures. Bars refer to arbitrary timing of 

collections for early and late-emerging groups of damselflies. The bars intersect the 

temperature treatments (15°C and 22°C) chosen for the current study.
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Table 3.1: A comparison of mean ± 1 SE body mass and mite intensities for male and 

female damselflies within each emergence group, between the 15°C and 22°C treatment 

groups (sample sizes are presented in brackets for body mass and are the same for 

calculation of mite intensities). The analyses were completed before the main experiment 

to ensure that mean body mass and mite intensities for each sex were not different 

between temperature treatment groups. Comparisons of mass were completed using t- 

tests. Mite intensities were not distributed normally before or following standard 

transformations (Shapiro-Wilk’s test, p  < 0.001). Thus, I used randomisation tests based 

on F  values (Manly 1997) to test differences in mite intensities between the temperature 

treatments for early and late emergence groups. The F  values are reported and thep  

values represent probabilities based on 5000 permutations.

15°C 22°C

Statistic P Mean ± 1 SE Mean ± 1 SE

Mass:

Males
Early

Late

?36 = 0.24 

2̂4 = 1 . 0 2

0.81

0.32

0.261 ±0.007(19) 

0.263 ±0.012 (13)

0.263 ±0.007 (19) 

0.245 ±0.011 (13)

Females
Early

Late

4̂3 = 0.55 

t$2 = 1 - 2 0

0.59

0.24

0.350 ± 0.009 (24) 

0.280 ±0.010 (27)

0.344 ±0.008 (21) 

0.294 ± 0.008 (27)

Mite

Intensity:

Males
Early

Late

^1,36 = 0 . 0 2  

^1,24 = 0.17

0.85

0.60

4.63 ± 0.79 

2.84 ± 0.42

4.79 ± 0.72 

3.15 ±0.61

Females
Early

Late

Fi,43 = 0.07 

F  1,5 2  = 1.77

0.80

0 . 2 0

3.83 ±0.76 

3.81 ±0.43

4.10 ±0.60 

3.07 ± 0.35
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explained significant variation in mean mass at emergence (ANOVA, Group F 1 1 5 9  = 

24.08, p < 0.001, Sex Fi;i5 9  = 76.49, p < 0.001; interaction, F 1J 5 9  = 11.51, p < 0.001). 

Early females were heavier at emergence than late females (early: 0.347 ± 0.006 g, late: 

0.286 ± 0.006 g; post hoc pair wise comparisons p < 0.001). However, early and late 

males were of similar mass at emergence (early: 0.262 ± 0.004 g, late: 0.254 ± 0.008 g; p 

= 0.27).

Mite intensities were not distributed normally, either before or following standard 

log-transformations (Shapiro-Wilk’s tests, p-values < 0.001). Thus, whether emergence 

group and sex accounted for significant variation in mite intensities was assessed using 

randomisation tests based on F values (Manly 1997). Late males and females both had 

lower mite intensities than early males and females (5000 Permutations, Group F 1J 6 0  = 

5.49, p = 0.02, Sex Fi;i6 o = 0.21, p = 0.65, interaction NS). Early damselflies averaged 

4.30 ± 0.36 mites compared to 3.30 ± 0.22 mites for late damselflies (sexes combined). 

Resistance and mite engorgement

Separate logistic regressions (with quasi-binomial errors) were used to determine which 

factors explained variation in the proportion of feeding tubes with melanotic 

encapsulation, and/or explained variation in percent coverage by melanin. Logistic 

regressions with quasi-binomial errors were chosen because the response variables were 

overdispersed (McCullagh & Nelder 1989). The models are presented with the 

appropriate F statistic. For both groups, males and females melanised proportionately 

more feeding tubes at 22°C than at 15°C (Temperature F \ ^  = 9.24, p  = 0.003, Group 

^ 1 ,1 5 9  = 0.52, p  = 0.47, Sex F \ ^ 9  = 1.98,/? = 0.16; Figure 3.3). There was a strong
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Figure 3.3: The predicted mean proportion of feeding tubes melanised (± 1 SE) by adult 

male and female Lestes forcipatus from two emergence groups (early and late) when 

exposed to 15°C versus 22°C. Numbers denote sample size; males- circles, females- 

squares.
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positive trend between temperature and average percent coverage of melanin per feeding 

tube, but not between this measure of resistance and emergence group or host sex 

(Temperature F 1J 5 9  = 3.56,p  = 0.06, Group F 1J 5 9  = 0.04, p -  0.84, Sex F 1J 5 9  = 2.63,p  = 

0.11, interaction NS). For damselflies held at 15°C, early and late males averaged 5 ± 2% 

and 6 ± 3% coverage, whereas early and late females averaged 3 ± 1% and 3 ± 1%, 

respectively. For damselflies held at 22°C, early and late males averaged 10 ± 3% and 12 

± 5% coverage, whereas early and late females averaged 5 ± 2% and 6 ± 1%, 

respectively.

Only non-responding damselflies were used to assess mite engorgement rates in 

relation to temperature to help ensure that the mites used were not receiving a melanotic 

encapsulation response from hosts (i.e. that were able to engorge freely). Average 

engorgement scores were not normally distributed (Shapiro-Wilk’s test,/? < 0.001); thus, 

randomisation tests (as above) were used to examine whether mite engorgement rates 

depended on temperature, group and host sex. The number of mites on the host was 

added to determine if hosts with greater numbers of mites have lower average scores due 

to crowding. There was, however, no evidence that number of mites influenced average 

engorgement (5000 Permutations, Number F\t\ 13 = 0.10,/? = 0.74). Average 

engorgement was higher for mites on male damselflies held at 22°C compared to males 

held at 15°C, but was similar for females held at 22°C and 15°C (Figure 3.4). These 

relations accounted for the significant sex-by-temperature interaction in the overall model 

(Temperature i7!, 1 1 3 = 23.11,/? = 0.002, Group = 3.15,/? = 0.08, SexFi.in = 1.43,/?

= 0.23, interaction Fi.m  = 6.01,/? = 0.01).
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Figure 3.4: Average engorgement scores (± 1 SE) for mites on Lestes forcipatus that did 

not encapsulate any mite feeding tubes. Early and late emergence groups of damselflies 

were held at two temperatures (15°C and 22°C). Numbers denote sample size; males- 

circles, females- squares.
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Discussion

The results of this study indicate that seasonal variation in temperature at emergence can 

explain seasonal increases in resistance to mites for L. forcipatus. Importantly, there 

were no differences in melanotic encapsulation responses between emergence groups, 

controlling for temperature. Thus, early or late emerging L. forcipatus are equally capable 

of responding to A. planus. However, those individuals emerging under conditions of 

higher temperatures during the first 24 hours as an adult (regardless if they emerge early 

or late in the season) are likely to express greater resistance. In comparison, Blanford et 

al. (2003) showed that four aphid clones, which varied in susceptibility to a fungus at a 

given temperature, were all effectively more resistant to this pathogen at a higher 

temperature. In this study there also was a strong trend between percent coverage of 

melanin and emergence temperature. Yourth et al. (2001) found that responses 

associated with dead mites included those where feeding tubes of mites were partially 

melanised. Thus, the proportion of tubes receiving some melanisation should relate to 

resistance against mites regardless of the melanin coverage per tube.

As mentioned, damselflies from the two different emergence groups (early versus 

late) differed in intensity of mite infestations and measures of body size. Host nutritional 

status can influence both physiological immune parameters (Suwanchaichinda & 

Paskewitz 1998; Koella & Sorenson 2002) and behavioural resistance (Leung et al. 2001) 

and therefore may result in greater resistance for individuals in better condition. In this 

study, however, the smaller damselflies from the late emergence group were able to 

mount a defence against mites similar to larger or same sized conspecifics, held at the
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same temperatures. However, the later-emerging damselflies express greater resistance 

in nature, but it is now suspected that this is due largely to higher temperature during 

post-emergence for those damselflies.

Another potentially contributing factor is that late-emerging hosts are colonised 

by larval mites that spent longer on average searching for larval hosts (or longer during 

the phoretic stage) than did mites on early-emerging hosts. Those mites spending longer 

searching for hosts may be easier for a host to defend against. In fact, the time spent 

searching for hosts and time spent phoretic on hosts influenced the likelihood of larval 

mites making the transition to the parasitic phase, but not the degree of melanotic 

encapsulation by hosts for those mites that succeeded in initiating parasitism (Chapter 

four). Thus, in nature, weaker mites may attack later-emerging damselflies, however this 

does not explain seasonal variation in resistance to mites by damselflies.

One question that arises is why damselflies in nature do not have greater 

resistance expression early in the season. As mentioned, the physiological processes 

involved in the melanotic encapsulation response may be dampened at low temperatures 

and therefore early emerging individuals may be less able to defend against parasitic 

mites. In a similar vein, investigators recently have found that the predicted costs of 

resistance for insects are observed only under certain conditions (e.g., Moret & Schmid- 

Hempel 2000). These enzymes and precursors involved in melanotic encapsulation are 

similar to those used in sequestering melanin and sclerotin for the cuticle to harden and 

darken (Marmaras et al. 1996). Thus, damselflies from the early emergence group could 

show slower maturation rates (cuticular hardening) at low temperatures, which would be
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even slower if they respond aggressively to mites. For early-emerging damselflies, the 

tactic may be to tolerate mites rather than to resist them and thereby reduce the amount of 

time hosts spend during the vulnerable pre-reproductive phase.

It is also important to consider that mite engorgement rates significantly increased 

with temperature for male damselflies from both emergence groups, but only for females 

from the late emergence group (Figure 3.4). This suggests greater costs of parasitism can 

occur (albeit somewhat inconsistently) at higher temperatures. This result is similar to 

unpublished work on the related damselfly Lestes disjunctus parasitized by A. pollictus 

mites. In that study, A. pollictus mites engorged to greater sizes on both male and female 

Lestes disjunctus held at 22°C than on hosts held at 15°C (Appendix one). Unlike A. 

planus, A. pollictus engorgement sizes are relatively small even when they are fully 

engorged. For hosts with A. planus, greater resistance at higher temperatures might be 

useful to offset the higher costs of parasitism that are expected. However, the real costs 

of parasitism will also depend on the intensity of infestations.

Overall, this study found no consistent sex differences among L. forcipatus 

damselflies in melanotic encapsulation response to A. planus mites, which is similar to 

previous findings in this species (Yourth et al. 2001). Yet, several insect species show 

sex differences in allocation to immune parameters such as haemocyte concentration and 

phenoloxidase activity (Kurtz et al. 2000; da Silva et al. 2000; Kurtz & Sauer 2001). 

When sex differences are evident, females tend to have greater immune ability than males 

and this has been explained due to sex differences in life history strategies. Yourth et al. 

(2002a) found sex differences in relations between body size and melanotic encapsulation
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responses to Sephadex beads by newly emerged L. forcipatus. In the related damselfly L. 

viridis, sex differences in Phenoloxidase activity were evident only in mature individuals 

(Rolff 2001). Thus, it is still unclear how such immune measures reflect the ability of 

hosts to resist parasites. It is useful to consider actual resistance and defence against real 

parasites, since responses to immunogenic material or immune measures can be 

misleading (see Appendix three).

In summary, early emerging damselflies are larger with more mites on average, 

but such mites are expected to engorge more slowly in nature. Early damselflies are less 

likely to show heightened defence against mites in nature, but are capable of heightened 

defence against mites in the lab when held at high temperatures. This study suggests that 

temperature-dependent expression of resistance could produce patterns where later 

emerging damselflies have greater defence and resistance than earlier emerging 

conspecifics (Yourth et al. 2002b). It is interesting that A. planus has a clear seasonal 

pattern, tending to be more abundant on hosts earlier rather than later in the season. Such 

results may be partly explained by the fact that later emerging hosts are more likely to 

encounter warmer temperatures post emergence. Thus, those hosts may be more likely to 

resist their mites: this selection imposed by the host, even if only felt in some years, may 

favour early breeding and egg laying by mites (cf. Rolff et al. 2001). Seasonal increases 

in resistance may be expected for other temperate insect-parasite associations and should 

have important implications for the biology of parasites and for seasonal variation in 

parasite-mediated selection. More work is needed on the expression and cost of resistance
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in an environmental context, as suggested recently by others (Sandland & Minchella 

2003).
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Success of ectoparasites: how important is timing of host contact?

