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Calow (1983) realized that differences between parasites and their free-

living relatives can be explained by the differences in nutrient richness. I 

propose a model that is based on Calow's idea which identifies the relative 

position of different trophic strategies (e.g. predation, grazing, parasitism and 

others) based on (1) the differences by which consumers arrive at their intrinsic 

rate of growth, and (2) the ecological impact they inflict on their hosts. I 

hypothesize that trophic interactions can be clarified if a parameter is included 

that takes into account the host's/prey's fate in the interaction. Moreover, this 

model suggests specific trophic evolutionary pathways (TEPs) between each 

strategy, and suggests that some pathways are more likely than others. In 

particular, parasitoidism is believed to be a highly derived strategy, and the 

TEPs presented in the model suggest parasitoidism could have arisen from 

either a predator-like or a typical-parasitic ancestor. Though the trophic 

categories determined by the model seem intuitive, this approach does 
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provide, apparently for the first time, an objective, mathematically and 

ecologically useful basis for classifying animal trophic relationships. 
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A MODEL OF TROPHIC EVOLUTIONARY PATHWAYS 

CHAPTER 1  
MODELING TROPHISM  

1.1 INTRODUCTION 

Trophism is an integral part of all biological systems. While all animals 

in nature have their own unique methods of mechanically consuming another 

organism, there are only a few limited ways in which a consumer can impact its 

host. For example, while there are multitudes of unique predator species in 

nature, they all impact their host population in a similar qualitative way; that is, 

they all kill multiple hosts throughout their life time. 

To model the relatedness of different forms of trophism in a prudent 

fashion requires the modeler to go beyond those variables which only concern 

the consumer. A model relating different trophic strategies must incorporate 

some measure of host impact. Such a consideration is intuitive since the act of 

trophism for most higher organisms requires a host organism from which 

energy for reproduction and metabolism will come. Detritivores and carrion 

feeders do not inflict a direct ecological effect on the population of organisms 

on which they feed, and are therefore not considered in this examination. 
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Barring these exceptions, trophism will from here on be considered a paired 

organism phenomenon. 

In Chapter 2, perform a traditional analysis of the elusive trophicI 

strategy of parasitoidism across all invertebrate taxa. The purpose of this 

analysis is to demonstrate the diversity of organisms that employ this strategy. 

I hope the reader will find, as I have, that the traditional view of what defines 

parasitoidism also includes many invertebrate taxa that have not been thought 

of as parasitoids in the past. 

In Chapter 3, I model the relative positions of trophic strategies (i.e. 

predation, grazing, parasitism, parasitoidism, and others) with respect to one 

another, and propose possible evolutionary steps towards the parasitoidI 

mode of life. The contents of Chapter 3 deal exclusively with paired 

relationships, and while have established the importance of consideringI 

trophism as a paired interaction, in order to understand the role of energy 

allocation, I have first considered the consumer separately. This provides a 

firm base from which to see how the life history constraints faced by an 

organism will influence the acquisition of energy from the host. 

Resource limitations may explain the partitioning of energy by organisms 

into fecundity, longevity, and generation time in order to optimize reproductive 

output. The theory of "r and K" suggests that organisms which are nutrient 

limited will invest energy into reproductive and somatic functions in a way that 

maximizes their rate of reproduction, in light of their physiological and 
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ecological limitations. The optimal combination generated by evolving groups 

tends to differs among taxa, thus permitting the identification of different 

organisms by the variation in their life history, or Malthusian, combination which 

is expressed by their intrinsic rate of growth. 

However, r and K theory is ill-equipped to address organisms that do not 

live in a nutrient limited environment. For example, parasites do not tend to 

follow the resource constraint hypothesis since they are ultimately living in or 

on their food source and are not subject to the same dilemma for partitioning 

resources. Free of nutrient constraints faced by free-living animals, parasites 

are able to maximize their life history parameters independently, often 

increasing quantity as well as quality of their reproductive output, as well as 

extending their longevity. Realizing that the differences between parasites and 

their free-living relatives can be explained by the differences in nutrient 

richness, has lead me to hypothesize that other trophic interactions can be 

clarified if a parameter that takes into account the host's fate in the interaction 

is included. I propose a model that displays the position of different trophic 

strategies (e.g. predator, grazer, parasite, parasitoid and others) in relation to 

each other based on a number of quantifiable factors including (1) the 

consumer's adult longevity, (2) rate of fecundity, (3) juvenile survivorship, and 

(4) the ecological impact consumers inflict on their hosts (i.e. host survival). 