This chapter formed the basis for the following publication:

Robb,T. & Forbes,M.R. 2005. Success of ectoparasites: how important is timing of host 

contact? Biology Letters 1: 118-120
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Abstract

Hosts often differ in their degree of parasitism and their expression of resistance. Yet 

very little is known about how availability (and allocation) of resources of pre-infective 

stages of parasites influences their success in initiating parasitism, or in inducing and 

succumbing to resistance from hosts. I studied a damselfly-mite association to address 

how experimental variation in age of first contact with hosts (timing) influenced 

subsequent parasite fitness. I demonstrate that timing influenced ability of larval mites to 

make the transition to parasitism, but was not associated with measures of physiological 

resistance by hosts. Timing presumably relates to availability of resources remaining for 

individuals to exploit hosts. More research is needed on the importance of such factors to 

variation in host resistance and parasite success and ultimately, to the numbers and 

distributions of parasites on hosts.
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Introduction

Various host-centred attributes including age, gender, nutrition and reproductive status 

can relate to immune or resistance expression (Sheldon & Verhulst 1996; Siva-Jothy et 

al. 1998; Kurtz et al. 2000; Leung et al. 2001; Rolff 2001). By comparison, the 

importance of parasite-centred attributes is often overlooked. For many parasites, 

infective stages are expected to eventually exhaust energy or other reserves in ‘searching’ 

or ‘waiting’ for hosts (Miinchberg 1982; Brodeur & Boivin 2004). Variation in time 

spent searching for hosts could affect the likelihood of parasitizing hosts, or the 

likelihood of inducing or succumbing to host resistance.

I studied damselflies and their ectoparasitic mites to address how experimental 

variation in timing of initial host contact by pre-infective mites (hereafter timing) 

influenced success in initiating parasitism. I also explored whether timing influences the 

magnitude of damselfly resistance, or melanotic encapsulation of feeding tubes of mites, 

which results in death of the mite(s) (Yourth et al. 2001). Water mite parasitism appears 

costly to dragonflies, including the mites studied here (Forbes et al. 2004).

I used Lestes forcipatus Rambur damselflies and Arrenurus planus (Marshall) 

mites. Upon hatching, larval A. planus swim in search of a host; if a host is found, mites 

attach to it and become phoretic. Like other water mites, the larval mites abandon the 

larval host’s exoskeleton at eclosion and crawl onto the newly forming adult (Smith 

1988). Mites then attach to the ventral surface of the thorax, pierce the host cuticle and 

produce a feeding tube (Smith 1988). Feeding tubes of A. planus form within 24 hours of 

host emergence; melanotic encapsulation of the feeding tube is either mounted or not at
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that time. Mites not killed by resistance engorge and later drop off the host, when hosts 

return to appropriate water bodies for mating and egg laying.

Materials and Methods

Manipulation of timing

Adult female A. planus were collected (see Forbes et al. 1999 for site location and 

description) and placed individually into 60-mL containers. Female A. planus lay 

multiple clutches of 20-40 eggs when fed ostracods ad libitum. Clutches were provided 

with fresh pond water and held at 22°C until they hatched. Upon hatching, larval mites 

from each clutch were divided approximately evenly into two lots. To reduce influence 

of maternal effects, mite larvae from each of these lots were combined with half of the 

mites from each of two other clutches that hatched the same day (making 2 batches of 40- 

80 mites). This procedure was repeated to produce enough batches of mites to challenge 

120 hosts with 20 mites each. Mites from each batch either were presented with host 

larvae within 1 day of hatching, or were left in jars without hosts for 4 days, before being 

exposed to hosts. For Arrenurus papillator, a species closely related to A. planus, larval 

mites appear to exhaust their reserves after a week (Miinchberg 1982). Four days was 

chosen as an upper limit of time to host contact.’ Mites waiting seven days may fail to 

initiate parasitism on hosts, thereby precluding me from also examining melanotic 

encapsulation of feeding tubes of ‘delayed’ mites.
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Exposure

Final-instar L. forcipatus larvae were netted (from 18-26 June 2003) from the 

same site and brought to the laboratory in plastic 1-L containers with pond water. I 

removed all existing mites from larvae with a fine paintbrush and then placed each of 38 

female and 25 male larval damselflies singly into 60-mL jars, each with 20 mites from a 

1-day batch of mites. I also presented 31 females and 26 males each to 20 mites from a 

4-day batch. Hereafter, the treatment is refereed to as mite group or timing.

After 24-h exposure at 22°C, the number of mites attending to each larval host 

was counted using a dissecting microscope. Each host larva was subsequently placed 

into 'mite free' pond water and held individually at 22°C. Damselfly larvae were then fed 

Daphnia until they emerged. I recorded date of host emergence, mass (+ O.Olg, Mettler® 

AE100 Digital Scale), wing length (± 0.01mm, Mitutoyo® digital calipers) and number 

of mites attached to each host, on the day of host emergence.

Melanotic encapsulation of feeding tubes

The proportion of feeding tubes melanised, and the degree of the melanisation 

response, was assessed 24 hours following a damselfly’s emergence. To examine 

melanotic encapsulation, each damselfly was prepared by removing its head, wings, legs 

and abdomen. Each thorax was placed into a dram-vial (4.5 X 1.5 cm) containing 

Andre's solution (Martin 1977; 1:1:1 chloral hydrate: acetic acid: water by mass) to 

‘clear’ the cuticle and muscle tissue. This procedure left the feeding tubes and responses 

to the feeding tubes intact. The ventral portion of the thorax (with mites intact) was 

excised using a 26-gauge needle and placed on a microscope slide with a few drops of
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glycerol to prevent desiccation. For 165 of 187 mites, I found feeding tubes; the 

proportion of tubes found did not differ between groups (Logistic Regression F \ t4 2  = 2.54,

p  = 0.12)

Feeding tubes were assessed for melanotic encapsulation and for the percent 

coverage by melanin, using phase contrast microscopy (250x). The percent coverage of 

melanin was the proportion of the feeding tube with melanin (see Chapter three for 

variably melanised feeding tubes). Scoring percent coverage of melanin is highly 

repeatable between observers (Spearman's Rho = 0.92,/? < 0.001, N=20). I scored 

samples ‘blind’ to their identity. The average percent coverage of melanin across tubes 

was calculated for each damselfly.

Analyses were completed using R (version 2.0.1; Ihaka & Gentleman 1996) and 

means are reported ± 1 SE. All statistical models were completed with interactions; 

however non-significant (NS) interactions were removed from the final analysis. Unless 

otherwise stated, analyses were logistic regressions with quasibinomial errors because 

data were overdispersed (McCullagh & Nelder 1989). Both mass and wing lengths were 

log transformed for normality.

Results

The proportion of 20 mites that initially attended to host larvae was not influenced by 

timing, but was influenced by host sex (Mite Group F jj 19 = 0.36,/? = 0.55, Sex Fi,n 9  = 

6.47, p  = 0.01, interaction NS). Male larvae had proportionately fewer mites (1 day
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group: 0.14 ± 0.020; 4-day group: 0.16 ± 0.021) attend to them than did female larvae (1 

day group: 0.20 ± 0.021; 4-day group: 0.23 ± 0.024).

Sixty-two damselflies emerged. The 39 females eclosed earlier (3.46 ± 0.32 days) 

than the 23 males (4.96 ± 0.55 days, ANOVA F\>6j = 6.06, p  = 0.02). There was no 

difference in days to emergence for larval hosts between mite groups (Fi^i = 0.17, p  = 

0.68, interaction NS). Also, no differences in mass or wing lengths were found either for 

emerging males, or for females, challenged with mites from different groups (Table 4.1).

Of those mites that initially attended to the host, the proportion that successfully 

initiated parasitism was influenced by timing and host sex (Figure 4.1). Mites from the 

1-day group were more likely than 4-day mites to initiate parasitism (F\ >5g = 10.12, p  = 

0.002). Also, female hosts had a greater proportion of mites attaining this parasitic stage 

(^ 1 ,5 9  = 11.79,/? = 0.001, interaction NS).

For examination of host response to feeding tubes, only 43 damselflies (33 hosts 

with mites from the 1-day group and 10 hosts with mites from the 4-day group) emerged 

with mites. The proportion of feeding tubes showing melanotic encapsulation did not 

differ between sexes, nor was it dependent on mite group (Sex F\^\ = 0.16,/? = 0.69,

Mite Group F\^\ = 1.03,/? = 0.31, interaction NS). Males encapsulated 0.29 ± 0.12 and 

0.15 ± 0.120 of tubes from the 1-day group and the 4-day group of mites, respectively. 

Females encapsulated 0.35 ± 0.088 and 0 .18±0 .12of tubes from the 1-day and the 4-day 

group of mites, respectively. Average percent coverage by melanin did not depend on 

either host sex or mite group (Sex F\^\ = 2.65,p  = 0.11, Mite Group F\^\ = 0.25,p  = 

0.62, interaction NS).
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Table 4.1: Comparisons of mean mass and mean wing lengths ± 1 SE separately for 

newly emerged male and female damselflies challenged with mites from the 1- versus 4- 

day group (The t-values for each comparison are presented with the associated degrees of 

freedom as subscripts, and /(-values).

1-day 4-day t-test p

Mass (g) 0.0261 ±0.0012 0.0268 ± 0.0007 *23=0.54 060"
Males

Wing Length (mm) 13.20 ±0.12 12.86 ±0.20 *2 3 = 1.46 0.17

Mass (g) 0.0329 ±0.0081 0.0293 ± 0.0015 f35= 1.90 0.08
Females

Wing Length (mm) 13.99 ±0.28 14.56 ±0.17 t35= 1.66 0.12
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Figure 4.1: The proportion (± 1 SE) of mites from 1-day and 4-day groups that initiated 

parasitism. Proportions are predicted from a logistic regression with host sex and mite 

group as dependent variables. Numbers denote sample size; males- circles, females- 

squares. Three of four host groups show similar success in emergence (44%, 46% and 

42% for males challenged with the mites from the 1- and 4 day group and females 

challenged with mites from the 4-day group, respectively). However, females challenged 

with mites from the 1 -day group had an unexplained higher emergence success (6 8 %).
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Discussion

That timing influenced a larval mite’s ability to initiate parasitism could help explain 

seasonal variation in mite infestation or other within-host-population variation in patterns 

of mite infestation (e.g., Forbes et al. 1999). In comparison, timing did not affect the 

host’s encapsulation of feeding tubes or the degree of melanisation. Yourth et al. (2001) 

found that mites with partially melanised tubes still died. This measure of proportion of 

tubes that were melanised should thus relate to future fitness expectation for larval mites. 

In other words, those subsets of mites that succeeded in initiating parasitism should have 

equal expectation of future fitness, regardless of their treatment group. It is expected that 

mites weakened by spending long periods of time searching for hosts should obtain 

enough resources from non-responding hosts to complete their engorgement and 

development.

I did not observe any differences between host sexes in either the proportion of 

tubes melanised or the degree of the melanisation response. Other studies have found sex 

differences in allocation to immune parameters such as greater haemocyte concentration 

and greater Phenoloxidase activity by females (e.g., Kurtz et al. 2000). However, 

variation in immune parameters does not always explain differences in mite parasitism 

(e.g., Appendix three). In this study, the proportion of mites initiating parasitism was 

greater for female than male hosts and females had more mites attending them prior to 

emergence, but also emerged earlier than males. Larval mites appear more likely to 

attend larval damselflies closer to emergence and are more likely to initiate parasitism on 

those hosts (Leung et al. 1999). Another effective form of defence against mites is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Four- Determinants o f Success o f Ectoparasites 99

grooming by hosts (Leung et al. 1999). I suspect that grooming is attenuated as quiescent 

hosts approach emergence, thereby explaining why females had more mites. Also, those 

mites have to spend less time waiting because female hosts emerged sooner and this 

probably explains why more of the females’ mites were successful in initiating parasitism 

(cf. Leung et al. 2001).

The importance of timing to success in initiating parasitism and expression of host 

resistance is understudied. Timing is one of several factors likely to affect resources 

available to pre-infective and later stages of parasites (cf Ferrell et al. 2001). In this 

study, mites that had to wait longer (before exposure to hosts and while they were 

phoretic on hosts) were less able to make the transition to the parasitic phase. In nature, 

such 'parasite effects' may explain among-host variation in infestations, even if hosts have 

little variation in behavioural defence or physiological resistance. I did not find that 

resistance related to mite timing. Thus, the seasonal increases in resistance seen by L. 

forcipatus to A. planus (Yourth et al. 2002b) cannot be explained by late-season 

damselfly hosts having mites that took long to find hosts. Relations between parasite 

resources and resistance may be more important for parasites that counter host resistance 

following initial attachment or penetration. More work is needed to determine the 

importance of factors such as timing on variation in parasite success (whether mediated 

or not by host resistance) and ultimately, to numbers and distributions of parasites on 

hosts.
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Greater cuticular melanism is not associated with greater immunogenic 

response in adults of the mountain stone weta, Hemideina maori

This chapter formed the basis for the following publication:

Robb,T., Forbes,M.R. & Jamieson,I.G. 2003. Greater cuticular melanism is not 

associated with greater immunogenic response in adults of the Mountain Stone Weta 

{Hemideina maori). Ecological Entomology 28: 738-746.
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Abstract

Greater immune function is associated with the high-density melanic phase of polyphenic 

insects, appearing to compensate for density-dependent increases in susceptibility to 

parasites and/or pathogens. Other types of discrete variation in cuticular melanism occur 

in insects, but whether this variation is predictive of immune ability has not been 

investigated. In the mountain stone weta Hemideina maori, a melanic morph and yellow 

banded morph occurs. These morphs are not seasonally polyphenic and have discrete 

haplotype genetic markers. Melanic individuals are typically found at lower local 

densities than yellow individuals, contrary to relations between melanism and density 

seen in polyphenic insects. Yellow males and females had greater melanotic 

encapsulation responses upon immune challenge, than did melanic males and females, 

but these differences were not associated with differences in temperature selection 

between morphs. Morph differences in melanotic encapsulation response was somewhat 

related to differences between morphs in haemocyte concentration. These results indicate 

that a common form of immune expression is not associated with greater cuticular 

melanism in the mountain stone weta. Thus, earlier findings of greater immunity 

associated with greater cuticular melanism in phase polyphenic insects cannot be 

extended to these insects with other forms of discrete melanin variation. These findings 

will help in elucidating causes and consequences of colour polymorphisms, which are 

widespread in several insect orders.
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Introduction

The degree of cuticular melanism in some phase polyphenic insects has been linked to 

ability to resist infection, with darker individuals resisting better than other individuals 

(Reeson et al. 1998; Wilson & Reeson 1998; Barnes & Siva-Jothy 2000; Wilson et al. 

2001, 2002). In these studies, darker individuals exist when populations are at high 

density, and presumably when there is increased susceptibility to parasites and/or 

pathogens (Wilson et al. 2001). In adult beetles and moth larvae, the degree of cuticular 

melanism was further related to immunity independent of density (Barnes & Siva-Jothy 

2000; Reeson et al. 1998; Wilson et al. 2001). Again, darker individuals had greater 

immune function than lighter conspecifics. Researchers have shown that cuticular 

melanism in these insects is associated with Phenoloxidase activity, an enzyme associated 

with pathogen resistance in both the haemolymph and midgut (Reeson et al. 1998;

Wilson et al. 2001). Furthermore, melanin in the cuticle may act as an antimicrobial 

agent, or strengthen the cuticle thus providing a stronger barrier to penetration by 

pathogens entering cutaneously (Vey & Gotz 1986; Nappi & Vass 1993).

In many insect orders, genetic colour polymorphism occurs where individuals 

vary in degree or patterning of melanism. This type of melanin variation has different 

causes from that shown by phase polyphenic insects, and perhaps for this reason, no 

study has yet examined relations between cuticular melanism and immunity in such 

polymorphic insects. Any differences in immune expression between the morphs cannot 

be taken as evidence that variable selection imposed by parasites is responsible for the 

polymorphism. Nevertheless, it would be useful to determine whether the linkages
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between melanism and immunity seen in phase polyphenic insects also exist for colour 

polymorphic insects that show discrete variation in cuticular melanism.

The primary objective of this study was to test for variation in immune responses 

(melanotic encapsulation) between the two main colour morphs of the mountain stone 

weta Hemideina maori (Pictet & Saussure 1891; Orthoptera: Anostostomatidae). In this 

species, a polymorphism occurs where individuals are black, yellow with bands of black 

(hereafter referred to as yellow individuals), or an intermediate of the two colours; black 

and yellow morphs show different mtDNA halplotypes (King et al. 1996). I also had 

three other objectives. First, I tested whether immune challenged adults of the two 

morphs differed in haemocyte concentrations (as melanotic encapsulation is thought to be 

cell mediated in many insects). Second, I also assessed whether these challenged adults 

of the two morphs differed in temperature selection in a laboratory setting, which 

emulated natural temperature and shelter conditions. Finally, I tested whether individuals 

of either morph were more likely found at higher local densities across a range of 

altitudes. The rationale (s) for each of these objectives is detailed below.

Researchers have assessed immune expression in several ways. They have 

measured degree of melanotic encapsulation of a foreign inanimate object such as a nylon 

microfilament (Siva-Jothy et al. 2001) or Sephadex beads (Suwanchaichinda &

Paskewitz 1998) or degree of melanotic encapsulation of some or all of the parasite (e.g., 

feeding tubes of ectoparasitic mites, Yourth et al. 2002b). In this study, I measured 

melanotic encapsulation responses to Sephadex beads to assess immune expression for 

several reasons. This method allows examination of the immune response without the
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interaction of a parasite. I also found that with this method, measures of degrees of 

encapsulation were highly repeatable between observers (see below). Finally, insects 

appear to use the same melanotic encapsulation response against real parasites as they do 

against the beads (Suwanchaichinda & Paskewitz 1998; Yourth et al. 2002a).

I also assessed haemocyte concentration of those individuals that were used to 

obtain measures of immune expression. Haemocytes have been found to be directly 

related to the encapsulation response as they surround and isolate foreign material from 

host tissue (Gillespie et al. 1997). Additionally, the prophenoloxidase enzymatic cascade 

leading to the deposition of melanin in the melanotic encapsulation response is associated 

closely with haemocytes (see Marmaras et al. 1996; da Silva et al. 2000). Studies have 

found that the total number of haemocytes is correlated positively with ability to mount 

an immune response in both Drosophila (Eslin & Prevost 1996, 1998; Kraaijeveld et al. 

2001) and a caloptyergid damselfly (Rantala et al. 2000). As such, I was able to assess 

whether patterns of immune expression in terms of melanotic encapsulation were 

mirrored by differences in haemocyte numbers between morphs.

Temperature selection was also examined for several reasons. The enzymatic 

cascade involved in the production of melanin is expected to be temperature dependent. 

Work with Drosophila has identified that temperature affects encapsulation responses to 

two of three species of parasitoids (Fellowes et al. 1999). In addition, behavioural fever 

has been demonstrated for several orthopteran insects that are typically subjected to a 

broad range of environmental temperatures (Boorstein & Ewald 1987; Carruthers et al. 

1992; Blanford et al. 1998; Wilson et al. 2002). Here, selection of greater temperatures
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may slow pathogen growth. Thus, I allowed individuals to select temperatures to explore 

whether temperature selection differed between morphs and if the observed variation 

mirrored any morph differences seen in melanotic encapsulation.

In this study, no specific predictions concerning sex differences in the above 

factors were made. However, males have a lower innate immunity than females in some 

sexually dimorphic insects (Kurtz et al. 2000; Kurtz & Sauer 2001), albeit this difference 

can be age-dependent (Rolff 2001). Hemideina maori are sexually dimorphic in 

morphology and males and females probably have different life histories relating to 

reproduction: e.g. males have enlarged mandibles used in male-male competition for 

mates (Gwynne & Jamieson 1998; Koning & Jamieson 2001; Jamieson 2002). For this 

reason, sex was treated as a separate variable in this study, and controlled for statistically 

where applicable (see methods).

The final objective was to examine densities of weta surveyed across a range of 

altitudes to determine whether black individuals were typically found at lower local 

densities, as suspected but not tested for this species. Isolated ‘island’ tors characterise 

the habitat of this species of weta at the study site and as a result dispersal between tors is 

limited (Leisnham & Jamieson 2002). Data on local density of the morphs will have 

bearing on any proposed connection between morph type and immune expression (e.g., 

do black weta show greater immune expression, despite being found at similar or lower 

densities than the yellow weta?). Such data would indicate that linkages between 

density-melanism-and immunity seen in phase polyphenic insects could not be assumed 

for insects showing other forms of discrete melanin variation.
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Methods

Study species, study site, surveys and collections

The mountain stone weta Hemideina maori is a large, flightless, nocturnal insect endemic 

to New Zealand. Development to adulthood can take up to three years requiring up to ten 

larval instars; the life span of the breeding adult ranges between one to four years 

(Leisnham et al. 2003). Typically, weta are found in groups consisting of one or two adult 

males and a harem of one to as many as eight females in addition to juveniles and sub 

adults (Jamieson, 2002). During the day, the weta take shelter under flat rocks on alpine 

rocky outcrops (Jamieson et al. 2000; Leisnham & Jamieson 2002). At these high 

altitudes, over wintering means enduring sub zero climate conditions, although H. maori 

is know to be freeze tolerant (Ramlov et al. 1992; Sinclair et al. 1999).

Previous work at the Rock and Pillar Range (50 km north-west of Dunedin, New 

Zealand 45°28’S, 170°03’E) has shown that the black morph is found at low altitudes 

(1000-1200 m). In comparison, the yellow morph can be found from 1000-1450 m, but 

occur at greater local densities at the highest altitudes (>1250 m) where the black morphs 

are rare (I.G. Jamieson unpublished). Intermediates are found where the two morphs 

overlap (King et al., 1996). It is not known whether body colour associated with altitude 

affects thermoregulation in weta.

The southern slope of the Rock and Pillar Range was surveyed to determine the 

local density that a typical yellow and a typical black individual was likely to encounter 

as an adult. A total of seventeen 1-km square grids were surveyed beginning at the 

lowest altitude and ending near the summit with grid 17. For each grid square, a single
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rock outcropping or tor was located in the grid and 2 0  large rocks (large enough to shelter 

adult weta) were turned over; the numbers of black, yellow, and intermediate adults were 

recorded (following King et al. 1996). Weta are known to move within a tor but 

movement tends to be restricted between tors (Leisnham & Jamieson 2002), which meant 

that weta under any of the 2 0  rocks on a given tor were likely to encounter adults under 

other rocks at the tor.

Other adult weta were collected on 3, 25 and 30 January, and 4, 8 , 15, and 23 

February 2002 within a 2-km area (at altitudes from 1150 to 1250 m a.s.l.). This was an 

area where both black and yellow individuals are found. On each sampling trip, attempts 

were made to collect equal numbers of males and females of each morph. Individuals 

were transported back to the laboratory in plastic bins with mesh covers. In the 

laboratory, weta were provided with flat rocks for shelter. Alpine plants from the 

collection sites were provided as food ad libitum and misted daily with water. Prior to 

their use in experiments, weta were housed for 36 to 96 hours in the bins held in a room 

with controlled temperature and light cycle that closely approximated natural 

microhabitats at the time of collection (Figure 5.1). Each weta was weighed (± O.Olg, 

Mettler-Toledo PM2500 Digital Scale) and the length of its left metathoracic femur was 

measured (± 0.01 mm, Vernier dial callipers), 24 hours before each trial. These data 

allowed comparison between sexes and morphs with respect to mass and size.

Immune challenge

Each trial consisted of an immune challenge followed by scoring temperature selection, 

then by scoring encapsulation responses and by determining haemocyte
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Figure 5.1: Mean (± 1 SE) microhabitat temperatures over a 24-h time period for a 

temperature controlled room in the laboratory (closed circles: SE smaller than symbol 

size) and natural sites (open circles). Laboratory microhabitat temperatures were 

measured using Stowaway data logger (Onset Computer Corporation, Pocasset, MA, 

USA) placed under a rock in one of the bins that held weta, between 1 February and 25 

February 2002. Natural microhabitat temperatures were measured using the same data 

logger model at two sites where weta are found. Each probe was placed under a rock slab 

and recorded temperatures every hour between 30 January and 25 February 2002. The 

fdled bars represent duration and timing of the dark periods maintained in the laboratory; 

the open bars represent the mid-point for those periods during the month of February, in 

Central Otago.
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concentrations. Sephadex beads (CM C-25; Aldrich, Milwaukee) were used for immune 

system activation (cf. Moret & Schmid-Hempel 2000). Prior to injection, the beads were 

hydrated for 1 h using a modified insect Ringers solution closely matching weta 

haemolymph (Ramlov 1999; 121 mM NaCl, 18 mM NaHC03, 1 mM NaH2 P 04, 10 mM 

KC1,2 mM CaC l2, 1 mM M gCl2, 30 mM glucose; beads ranged from 40-120 pm). The 

beads were injected, within ca. 2 0  pi of solution, into the left mesothoracic femur of each 

weta, using a sterile 27-gauge syringe.