The model identifies four extreme trophic relationships that a consumer can 

have with its host(s). I suggest specific trophic evolutionary pathways (TEP) 
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exist between each strategy, and that some pathways are more likely to occur 

in evolutionary time than others. Though these trophic categories may appear 

intuitive, the model in Chapter 3 provides, apparently for the first time, an 

objective, mathematically and ecologically useful basis for classifying animal 

trophic strategies. 

In this thesis, do not address a phylogenetic link between thoseI 

organisms identified in Chapter 2 with the pathways I elucidate in Chapter 3. 

Clearly, future work addressing this connection is warranted. One possible 

approach to addressing this question would be to plot the strategies of 

organisms within a Glade on the most recently accepted phylogenetic tree to 

show whether or not the outcome agrees with the conclusion of Chapter 3. 

Finding a Glade which contains all the strategies clarified by the model will be 

difficult though some groups show potential. The Diptera are one such group, 

however a complete analysis should include an assessment of non-insect taxa 

as well. The nematodes, mollusks and turbellarians are obvious choices since 

they all have predaceous, grazing, parasitic and parasitoid strategists. 
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1.2 DEFINITION OF TERMS USED IN THIS THESIS 

Grazing The ecological effect of one animal consuming a portion of one or 

many hosts in a non-intimate fashion that may lead to varying degrees 

of injury, but not directly to host death. 

Host Any animal or plant that is exploited or consumed directly for the benefit 

of its consumer (exploiter) in a trophic relationship. 

Nutrient limitation A constraint faced by free-living organisms in an 

environment with a finite amount of nutrients, thus requiring them to 

selectively allocate resources to either reproductive or somatic functions. 

Nutrient rich An environment in which some animals live in intimate contact 

with their hosts who provide the consumer with a virtually limitless 

supply of food, thus permitting the consumer to maximize their life 

history parameters in a way not possible for free living animals. 

Parasitism An intimate interaction between a consumer and its host resulting 

in a much higher nutrient limitation threshold. For the purposes of this 

model, we consider metazoan parasites which do not directly kill their 

hosts. 

Parasitoidism - A trophic relationship similar to parasitism where the adult is a 

free-living dispersive stage, and the larva, being parasitic, obligatorily 

kills its host upon emergence as an adult. Pathology is rarely intensity 

dependent. Although often restricted to specific taxa in common usage, 
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I consider all animal taxa for this definition (e.g. Hymenoptera, Diptera, 

Nematoda, Nematomorpha, Platyhelminthes and Mollusca) 

Predation A form of trophism involving a consumer that requires multiple 

hosts throughout its life time. This interaction always results in the death 

of the hosts. 

Trophism The act of a consumer eating a portion or all of a host. 
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CHAPTER 2  

ASSESSMENT OF PARASITOIDISM IN THE INVERTEBRATES 

2.1 INTRODUCTION 

The model of trophic strategies which I propose in Chapter 3, spans 

across animal taxa and breaks down all species-species interactions into four 

distinct trophic categories. Constructing a thorough analysis of all life history 

trophic strategies is a lifetime of work in itself, and I have therefore chosen to 

limit this review to an assessment of the parasitoid mode of life. 

In general, parasitoids are organisms which, as juveniles, live in parasitic 

association with a host, obligatorily killing the hosts to complete their life cycle, 

while adults are free-living dispersive stages. There are exceptions to these 

rules, which I will discuss where appropriate. To date, the parasitoid strategy is 

represented in at least five animal phyla including Arthropoda, Nematoda, 

Nematomorpha, Platyhelminthes and Mollusca. Some have proposed some 

protozoans and fungi as parasitoids (Eggleton and Gaston, 1990; Kuris, 1974), 

though considering these organisms parasitoids is controversial, and I have 

therefore excluded them from this review for the purpose of clarity. The insects 

have shown the greatest diversity of organisms assuming the parasitoid 

strategy with the Hymenoptera showing the greatest number of examples. I 



8 

therefore begin my analysis with the insects, and follow with the non-insect 

parasitoid groups. 