Temperature selection

After bead-injection, individuals were placed in a temperature gradient for 24-h time 

period. The temperature gradient was a wooden box divided into eight individual wooden 

tracks ( 1 1 9 x 9 x 9  cm; see Rock et al. 2002). The box was kept in a room with 

temperature and light cycle controlled (4 ± 1°C; 14L:10D photoperiod). An aluminium 

sheet fitted on the bottom of the box was heated at one end by a resistance wire and 

cooled at the other end passively by exposure to room temperature (4°C) and actively by 

contact with ice packs. Air temperatures within the tracks were maintained at 25-27°C 

and 3-5°C at opposite ends of the gradient. This gradient closely emulated the thermal 

range experienced by weta in their natural microhabitat (Figure 5.1). The temperature 

gradient was checked at both ends during each trial, using a digital thermometer (Digi- 

Sense Model 8525-00, Cole Parmer; calibrated to ± 0.3°C). All trials conformed to 

temperature gradients that weta were likely to experience in the field.

Each trial began when a bead-injected weta was placed into the middle of its 

randomly assigned track (at 0800 h). The temperature selected by each weta was
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measured after acclimation for four hours, by noting its position in the gradient and 

measuring its internal body temperature (by inserting a 24-gauge temperature probe ca. 3 

mm into the anus). Ambient temperature ca. 2 mm above the position of the weta was 

also recorded. Both ambient and anal temperatures were measured three more times for 

each weta at 1700 h, 2200 h, and 0800 h. Following each pair of measurements, the weta 

was returned to the centre of its track. Using this approach, the match between anal and 

ambient temperatures for each time period was assessed. A close match would suggest 

that weta were not moving often in the gradient and allow the use of only internal 

temperature for analysis of temperature selection by each weta to be made.

Scoring melanotic encansulation

The bead-injected leg of each individual was removed for analysis. Each leg was placed 

individually into Andre's clearing solution (Martin 1977; 1:1:1 chloral hydrate: acetic 

acid: water by mass) for 48 hours at 20°C to remove pigment from the cuticle and to clear 

muscle tissue, thereby leaving the sample transparent while leaving beads and responses 

to beads intact. Each leg was dissected by removing the outer cuticle using a 26-gauge 

needle; both the cuticle and leg muscle was placed on a microscope slide. To prevent 

desiccation, a few drops of glycerol were applied then each slide was scanned visually for 

beads (200x, phase contrast). The amount of melanin covering each bead was assessed 

and each bead was scored as either melanised (> 2 0 % of its surface area melanised) or 

not melanised (0-20% melanised). This method of classification (scoring the proportion 

of beads recovered that were melanised) is highly repeatable among observers (Pearson, r 

= 0.99,n= 10).
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Haemocyte concentration

At the time of leg removal, the first 5 jal of haemolymph was collected with a Wiretrol® 

II precision micropipette (Drummond Scientific Company). This volume was emptied 

into an eppendorf tube containing 20 pi of ice cold anticoagulant (Siva-Jothy et al. 2001; 

98 mM NaOH, 145 mM NaCl, 17 mM EDTA, 41 mM citric acid, 5% sucrose, pH 7.2). 

This mixture was held on ice for no longer than two hours to prevent cell lysis. 

Haemocyte concentration was assessed and expressed as the number of cells per ml of 

haemolymph (using an improved Neubauer Bright Line® hemacytometer, Hausser 

Scientific and correcting for dilution).

Statistical Analyses

Data were analysed for normality using Shapiro-Wilk’s tests and log transformed where 

required (number of beads melanised and haemocyte concentration). All models were 

completed R (version 2.0.1; Ihaka and Gentleman 1996) and are detailed in the results. 

For ANCOVA, tests for homogeneity of slopes are presented, however, non-significant 

(NS) interactions were dropped from subsequent analyses and the variation attributable to 

the main effects was re-assessed (following Wilkinson 1989). For each morph and sex 

combination, three types of haemocytes was compared and the temperature selection was 

compared at each of the time intervals sampled using a MANOVA procedure and any 

non-significant (NS) interactions were removed for final analyses. Means are reported ±

1 SE.
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Results

Melanotic encapsulation

I start with an examination of melanotic encapsulation results as this will have bearing on 

interpreting other data, i.e. if one category of individuals shows a higher encapsulation 

response, then do these individuals also differ in temperature selection or haemocyte 

concentrations. Beads were injected and recovered from 78 individuals (22 black males, 

20 black females, 16 yellow males, 20 yellow females). The number of beads recovered 

did not differ between yellow and black morphs (17.60 ± 1.69 versus 16.72 ± 1.82; t76 = 

0.35, p  = 72). The relationship between beads recovered and the transformed number of 

beads melanised was positive for all four morph by sex combinations. Yellow morphs 

exhibited a significantly greater encapsulation response than did the black morphs (Table 

5.1; Figure 5.2a), after controlling for the number of beads recovered using ANCOVA. 

Neither sex nor the sex by morph interaction accounted for significant variation in beads 

melanised (Table 5.1).

Temperature selection

Morph and the sex by morph interaction did not account for significant variation in 

temperature selection in the temperature gradient (MANOVA morph, Wilks' Lambda = 

0.91, p  = 0.21; interaction NS; Figure 5.3). In comparison, sex accounted for significant 

variation in temperature selection {Wilks'Lambda = 0.86,/? = 0.045; Figure 5.3). Males 

selected higher temperatures than females but this was only significant for the second 

time period sampled (1700 h; Between subject effects, Fi>70 = 8 .8 8 ,/? = 0.004; Figure 

5.3). Only internal temperatures were used in the analysis comparing temperature
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Table 5.1: Results from an ANCOVA with log transformed number of beads melanised 

as the response variable, beads recovered as a covariate and sex and morph as fixed 

factors. Values for interactions to test homogeneity of the slopes are provided (R = 0.41 

for the model, N= 78).

df F P
Slope homogeneity

Beads recovered x sex 1 0.71 0.40

Beads recovered x morph 1 0.05 0.82

Beads recovered x sex x morph 1 2.22 0.14

Error 70

ANCOVA

Sex 1 0.72 0.40

Morph 1 31.06 <0.0001

Sex x morph 1 1.07 0.30

Beads recovered 1 22.23 < 0.0001

Error 73
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Figure 5.2: Morph and sex differences in (a) melanotic encapsulation response 

(measured as number of beads melanised statistically controlled for the log number of 

beads recovered) and (b) haemocyte concentration. Values shown are the least square 

means (± 1 SE). Numbers denote sample size; males- circles, females- squares
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Figure 5.3: Morph and sex differences in temperature selection (mean temperature 

selected ± 1 SE) when challenged with Sephadex beads over a 24-h time period 

(individuals were placed in the temperature gradient at 0800 h and temperature selection 

was measured 4, 9, 14 and 24 hours after this). Open squares- yellow females, open 

circles- yellow males, closed squares- black females, closed circles-black males.
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selection among sexes and morphs. As expected, the internal body temperature was 

highly correlated with selected ambient temperature for weta for each time period 

(Pearson r values ranged from 0.93 to 0.97, p-values all < 0.001).

Haemocyte concentration

Three types of haemocyte were found (following Gupta, 1985). Haemocyte counts were 

completed for 72 of the 78 weta injected with beads as I was unable to get accurate 

counts for 6 individuals. Granulocytes accounted for 85-91% of haemocytes and were 

granule containing, spherical cells that often had thin filopodia (15.0 ± 0.53 pm diameter, 

n = 10). Plasmatocytes accounted for 6-9% of haemocytes and were larger, non-spherical 

cells with fewer granules (44.0 ± 1.87 pm long, 16.5 ± 0.76 pm wide, n = 10). 

Prohaemocytes were least abundant (2-7% of haemocytes) and appeared similar to the 

granulocytes but were much smaller (6.8 ± 0.38 pm diameter, n = 10). There was 

significant variation in the concentration of haemocyte types between males and females 

but not between morphs (MANOVA, Sex Wilks' Lambda = 0.87,/? = 0.03, Morph Wilks' 

Lambda -  0.96,/? = 0.42, interaction NS). Males had greater numbers of plasmatocytes 

and granulocytes than conspecific females however sexes did not differ in concentration 

of prohemocytes (Between subject effects, Plasmatocytes F\j68 = 8.34,/? = 0.005, 

Granulocytes Fi,68 = 9.14,/? = 0.004, Prohemocytes F\fi% = 0.002,/? = 0.97). Upon 

examination of total haemocyte (all types included) concentration there was some 

relation to results on melanotic encapsulation. Although not significant, yellow morphs 

averaged a higher concentration of haemocytes than did black morphs (ANOVA, F\js% -
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2.19,/? = 0.14; Figure 5.2b). Males had significantly greater overall haemocyte 

concentration than females (F\,68 = 9.10, p  = 0.003, interaction NS; Figure 5.2b).

Males and females of both morphs did not differ in mass (ANOVA, Morph Fi,74 = 

3.01,/? = 0.09, Sex F\ ,74 = 1.59,/? = 0.21, interaction NS). Average mass for black males 

and females were 3.84 ± 0.14 g and 4.24 ± 0.14 g respectively, whereas for yellow males 

and females average mass was 4.33 ± 0.23 g and 4.39 ± 0.19 g respectively. Male and 

female yellow morphs had longer femurs than male and female black morphs (ANOVA, 

F \j4 = 4.79, p  -  0.03), but there were no differences in femur lengths between sexes 

within morphs (Sex F ij74 = 0.16,/? = 69, interaction NS). Thus, yellow morphs were 

larger, but not heavier than black morphs, and there was no observable sexual size 

dimorphism in femur lengths.

Density

During the survey, 15 of 17 tors were found to harbour weta. In total, 73 yellow adults,

12 intermediate adults, and 12 black adults were counted. At 5 of those 15 tors only 

yellow adults were present in numbers ranging between 5 and 11 individuals per tor 

while all other tors sampled had mixtures of black, yellow and intermediate adult weta. 

Mean local density experienced by black individuals was 6.4 ± 0.77 weta (Median = 6, 

Interquartile Range (IQR) = 4-9.5) while for yellow individuals mean local density was 

8.4 ± 0.29 weta (Median = 9, IQR = 7-10). Local densities experienced by black 

individuals did not deviate significantly from normality (Shapiro-Wilk’s test, W= 0.92, p  

= 0.27), but local densities experienced by yellow individuals did (W= 0.82, p  < 0.001). 

Thus, local densities experienced by a typical yellow versus typical black individual were
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compared using a Kruskal-Wallis rank sums test. An average rank of 27.2 was calculated 

for the black individuals compared to an average rank of 45.6 for yellow individuals. 

Yellow individuals experienced higher local densities than black individuals (y2 = 5.92, p  

-  0.015).

Discussion

Melanotic encapsulation is a generalised response by many insects to isolate foreign 

bodies like parasitoid eggs and mite stylostomes from host tissue (see Ratcliffe 1993; 

Yourth et al. 2001). Greater cuticular melanism appears to indicate resistance to parasites 

and/or pathogens for several species of lepidopteran larvae (e.g., Reeson et al. 1998; 

Wilson et al. 2001 but see Goulson & Cory 1995), as well as a single species of 

orthopteran (Schistocerca gregaria, Wilson et al. 2002) and coloeopteran (Tenebrio 

molitor, Barnes & Siva-Jothy 2000), all of which exhibit density-dependent phase 

melanism. In this study, I examined whether the observed relations between cuticular 

melanism and immune expression might also occur in a polymorphic orthopteran 

showing a melanic morph and a banded yellow morph. In comparison to the insect 

studies cited above, I found that darker individuals in this study species actually showed 

less immune expression measured as melanotic encapsulation to Sephadex beads and that 

this result was consistent for adult males and females (Figure 5.2).

There was little indication in this study that heightened immune function of the 

yellow morph could be explained by temperature selection, yet temperature can affect 

pathogen growth and survival as well as host immune response. In the study by Fellowes
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et al. (1999), Drosophila reared at higher temperatures showed greater encapsulation of 

two of three species of parasitoid. Greater encapsulation ability at higher temperatures 

was also observed for a scale insect, Coccus hesperidum (Blumberg & DeBach 1981; but 

see Suwanchaichinda & Paskewitz (1998) study on mosquitoes). I did find that 

temperature selection by yellow males tended to be higher than other individuals during 

the second sampling time (Figure 5.3), but this result could not explain higher immune 

responses by both males and females of that morph over black males and females. 

Importantly, H. maori is a cold tolerant insect (Ramlov et al. 1992; Sinclair et al. 1999). 

Thus, selecting even higher ambient temperatures may be costly in this species, if only to 

elicit a generalised immune response. Interestingly, Adamo (1998) showed specificity in 

elicitation of behavioural fever in crickets. In other words, not all challenges are likely to 

elicit behavioural fever and this may be critically important for a cold-tolerant insect. 

Notwithstanding, the results suggest selected temperatures do not differ between morphs.

It was expected that haemocyte concentration would relate to degree of 

encapsulation based on other work with insects (Eslin & Prevost 1996, 1998; Rantala et 

al. 2000; Alleyne & Wiedenmann 2001; Kraaijeveld et al. 2001; but see Adamo et al. 

2001). As mentioned, the data suggested morph differences in haemocytes, but the 

results also showed significant differences in haemocyte concentrations between males 

and females that did not translate into sex differences in encapsulation response, 

measured over 24 hours. Sex differences in haemocyte counts of insects have been 

described previously; however unlike the present study, females were more likely to have 

greater haemocyte numbers (Kurtz et al. 2000; da Silva et al. 2000; c f  Rolff 2001). One
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explanation is that males, which fight with one another, may need to have higher 

wounding responses that were not obvious over a 24-h period. Alternatively, females 

may have used up more circulating haemocytes than the males in the encapsulation 

response, since I measured haemocytes following the challenge.

Both onset of sexual maturity and senescence also have been found to influence 

immune function in insects (Adamo et al. 2001; Rolff 2001; Kurtz 2002; see Chapter 

two). In this study, all individuals were sexually mature at the time of sampling. In 

addition, a previous study suggested morphs do not differ in survivorship (measured as 

population differences in survivorship at high versus low altitudes; I. G. Jamieson 

unpublished data). As such, I would expect a similar age distribution in the samples of 

weta. Thus any sex- or morph-related variation in haemocyte concentration is unlikely 

due to age differences among individuals in the samples.

Like other insects, weta are expected to have higher parasite and/or pathogen 

transmission under higher local densities. For example, Hochberg (1991) found that 

group feeding by young lepidopteran larvae put them at high risk to vertically transmitted 

pathogens and that they had greater resistance than older solitary individuals. Parasitic 

mites (Wetapolipus jamiesoni; Husband & Zhang 2002;, of the family Podapolipidae, 

were observed on about half of the weta examined. Such mites are ecto- and endo- 

parasites of insects in the orders Orthoptera, Coleoptera, and Hymenoptera, and are 

transmitted primarily between hosts via direct contact (Baker & Wharton 1952; Husband 

1984; cf. Abbot & Dill 2001). In addition, weta should be susceptible to other density- 

dependent pathogens such as entomopathogenic fungi and entomophilic bacteria
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(Wharton et al. 2001) or viruses. At higher local densities, susceptibility to parasite 

and/or pathogen infection should increase and therefore a subsequent increase in 

investment in resistance should be evident. In this study, the yellow morphs had a greater 

encapsulation response than the melanic morph, and the yellow morphs experienced 

higher local densities across an altitudinal gradient, although the range of densities was 

certainly not as large as seen in studies of phase polyphenic insects.

An alternative explanation is that wounding rates increase under higher adult local 

densities and that this falls principally on fighting males (in acquisition of mates; see 

references cited in introduction). Thus, it is predicted that males at higher local densities 

would have greater need for peripheral 'immune' responses associated with wounding, 

following reasoning outlined by Braude et al. (1999). Indeed, male weta had higher 

haemocyte concentrations than females. In addition, the yellow morphs had nearly 

significantly higher haemocyte concentrations than black morphs. These data highlight 

the need for further investigation into melanism, local density, wounding and its 

relationship with immune responses in both sexes.

The results of this study indicate that greater cuticular melanism is not associated 

with a greater melanotic encapsulation response in H. maori. These results suggest little 

direct relation between cuticular melanism and immunity in mountain stone weta.

Another study shows qualitatively similar findings to this study using female lizards that 

occur in two heritable throat colour morphs. Female lizards with yellow throats had 

greater antibody response and higher survival under high-density situations than did 

females with orange throats (Svensson et al. 2001). In that study, immunity was not
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attributed to throat colour per se but rather both bright throat colour (for signalling) and 

greater antibody response (for resistance) appear co-selected. It may be that immunity as 

measured in this study is not immunity per se, but is related to the need for wounding 

responses under higher local densities. Alternatively, degree of melanotic encapsulation 

may reflect immunity and may be favoured in insects more often found in dense 

aggregations. One question remaining is whether the alternating black and yellow bands 

for insects under higher densities is co-selected, perhaps acting as an aposematic signal to 

conspecifics.
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Salient Findings and Novelty

The goal of my thesis was to elucidate causes and consequences of variation in immunity 

within host populations. In doing so, I have used several established approaches (e.g., 

induce immunity and examine a fitness cost of the immune response) as well as novel 

approaches (e.g., assessing a parasite attribute related to the likelihood of elevation of 

host resistance). Where possible, all of the studies completed incorporated the 

environmental relevance of the experimental procedures (e.g., temperature experience) or 

the relevance of the findings to natural host populations. These considerations also make 

this thesis a novel and an important contribution to the field of ecological immunology.

To summarise the salient findings, conclusions and novelty of each chapter: Age 

(immature versus reproductively mature) of a damselfly, but not sex, influenced whether 

cost of resistance was observed in a laboratory setting (Chapter two). This study was 

similar to previous work by Moret & Schmid-Hempel (2000) where they also showed a 

reduction in longevity for immune challenged and starved bumblebees. The novelty of 

this current study was the use of immature and mature individuals as well as the 

comparison between sexes. Also a novel aspect of this study was the relevance of the 

experimental design to natural conditions; Enallagma boreale is an early emerging 

temperate damselfly and therefore can experience bouts of cool weather where foraging 

is limited. As a common theme throughout the thesis, environmental temperature was an 

important factor affecting insect resistance. Given the environmental conditions often 

experienced by immature E. boreale, costs of resistance are not likely to be realised. In 

addition, the risk of exposure and the type of immune activation should be an important
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determinant for when costs of resistance are realised for E. boreale. There has been a 

recent interest in the type of immune parameter activated upon infection, in particular 

there may be trade-offs even between immune traits upon infection (see Adamo 2004). 

Thus it is important to continue examining multiple immune traits.

I also demonstrated that environmental temperature in relation to emergence 

timing can account for seasonal increases in resistance observed for the damselfly Lestes 

forcipatus. As predicted, damselflies (both early and late emergence groups) exhibited 

greater resistance against parasitic water mites when held at high temperatures compared 

to low temperatures. Neither host sex nor body size influenced the degree of resistance. 

Although this study supported a null model, temperature dependent resistance, the 

novelty of the study was its explanation of previous field observations. Thus for this 

species and for other similar damselfly-mite associations the impact of temperature on 

host resistance may play a large role in co-evolutionary cycles, something I would like to 

explore further (see Future Directions). However, it is important to note that the 

relationship of temperature and resistance will differ between species (or genotype) and 

will likely relate to the temperatures experienced in natural conditions (Figure 6.1). 

Higher costs of parasitism (faster rates of mite engorgement) at higher temperatures also 

could provide a rationale for greater resistance, something that I explored further in 

Appendix one. Overall, the findings from Chapter three should have implications for the 

phenology of parasites and for seasonal variation in parasite-mediated selection. In this 

case I would expect for a generalist parasite such as Arrenurus planus, selection would
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Figure 6.1: Predicted theoretical representation of temperature dependent resistance 

against parasitism for multiple damselfly species; each line represents a different species 

(or genotype). Temperature at which optimal (maximum) resistance against parasitism is 

attained is expected to differ between species. I suggest that optimal resistance for 

damselfly-mite associations will also relate to expected temperature experience under 

natural conditions or timing of emergence (when resistance against mites occurs).
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favour females that lay eggs early in the season. However, the number of available hosts 

may be lower early in the season (larval damselfly development is related to both 

temperature and photoperiod) thus mites hatching ‘too early’ may not be successful (as 

discussed in Chapter four of this thesis).

Parasite timing to host contact also could relate to seasonal increases in resistance 

however the evidence provided in Chapter four of this thesis suggests otherwise.

Previous work has examined how parasite genotype influences host resistance (Vizoso & 

Ebert 2005) however the current study was the first to examine how parasite experience 

prior to infection influences success in attaining parasitism and host resistance. I did find 

that mites having to wait longer before being exposed to hosts or waiting longer while 

they were phoretic were less likely to become parasitic. This work will hopefully 

challenge others to explore whether host resistance is the cause of failed parasitism- it is 

often unjustly inferred. This finding also may be related to variation in the numbers and 

distributions of parasites on hosts such as the observation of sex biases in parasitism (see 

Appendix two).

Of course other measures of parasite success could have been measured in 

understanding how previous parasite experience prior to infection influences mite 

success. For example it is still unclear how resources obtained during parasitism relate to 

mite survival through nymphal stages or even a female mite’s future egg production or 

male mating success. Although these alternative measures of success may provide some 

additional information on damselfly-mite associations, the logistics in measuring them
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would be difficult and time consuming (mite life-cycles are one year and require precise 

laboratory conditions; B. Smith, personal communication).

Finally, as outlined in Chapter five of this thesis, previous studies had determined 

that greater immune function is exhibited by darker, high density morphs of phase 

polyphenic insects. This greater immune ability for darker morphs appears to 

compensate for density-dependent increases in susceptibility to parasites or pathogens. 

Further, the link between greater degree of melanin in the cuticle and greater immune 

ability independent of density has been demonstrated for a phase polyphenic insect, 

Tenebrio molitor (Armitage & Siva-Jothy 2005). Thus for insects exhibiting density- 

dependent colour polymorphism the evolution of cuticular colour may be influenced by 

not only selection on colour but also a correlated response to selection for immunity and 

resistance against parasitism. This was further exemplified by a vertebrate example 

where immune defence in genetic colour polymorphic lizards was linked with throat 

coloration (Svensson et al. 2001). However, the results of this study were contrary to 

previous studies, i.e., greater immunity was not associated with a darker morph of the 

New Zealand mountain stone weta. I suggest that host density may be a better predictor 

of immune ability for weta and perhaps other genetically determined colour polymorphic 

insects. Since the completion of Chapter five, Civantos et al. (2005) found no 

relationship between colour morphs of genetically determined colour polymorphic pigmy 

grasshoppers and immune defence. In that study differential temperature selection by the 

colour morphs influenced parasite success rather than differential immunity. I also
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examined whether weta morphs or sexes differed in parasitism (parasite success) and if 

this related to morph differences in immunity (Appendix three).

Future Directions

Despite the several of studies addressing topics in the field of ecological immunology (as 

outlined in this thesis) several areas require additional work to fully understand the nature 

of insect resistance against parasitism and subsequently host-parasite interactions. 

Environmental temperature and its role in parasite mediated selection is one such area 

that I believe to be important, especially in regards to the predicted climate warming 

trends. Host-parasite co-evolutionary arms races are thought to result form parasites 

adapting to common host genotypes while hosts evolve resistance to common parasite 

genotypes. The main requirement (genetic variation for resistance among hosts) for 

parasite-driven evolution to occur is met in natural populations (Webster & Woolhouse, 

1998; Little & Ebertl999). However, direct observation of temporal variability in the 

frequencies of host resistance and parasite infectivity genes is scarce (Dybdahl & Lively

1998). Thus the extensive body of theory suggesting that parasitism is a unique and 

potent agent of evolutionary change lacks a solid empirical grounding for its most 

important prediction.

I propose that this issue has arisen because many experimental host-parasite 

studies have been performed under far too narrow a range of environmental conditions. 

Recent experiments have shown that relevant environmental temperatures strongly 

influence the potential for parasite mediated selection through host genotype by
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environment (GxE) interactions (Mitchell et al. 2005). GxE interactions are defined as 

the variable expression of a phenotypic trait (e.g., resistance) as a result of the interaction 

of the particular host genotype and environmental factors (e.g., temperature) (Figure 6.1; 

Thomas & Blanford 2003). The importance of parasitism as an evolutionary force (see 

Lively et al. 2004) may depend on the pervasiveness of GxE interactions in the wild. 

Therefore, future work should determine the extent to which environmental temperatures 

dictate host-parasite dynamics (e.g., host GxE interactions): a fundamentally important 

first step in elucidating the nature of host-parasite co-evolution.

Alternatively variation in immune defence can be influenced by factors not 

directly related to the host environment (e.g., Mitchell & Read 2005; Kapari et al. 2006). 

Thus our predictions for what parameters (such as environmental temperature) affect 

host-parasite dynamics may not be supported under natural conditions. Recently,

Mitchell & Read (2005) found the maternal environment of Daphnia can alter the 

susceptibility of their offspring to bacterial infection. Thus future work could entail 

multiple generations prior to making predictions on disease dynamics. Further, 

interactions with other organisms could impact allocation to immune defence and 

consequences for host-parasite dynamics. For example, plant quality can influence the 

immune defence mechanism of an insect defoliator and thereby influence the host- 

parasite population dynamics (Kapari et al. 2006). Thus it is important that future work 

also take on a more complete approach, incorporating several aspects (where possible) of 

the host biology under natural conditions.
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An important aspect of ecological immunology that requires future work is 

specificity in host-parasite interactions. Despite the recent advances in molecular 

techniques, the underlying mechanism(s) of host recognition of invaders is not fully 

understood. Consequently our understanding of why a host responds to a particular 

parasite species or genotype and not another is limited. For many invertebrate hosts, 

recognition proteins are known to differentiate broad classes of organisms (Lemaitre et 

al. 1997) but it is still unclear how this relates to differential susceptibility to infection 

within a host species (Schmid-Hempel 2006). In addition, parasites have developed the 

ability to evade or interfere with host immune systems (see Schmid-Hempel 2006 for a 

review). This parasite centred aspect of invertebrate host-parasite interactions may 

provide a better understanding of variation in resistance between and within species. I 

would expect that for host-parasite associations with a long history, host recognition 

proteins would evolve at the expense of other life-history traits. These particular trade

offs could provide an additional explanation for some within population variation in 

resistance.

An alternative explanation for not observing host resistance is that the host is 

simply tolerant of the costs of parasitism. For example there are some instances where 

fully engorged mites are observed on L. forcipatus despite their ability to resist infection 

(Chapter two). Tolerance of an infection (as opposed to controlling the pathogen by 

inhibiting its growth) is a host strategy that is not often examined (see Miller et al. 2005). 

I expect tolerance of an infection is determined by three factors: resources available to the 

host, the cost of resistance and the cost of parasitism (Figure 6.2). A host is expected to
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Figure 6.2: Predicted host strategies (tolerance or resistance) for given resources 

available to the host for investment in resistance (solid line) and the costs of parasitism 

(dotted line). It is expected that a host will tolerate an infection when costs of parasitism 

are high and resource availability is low. Hosts will resist or control infection when 

investment in resistance outweighs the cost of parasitism.
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tolerate infection when necessary resource investment into resistance is high (recognition 

and activation of immune traits) but resource availability is low (Figure 6.2). However, 

as suggested by Miller et al. (2005) the tolerant host will pay a greater cost (invest more 

in tolerance) than a host that controls infection or pays the cost of resistance. Thus as 

predicted in the model outlined in Figure 6.2, a resistance strategy should occur when 

resource availability is high and when investment in resistance outweighs the cost of 

parasitism. Although it may be difficult to test this model using a damselfly-mite 

association, I think that a future examination of this host strategy should be considered 

when examining variation in resistance within a host population.
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The influence of environmental temperature on Arrenurus pollictus 

engorgement rates on the damselfly host, Lestes disjunctus
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Introduction

Recent work (including Chapter three) has demonstrated the importance of environmental 

temperature on the outcome of host-parasite interactions (see Thomas & Blanford 2003; 

Blanford et al. 2003; Guinnee & Moore 2004; Mitchell et al. 2005). Host body 

temperature can influence not only the rate of parasite development or performance but 

also the effectiveness of the host defence. Much of the current research addressing 

questions of temperature dependent host-parasite interactions has focused on the 

effectiveness of biocontrol methods under different environmental conditions (Thomas & 

Blanford 2003). However for the study of natural host-parasite associations and in 

particular insect hosts, environmental temperature has only recently been considered as a 

major impact on host-parasite coevolution (Mitchell et al. 2005). This study addressed 

environmental temperature with respect to the outcome of a damselfly-parasitic water 

mite association, Lestes disjunctus-Arrenurus pollictus. In particular, I examined if 

temperature influences parasite engorgement or expected costs of parasitism. I also 

examined the impact of temperature on L. disjunctus response to A. pollictus.

Emergence of L. disjunctus in southern Ontario begins mid-June and the flight 

season can extend to early August (T. Robb, personal observation). Larval A. pollictus 

mites initially attend to L. disjunctus during its final aquatic larval instars. Upon host 

eclosion and emergence from the water, the mite pierces the host cuticle on the ventral 

surface of the thorax or first abdominal segment (Smith 1988). Mites form a feeding tube 

to feed on host body fluids and continue to engorge until damselflies become 

reproductively mature and return to the water for mating and egg laying. At this time the 

engorged mite detaches from its host and continues on through several larval and
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nymphal stages to becoming an adult. Damselfly resistance to parasitic water mites is 

melanotic encapsulation of the mite feeding tube and usually, if it occurs, is within 24-48 

hours after damselfly emergence (Yourth et al. 2001; Figure 3.1a and b, Chapter three). 

The cellular and humoral melanotic encapsulation response binds and collapses the 

feeding tube and even partial encapsulation will kill the mite. Dead mites appear 

flattened, darker in appearance when compared to engorging live mites and are easily 

observed on hosts (T. Robb, personal observation).

Methods

Newly emerged L. disjunctus were collected from the margins of Barb’s Marsh, located 

near the Queen’s Biology Station (45°37'N, 76°13'W) between 11:00 h and 12:00 h on the 

30 June 2002. Damselflies were brought back to the lab in transport cages (30 cm X 30 

cm X 40 cm) and at this time sex, mass (± 0.01 g, Mettler AE100 Digital Scale) and the 

number of A. pollictus mites attached to the thorax and/or abdomen was recorded. Each 

damselfly was placed in a plastic cup (ca. 255 ml) covered with aluminium foil. 

Approximately 2 ml of water was added to each cup to prevent dehydration of 

damselflies. A wire mesh screen and wooden dowel was also positioned in each cup to 

prevent drowning of damselflies.

Male and female damselflies were assigned to either the 15°C or 25°C treatment 

and held in their cups in 125-L incubators (Conviron®, Winnipeg, Canada) with a 

16L:8D photoperiod. These temperatures were chosen as they represent approximate 

minimums and average temperatures experienced by L. disjunctus at this site (Figure
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A l.l). Within the two temperature treatment groups and for each sex, I ensured there 

were no differences in either average of number of mites or mass (see results). After 24 

hours, mite engorgement scores were assessed for each mite. The degree of engorgement 

was scored using a scale, previously used for a similar mite species (see Chapter two and 

three; Forbes et al. 1999). Mites scored 0 if their body was flat with no separation 

between ventral sclerites and the dorsal plate (no engorgement). Mites scored 1 if there 

was slight separation between sclerites and dorsal plate; 2 if mites were ca. twice the 

length of their dorsal plate; 3 if mites were ca. three times the length of their dorsal plate 

and 4 if the dorsal plate was no longer visible. A score of 5 would indicate maximum 

engorgement (approximately 20 times the original size) however no mites sampled here 

were given this score. The average mite engorgement score for each damselfly was 

calculated. Mite engorgement scores using the above scale were also assessed at 48 

hours. After 48 hours, I also assessed the presence of dead mites.

To examine the presence of a melanotic encapsulation response, each damselfly 

was prepared by separating the thorax from the rest of the body. Each thorax was placed 

into a dram-vial (4.5 X 1.5 cm) containing Andre's solution (Martin 1977; 1:1:1 chloral 

hydrate: acetic acid: water by mass) to ‘clear’ the cuticle and muscle tissue, while leaving 

the feeding tubes and responses to the feeding tubes intact. Each sample was dissected 

using a 26-gauge needle and the ventral portion of the thorax (with the mites intact) was 

placed on a microscope slide with a few drops of glycerol to prevent desiccation.

Statistical analyses were completed using R (version 2.0.1; fliaka & Gentleman 

1996). All statistical models were completed with interactions; however non-significant 

(NS) interactions were removed from the final analysis.
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Figure A l.l:  Local average hourly temperatures (± minimum and maximum) during the 

2001 and 2002 emergence period and flight season of Lestes disjunctus at Barb’s Marsh. 

Horizontal lines represent the two temperature treatments selected for this experiment.
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Results and Discussion

There were no differences in mass (log transformed to meet normality requirements) or 

mite intensity within each temperature treatment for males or females (Table A l.l). 

Average engorgement scores were not normally distributed (Shapiro-Wilk’s test,/? < 

0.001); thus, randomisation tests (using F  values from an ANOVA; Manly 1997) were 

used to examine whether mite engorgement rates were influenced by environmental 

temperature. The number of mites on the host was added to the model to determine if 

hosts with greater numbers of mites have lower average scores due to crowding.

However, the number of mites did not significantly influence the average engorgement 

score of each damselfly (1000 Permutations, Mite Number = 3.40,/? = 0.06). 

Average engorgement was higher for mites on male and female damselflies held at 25°C 

compared to conspecifics held at 15°C for 24 h (Figure A1.2; Temperature F ij66 = 21.86, 

p  < 0.001, Sex Fi,66 = 1.18,/? = 0.29, interaction NS). A similar trend was observed after 

48 h (Mite Number = 0.10,/? = 0.73, Temperature Fx^e = 112.46,/? < 0.001, Sex 

F i;66 = 0.06,/? = 0.82, interaction NS)

Although the costs of parasitism (measured as mite engorgement) appeared to be 

greater at the higher temperature, host response to the mites was not observed in this 

study. I did not observe the presence of dead mites on any of the damselflies held at 

either 15°C or 25°C after 48 hours. To ensure that L. disjunctus did not respond to A. 

pollictus in a manner different from other related damselflies (such as L. forcipatus), I
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Table A l.l:  Mean mass and mite intensity ± 1 SE of male and female Lestes disjunctus 

assigned to two temperature treatment groups (15°C and 25°C). No differences were 

found between the groups for males and females in mass and mite intensity. Mite 

intensities were not distributed normally, either before or following standard log- 

transformations (Shapiro-Wilk’s tests; jo-values < 0.001). Therefore, randomisation tests 

(1000 permutations; Manly 1997) on the difference between treatment groups for males 

and females were completed.

15°C 25°C

Statistic P Mean ± 1 SE Mean ± 1 SE

Mass:

Males 3̂3 = 0.86 0.39 0.264 ±0.007 (18) 0.270 ± 0.004 (17)

Females 3̂4 — 0.73 0.47 0.311 ±0.010 (18) 0.319 ±0.008 (18)

Mite

Intensity:

Males d iff = 0.56 0.59 12.61 ±1.99 13.18 ± 1.64

Females d iff  = 0.11 0.50 16.72 ±3.18 16.61 ±2.36

aThe difference between the means
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Figure A1.2: Mean average mite engorgement scores (± 1 SE) on male (circle) and 

female (square) Lestes disjunctus when held at 15°C or 25°C over a 24-h time period. 

Numbers denote sample size.
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randomly selected 20 damselflies (10 males and 10 females) to examine for the presence 

of a melanotic encapsulation response or a similar response to the feeding tubes. There 

was no melanotic response on any of the 157 mite feeding tubes observed. All feeding 

tubes appeared normal (e.g., Figure 3.1a, Chapter three). Mite parasitism has been found 

to be costly for several damselflies species (see Forbes et al. 2004). As demonstrated in 

Chapter three, L. forcipatus does exhibit a greater melanotic encapsulation response to a 

related mite A. planus at higher temperatures. However, A. planus engorges too much 

greater sizes (up to approximately 100 times its original size) on a host when compared to 

A. pollicutus. The engorgement size of A planus mites may contribute to the cost of 

parasitism and provide a partial explanation of why resistance occurs in one host-parasite 

association and not another. In addition, I have only demonstrated that mite engorgement 

is faster at 25°C on L. disjunctus, I have yet to measure if this is a real cost (i.e., does 

faster rates of engorgement influence host fitness?).

It is also interesting to note that at the time of this study and the year after this 

study (2003), I did not observe dead mites on any L, disjunctus during observations and 

collections for other studies. However during 2004,1 observed 1 of 74 L. disjunctus to 

have dead mites when damselflies were collected over a four day period. During the 

summer of 2005,1 observed 14 of 180 L. disjunctus to have one or more dead mites over 

the course of the adult flight period. Subsequent examination of the feeding tubes did 

show a melanotic encapsulation response on feeding tubes associated with dead mites. 

Incidentally during 2004 and 2005 seasons the mite intensity for L. disjunctus with A 

pollictus mites was also higher than those found during this study and during 2003 (mean 

mite intensities: 2003- 9.15 ± 0.43, n = 392, 2004- 54.28 ± 1.76, n = 169, 2005- 17.65 ±
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1.32, n = 150). Thus, the real cost of parasitism and perhaps resistance may simply 

depend on the intensity of the mite infestations. With daily temperatures expected to 

increase as a result of climate change, there may be a greater incidence of resistance 

against parasitism by L. disjunctus in subsequent field seasons if mite intensities remain 

consistently high.
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Sex biases in parasitism of newly-emerged damselflies

This appendix formed the basis for the following publication:

Robb,T. & Forbes,M.R. 2006. Sex biases in parasitism of newly-emerged damselflies. 

Ecoscience 13: 1-4.

- 144-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix Two- Sex Biases in Parasitism 145

Introduction

Sex biases in parasitism occur for only some invertebrate species (see Sheridan et a l 

2000). However, differences in parasitism between sexes are expected if there are 

differences between males and females in behaviour or physiology that relate to 

differential exposure or susceptibility to parasite(s).

Many odonates are parasitized by larval water mites (Acari: Hydrachnida: 

Arrenuridae). These arrenrurid mites attach phoretically to host larvae nearing 

emergence (Smith 1988). The mites become parasitic after successfully transferring to 

the adult host, following its eclosion during emergence (Smith 1988). Mites engorge on 

newly-emerged and pre-reproductive hosts and detach only after mature hosts have 

returned to appropriate water bodies for reproduction. Few studies have reported sex 

biases in parasitism of adult dragonflies by Arrenurid mites (Mitchell 1967; Andres & 

Cordero 1998; Rolff 2000; Yourth et al. 2001). If such sex biases in mite parasitism 

occur for newly-emerged hosts, then they cannot be explained by different timing or rates 

of detachment of mites from male versus female hosts.

For newly-emerged hosts, sex differences in parasitism could result from sex 

differences in exposure to larval mites during the host’s larval period. Exposure may 

relate to size of the host larvae or to habitat use by male and female host larvae, relative 

to where mite larvae are active. Additionally, exposure may relate to developmental 

rates, in particular, the timing and duration of host instars that are susceptible to 

discovery and contact by larval mites. Emergence patterns of many temperate odonates,
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and presumably development of larvae, relates to temperature and photoperiod (Corbet

1999), but also to sex of larvae (Baker et al. 1992).

Alternatively sex differences in parasitism can result from sex differences in 

behavioural or physiological defenses against mites. Although grooming by larval hosts 

acts as a defense against Arrenurus mites (Forbes & Baker 1991), sex differences in 

grooming and in removal of attending mites has not been examined. In comparison, 

studies on invertebrates have found that host sexes differ in physiological defense against 

parasites (see Zuk & Stoehr 2002). However, sex differences in actual killing of mites by 

damselfly hosts, manifested as melanotic encapsulation of mite feeding tubes, has not 

been observed (Yourth et al. 2001; cf. Rolff 2001).

I scored both prevalence and mean intensity o f Arrenurus pollictus mites on 

newly-emerged male and female Lestes disjunctus, over two emergence periods (in 2002 

& 2003). Prevalence is the proportion of hosts parasitized with one or more mites; mean 

intensity is the average number of mites per infected host (following Bush et al. 1997). 

The main objective was to test whether sex differences in mite parasitism occurred for 

newly-emerged L. disjunctus hosts and was consistent between years. I also assessed 

whether male and female hosts differed in body size or emergence timing, factors thought 

to relate to exposure to larval mites.

Methods

Ten emergence traps were placed at the margins of Barb’s Marsh, located near the 

Queen’s Biology Station (45°37'N, 76°13'W) beginning 15 June through to 31 July of
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2002 and 2003. Each emergence trap covered a 1-m2 area and was placed over emergent 

vegetation. Emerging damselflies usually crawled up and eclosed on the emergent 

vegetation or on the nylon mesh screening of the traps. Damselflies were collected from 

traps daily, except for days with rainfall in the morning. Upon collection, sex of the host 

was recorded and the number of A. pollictus mites attached to the thorax and/or abdomen 

was enumerated. No other mite species were observed on L. disjunctus. For damselflies 

that emerged without wing damage, I measured the length of the right forewing with 

digital calipers (± 0.01 mm) as a correlate of body size.

Analyses were completed in R (version 1.9.1; Diaka & Gentleman 1996) and 

means are reported with ± 1 SE. All statistical models were completed with interactions; 

however non-significant (NS) interactions were removed from the final analysis.

Results and Discussion

For Lestes disjunctus, newly-emerged females had the same prevalence of parasitism as 

did newly-emerged males and mite prevalence did not differ between years (Table A2.1; 

Log-linear model, Residual Deviation = 1.85 on 4 df, AIC = 53.34). Mite intensities (and 

log transformed intensities) did not follow normal distributions (Shapiro-Wilk’s test,p- 

values < 0.001). Thus, randomization tests were completed, using F-values from the 

ANOVA (Manly 1997). Mean mite intensity did not differ between years of study; 

however, there was a significant difference between the sexes: infected females had 

higher mean intensities than did males (Table A2.1; 1000 permutations Year F \ ,4 7 6  =

1.00,p  = 0.32; Sex F i ,4 7 6  = 12.73,p  = 0.003; interaction NS).
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Table A2.1: Prevalence of infection and mean intensity of Arrenurus pollictus on male 

and female Lestes disjunctus collected during the 2002 and 2003 emergence period. For 

prevalence data, sample size (n) is the total number of damselflies collected for each sex 

and year category. Sample sizes for intensity data is the number of damselflies with at 

least one mite.

Prevalence Mean Intensity (± 1 SE)

Males Females Males Females

0.82 090 9.22 ± 1.47 10.82 ± 1.31

(n= 44) (n= 58) (n=36) (n= 52)

0.86 0.87 7.28 ±0.52 10.42 ±0.62

(n= 186) (n= 267) (n= 160) (n=233)
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Emergence patterns of male and female L. disjunctus were nearly identical and 

therefore could not explain the observed sex differences in mite parasitism (Figure A2.1; 

see Yourth et al. 2001 for a similar finding with Lestes dryas). The mean emergence day 

forZ. disjunctus was earlier in 2003 than in 2002; however, this difference was not 

related to any yearly differences in mite parasitism. However, I collected ca. 4 times 

more damselflies in 2003 than in 2002 using similar placement of the 10 emergence traps 

(44 males and 58 females in 2002; 186 males and 267 females in 2003). The first days of 

emergence were 23 June and 21 June in 2002 and 2003, respectively. The number of 

days that each emergence period lasted also was similar between years (24 days in 2002 

and 23 days in 2003). Upon comparing the cumulative emergence curves, the number of 

days by which 50% of the sample population of individuals had emerged was 7 and 6 

days for females and males respectively in 2002 and 4 days for both males and females in 

2003 (Figure A2.1). Thus, the mean day of emergence was significantly earlier in 2003 

(6.17 ± 0.19 d) compared to 2002 (8.84 ± 0.40 d; Year Fit55i = 35.82, p  < 0.001), but no 

differences between sexes were observed in either year (Sex F i;55i = 0.86,p  = 0.35; 

interaction NS).

Four individuals in 2003 had deformed wings and were excluded from subsequent 

analysis. As expected based on previous work on this species at the study site (cf 

Anholt 1997), females were larger than males (2002: males 12.73 ± 0.085 mm, females 

13.95 ± 0.079 mm; 2003: males 13.43 ± 0.066 mm, females 14.61 ± 0.090 mm). These 

differences were significant in both years (2002: F^ioo = 110.87,/? < 0.001; 2003: F \ ^ j  = 

160.41 ,p  < 0.001). Wing length was not significantly correlated with mite intensity for
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Figure A2.1: Cumulative emergence patterns for male (circle) and female (square) 

Lestes disjunctus collected in emergence traps during the years 2002 and 2003 (day 1 

first day of emergence).
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either host sex, in either year of study (Spearman's rho values ranged from 0.09 to 0.11 p- 

values ranged from 0.25 to 0.88).

Sex biases in parasitism by larval Arrenurid mites occurs for three species of 

Lestid damselflies. Lestes dryas females had a higher prevalence and a significantly 

higher median intensity of parasitism by A, planus mites (unlike the three other Lestid 

species examined in that study; Yourth et al. 2001). In a previous study I found male 

Lestes forcipatus larvae had fewer mites attending to them than did females, after a 24-h 

exposure to A. planus mites (Chapter four). In that same study, female L. forcipatus had 

greater proportions of phoretic mites making the successful transition to parasitism; 

additionally, female larvae eclosed earlier than male larvae, despite males and females 

having been collected at the same place and same time. The female bias in mite intensity 

can be explained if larval mites are more likely to attend host larvae closer to emergence. 

Indeed, Leung et al. (1999) showed that mites attach to host larvae close to emergence, in 

another damselfly-mite association.

Given the results, a possible explanation for the sex differences in intensity of 

mite parasitism is that male and female larvae differ in the duration of the final instar and 

likelihood of contact by larval mites. Sex differences in development of larval 

damselflies can occur, despite emergence times of males and females being similar (e.g., 

Baker et al. 1992). I suggest that although male and female L. disjunctus emerge at the 

same time, female larvae enter their final instar stages sooner and have a longer duration 

of this instar than do male conspecifics. Female larval hosts would thus be more 

susceptible to discovery by larval mites, and also have more phoretic mites attaching.
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However not all attending mites initiate parasitism on the adult host; mites spending 

longer times searching for hosts, or phoretic on larval damselflies, are less likely to 

transfer to adult hosts and become parasitic (Chapter four).

Another possible explanation for sex biases in parasitism by mites relates to 

sexual size dimorphism. Higher parasitism typically seen for larger male mammals 

compared to conspecific females is viewed as a 'viability cost' of sexual selection (Moore 

& Wilson 2002). At emergence, female L. disjunctus are larger than males and are 

probably larger than males also as final instar larvae. Higher growth rates for L. 

disjunctus females could be at a cost of obtaining higher numbers of mites when 

compared to conspecific males (‘sit-and-wait’ foraging tactics are expected to interfere 

with grooming activity). Female larvae also could be larger targets than are male larval 

hosts for contact by larval mites. However, this argument does not seem tenable as 

females are larger than males for other Lestes spp. where there is no female bias in mite 

parasitism (e.g., Yourth et al. 2001). In another mite-damselfly association, smaller 

females actually had more mite larvae than larger females, in at least some daily samples 

(Forbes & Baker 1990). In this study, I did not find relations between size of emerging 

males or females and mite parasitism, although there was little variation in body size 

within the sexes to test for such an effect. Other significant relations between body size 

and mite intensity, as seen in other damselfly species (Andres & Cordero 1998; Rolff

2000), are not based on newly-emerged adults and may simply represent both factors 

covarying with season. In fact, many temperate damselflies show seasonal declines in
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size at emergence: seasonal declines in mite numbers also are evident (e.g., Forbes & 

Baker 1991).

It is interesting that for L. dryas and L. disjunctus where sex biases in mite 

intensity were observed, their emergence period occurred prior to any other Lestes spp. 

emerging at those study sites (Yourth et al. 2001; T. Robb, unpublished). I speculate that 

sex differences in development are heightened for these species, as compared to other 

Lestids. Further research is required to determine if male and female L. disjunctus differ 

more in timing and the duration of their final instars than do other species of Lestids not 

showing such sex biases in parasitism. Future research should also explore the 

possibilities of sex differences in grooming rates and/or in success of mites making the 

transition to parasitism.
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APPENDIX THREE

Mite parasitism of the mountain stone weta, Hemideina maori 

(Orthoptera: Anostostomatidae)

This appendix formed the basis for the following publication:

Robb,T., Forbes,M.R. & Jamieson,I.G. 2004. Engorgement success of parasitic mites on 

adult sexes of the colour polymorphic mountain stone weta. New Zealand Journal o f 

Zoology 31:249-254.
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Introduction

Conspecifics often differ in their morphology and/or behaviour in ways that lead to 

differential exposure to parasites (Smith & Cook 1991; Hecker et al. 2002). Differential 

exposure, however, does not necessarily lead to differences in parasitism. Other factors 

such as physiological and/or behavioural resistance can affect observed rates of 

parasitism or success of parasites (Nigam et al. 1997; Leung et al. 2001). Several recent 

studies, for example, have explored sex differences in immune ability and whether any 

differences result in male biases in parasitism, presumably because parasites are more 

likely to establish in immune compromised males (eg. Zuk & Mckean 1996; Poulin 1996; 

Schalk & Forbes 1997; Moore & Wilson 2002; but see Sheridan et al. 2000).

Demonstrating that different hosts are differentially parasitized should not be 

taken as evidence that different hosts differ in immunity. One study, for example, has 

shown that colour morphs of an insect are differentially susceptible to parasitoids through 

frequency dependent selection (Losey et al. 1997), but the mechanism may not involve 

differences in host immunity between colour morphs. Frequency dependent host 

searching by the parasitoids may help maintain this colour variation in the insect 

population, just as selection by parasites has been implicated in maintaining other forms 

of host variation — only some of which relates to immunological variation (e.g. Bennet & 

Scudder 1998; Moller et al. 1999).

In Chapter five, I demonstrated that colour morphs of a weta differed in their 

immunogenic responses, when experimentally challenged with injection of Sephadex 

beads. However, it was not known whether those colour morphs also differ in measures
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of parasitism, or in the likelihood of parasites successfully establishing on hosts. My 

observation of an ectoparasitic mite, Wetapolipus jamiesoni, on the mountain stone weta, 

Hemideina maori, prompted this investigation. One question of interest is whether colour 

morphs of the mountain stone weta, collected from an area where morphs overlap and 

thus should be similarly exposed to mites, showed differences in parasitism or 

engorgement by this mite.

Before detailing my objectives and outlining the methods and tests, I highlight 

what is known about the natural history of this parasite-host association. Like other 

parasites (Poulin 1998), terrestrial and aquatic mites are often distributed on their hosts 

such that few hosts carry many mites, whereas many hosts have few or no parasites 

(Smith 1988; Forbes & Baker 1991).

Wetapolipus jamiesoni is an ectoparasitic mite, found attached primarily to the 

base of the legs of its only known host, the mountain stone weta. This newly identified 

mite species belongs to the family Podapolipidae that are specialised ecto- and 

endoparasites of a variety of host orders including Blattodea, Orthoptera, Heteroptera, 

Hymenoptera and Coleoptera (Husband & Zhang 2002). Podapolipid mites spend their 

entire life cycle on their host, feed on host haemolymph and larval mites are transmitted 

to new hosts by direct contact (Baker & Wharton 1952; Husband 1984; Husband &

Zhang 2002). Similar to host transmission of the parasitic mite Chrysomelobia 

labidomerae (Tarsonemina: Podapolipidae), W. jamiesoni is likely transmitted between 

its hosts during host mating and possibly during male-male competition for mates (see 

Abbot & Dill 2001). Although recent work has examined the anatomy and characters of
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W. jamiesoni (Husband & Zhang 2002), this is the first study that examines the 

relationship of the mite to colour morphs of its host.

Weta are a group of flightless, nocturnal orthopterans endemic to New Zealand, 

some of which are among the largest insects in the world (Gibbs 1998; Field 2001). 

Within the so-called true weta family (Anostostomatidae), the tree weta genus Hemideina 

comprises seven species (Morgan-Richards & Gibbs 2001). Mountain stone weta (H. 

maori) are large as adults which weigh up to 10 g, and live above the tree-line on a 

number of mountain ranges throughout the South Island of New Zealand (Gibbs 1998). 

Throughout their range, H. maori are found in two distinct colour morphs, a black morph 

and a yellow banded morph (hereafter referred to as a yellow morph) as well as 

intermediate combinations of black and yellow. The basis of this colour polymorphism is 

genetic; RFLP analysis of mtDNA sequences found two haplotypes correlating with 

colour (King et al. 1996). Yellow individuals are generally larger and are found at higher 

local densities and at higher altitudes than their black conspecifics, although there is a 

large degree of spatial overlap between the two morphs (King et al. 1996; Chapter five). 

A comparison of survivorship between high altitude (primarily yellow individuals) and 

low altitude populations (primarily black individuals) found no apparent differences in 

survivorship of the morphs (Joyce et al. 2004). The mountain stone weta also exhibits 

sexual size dimorphism in head size, where males exhibit enlarged head and mandibles 

used in male-male competition (Gwynne & Jamieson 1998; Koning & Jamieson 2001; 

Jamieson 2002).
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My first specific objective was to determine whether mite prevalence and/or mite 

intensity differed between black and yellow, as well as male and female, H. maori 

collected from a subpopulation where the colour morphs overlap. Prevalence was defined 

as the proportion of hosts harbouring one or more parasites, while intensity was defined 

as the mean number of parasites per infected host (sensu stricto Bush et al. 1997). My 

second objective was to determine if the success of the mite (alive or dead on the host) 

depends on colour morph or host sex. Insect hosts are able to respond to a foreign 

challenge, such as a parasitic mite feeding tube, through melanotic encapsulation which 

results in the death of the parasite (Yourth et al. 2001). Although it is unclear if H. maori 

have the ability to respond to engorging W jamiesoni, the presence of dead mites does 

indicate immune expression by other insects (Yourth et al. 2002b). As mentioned, the 

results in Chapter five showed that yellow weta responded greater to an immunogenic 

challenge than black individuals. Thus, I predicted yellow morphs would have 

proportionately greater numbers of dead mites than the black morphs if resistance to real 

parasites differs between the morphs.

Methods

Adult weta were collected on seven separate occasions, during the months of January and 

February 2002 within a 2 km area (at altitudes ranging from 1150 to 1250m asl.) of the 

Rock and Pillar range (50 km NW of Dunedin, New Zealand, 45°28’S, 170°03’E). Black 

and yellow individuals are both found in this area. Attempts were made to collect equal 

number of males and females of each morph on each sampling trip. Weta were brought
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back to the laboratory for examination of mites. Femur lengths were measured (+0.01 

mm, Vernier dial callipers) as an indicator of weta body size. After assessing mite 

numbers, each weta received a unique colour mark with acrylic paint and then returned to 

their original collection location. Marked weta were not resampled on subsequent 

collections.

I assessed the number of alive and dead W. jamiesoni on each individual using a 

dissecting scope. Live W jamiesoni were at various stages of engorgement and a tan 

colour. Dead mites were characterised by flattened bodies and primarily black in colour. 

A similar method of classification of live and dead mites was used by Yourth et al.

(2001).

All statistical tests were completed using R (version 2.0.1; Ihaka & Gentleman 

1996) and are detailed in the results. All statistical models were completed with 

interactions; however non-significant (NS) interactions were removed from the final 

analysis. Means are presented ± 1SE.

Results and Discussion

A total of 100 weta were collected with approximately equal numbers of males and 

females and black and yellow morphs (Table A3.1). Yellow morphs had longer femurs 

than black morphs (Yellow: 16.26 ± 0.15 mm, Black: 15.42 ± 0.15 mm; ANOVA morph, 

F\ gj = 15.83, p  < 0.001). However there was no difference between male and female 

femur lengths (F \^  = 0.008,/? = 0.93). Thus yellow morphs are larger compared to 

black conspecifics, however there is no sexual size dimorphism. A total of 52 weta of the
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100 collected had at least one mite engorging (there were no weta collected with only 

dead mites).

There were no significant differences in prevalence of mites found among the

9 9various classes of weta hosts (Log-Linear model, Morph % =3.24 p  = 0.77, Sex x =3.52 

p  = 0.72, interaction NS, N = 100; Table A3.1). Overall, mite intensities (including live 

and dead mites) ranged from as low as one mite, found on a black female, to as many as 

211 mites also found on a black female. Mite intensities did not conform to a normal 

distribution (Shapiro-Wilk’s test,/? < 0.05) and log transformations did not correct this. 

Thus, randomisation tests (Manly 1997) on the F values from a 2-way ANOVA (sex and 

morph as fixed factors) were done to compare mite intensities. There were no differences 

in intensities of W jamiesoni between sexes within morphs, nor were there differences in 

mite intensity between morphs (Table A3.1; 5000 Permutations, Morph = 0.78,/? = 

0.39, Sex F i ,4 8  = 0.13,/? = 0.72; interaction NS).

The mountain stone weta live in groups of one or two males and up to eight 

females and juveniles (Jamieson 2002). I collected individuals from an area where 

groups consisted of only yellows, only blacks, or blacks and yellows. I suspect males and 

females and both morphs had similar exposure to the parasites, which may account for 

my finding no morph nor sex differences in intensity and prevalence of Wetapolipus 

jamiesoni on Hemideina maori. My observation of no sex differences in degree of 

parasitism is not uncommon for invertebrates (reviewed by Sheridan et al. 2000; Yourth 

et al. 2001).
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Table A3.1: Prevalence and median intensity (with interquartile ranges; IQR) of the mite 

Wetapolipus jamiesoni (both dead and alive) found on both yellow and black Hemideina 

maori collected from the Rock and Pillar Range. Sexes were combined for comparison.

Morph Colour Sex N
Number

Infected
Prevalence

Median

Intensity
IQR

Male 26 13 0.50 26.0 14.5-48.5

Yellow Female 24 13 0.54 40.0 16.5-91.5

Combined 50 26 0.52 32.0 14.8-58.8

Male 27 11 0.41 40.0 19.0-62.0

Black Female 23 15 0.65 9.0 3.0-62.0

Combined 50 26 0.52 26.5 5.0-62.0

Overall 100 52 0.52 29.0 9.3-60.8
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I also examined whether mite success was dependent on host sex or host morph. 

Yellow individuals were more likely to have one or more dead mites as compared to 

black individuals (Log-linear model, % = 16.31,/) = 0.005, N = 52; Table A3.2). Overall, 

more male weta than female weta had one or more dead mites (Table A3.2; x2 = 16.61, p  

= 0.006, interaction NS, N = 52). However, upon examining the proportion of dead mites 

there was a significant sex by morph interaction (Logistic Regression (binomial errors): 

Morph %2 = 9.59, p  = 0.002, Sex x2 = 9.01, p  = 0.003, interaction x2 = 20.76, p  < 0.001, df 

= 48, N = 52). Yellow morphs and black males had greater proportion of dead mites than 

black females (Table A3.2).

My finding that yellow individuals were more likely to have at least one dead 

mite supports my previous work where yellow individuals had greater immune ability in 

terms of melanotic encapsulation responses than did black individuals (Chapter five). 

Despite my previous findings that males had greater haemocyte numbers than females, 

dead mites were no more likely to be found on male weta. However, haemocyte number 

does not always relate to encapsulation response or immune ability (e.g. Adamo et al.

2001). In fact, male weta were not more immune responsive (in terms of melanotic 

encapsulation response) than female weta in my previous study (Chapter five). Upon 

examining the proportion of dead mites I did find some evidence of sex differences (but 

only for the black morphs) where black female weta had proportionately lower numbers 

of dead mites when compared to black males. However, as noted, black males had similar 

proportions of dead mites as did yellow conspecifics.
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Table A3.2: The number of parasitized Hemideina maori harbouring dead mites and the 

predicted proportion of dead mites ± 1 SE from the logistic regression model.

Morph colour Sex
Number

parasitized

Number with 

dead mites

Proportion of 

dead mites

Male 13 12 0.11 ±0.02

Yellow Female 13 10 0.11 ±0.02

Combined 26 22

Male 11 8 0.12 ±0.02

Black Female 15 6 0.03 ± 0.01

Combined 26 14

Overall 52 36
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This study thus partially corroborate an earlier finding that yellow individuals 

appear to have higher immune expression than their black conspecifics because 

proportionately more yellow morphs have one or more dead mites present. Although I 

found evidence of sex differences in the proportion of dead mites found on black morphs, 

this result was not shared by yellow morphs. However, previous work suggested that 

males and females of both morphs do not differ in their immune responses, so my finding 

of a sex-by-morph interaction in one measure of mite success is unexpected.

Success of the parasite is perhaps the best index of resistance ability of the host 

(see also Taskinen & Kortet 2002). However, it is important to remember that mites 

attending the different hosts may differ in ways that make them more or less easy to resist 

against. Future work should investigate whether weta morphs differ in prevalence or 

intensity of mite parasitism across the entire altitudinal range of the host. It would also be 

instructive to determine whether morphs differ in grooming behaviours or in behaviours 

associated with rates of inter-individual contact.
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