2.2 PARASITOIDS 

The existence of insect parasitoids was known as far back as Aldrovani 

in 1602 who recorded the emergence of Apanteles glomeratus from caterpillars 

(De Bach, 1974). Throughout the following two centuries, sporadic 

documentation of parasitoid insects appeared, including Lister's (1671) 

observation of wasp-like larvae residing within English oak scales, and 

Leeuwenhoek's (1719) documentation of aphids which died seven days after a 

wasp had oviposited into them (from Lewis, 1986). By the end of the 

nineteenth century, scientists and agriculturists began to see the value of 

parasitoids in pest population regulation, especially after the first large scale 

demonstration in 1888 of successful biological control (Hawkins and Sheehan, 

1994). 

Indeed, parasitoids have historically proved difficult to classify for 

ecologists and evolutionary biologists. The parasitoid strategy exhibits 

similarities with both parasitism and predation, while still expressing 

characteristics that are different from any other strategy. When faced with the 

puzzle of how to define wasps that killed their hosts as juveniles, Wheeler 

(1911), an entomologist, finally decided that there were two types of parasitism 
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one being permanent, where all morphs are parasitic, and the second being 

temporary, where one or more morphs are free-living. Wheeler's scheme 

attempted to bring some order to the apparently elusive life history strategies 

he was observing, but it wasn't until Reuter (1913) that the term "parasitoid" 

was used to describe a feeding behavior intermediate between predators and 

parasites (Knutson and Berg, 1966). Reuter was referring to insects that 

develop as larvae on or in the tissue of other arthropods, killing the host upon 

emergence of the adult form. Since Reuter first coined the term, insect 

parasitoids have been extensively studied in a practical sense for use as 

biological control agents (Greathead, 1986), as well as for gaining a general 

understanding of population regulation (Hassell, 1986). 

Clearly, great strides have been made since the days of Reuter in the 

defining of this unique trophic strategy, but there are still difficulties in the way 

we categorize life-history strategies in general. Notably, major inconsistencies 

still exist in the classification of parasitoids (Eggleton and Gaston, 1990). While 

alternative strategies such as grazing, predation and typical parasitism have 

coherent boundaries in which they apply, the exact limits of parasitoidism are ill 

defined. Indeed the definition of "parasitoid", as it is generally accepted, is 

often restricted taxonomically to a few insect orders. In Chapter 3, I hope to 

clarify the definition and position of parasitoids with respect to other trophic 

strategies. 
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In this chapter, I intend to present the current understanding of insect 

parasitoids, dividing them into their major taxa for convenience of reference. 

Here, define parasitoidism as a trophic phenomenon yielding a distinctI 

ecological outcome. For this work, the fate of the host and the ontogenic 

stages involved play a critical role in classifying the strategy. While I do not 

restrict my definition based on taxonomy, for the sake of convenience, willI 

point to certain taxonomic groups in order to demonstrate examples of 

parasitoids. It is not my intention to refute other definitions of "parasitoid" (e.g. 

Clausen, 1940; Doutt, 1959; Askew, 1971; Price, 1984; Gauld and Bolton, 

1988; Eggleton and Belshaw, 1993), be they taxonomically based or otherwise, 

but rather to provide a more trophically based assessment that crosses 

taxonomic boundaries. After I discuss insect parasitoids, I will present the life 

histories of non-insect organisms which share the characteristics of the 

parasitoid trophic strategy. I propose that these non-insect species should 

share the distinction of parasitoid since they exhibit similar life histories and 

their ecological impact is identical to insect parasitoids. Clearly, they have also 

proved useful as biological control agents in the same way that traditional 

insect parasitoids have (Berry et al., 1997). Justification for this iconoclastic 

classification will be given throughout this chapter. 

For this thesis, I consider parasitoids to be organisms which, for the 

most part, fulfill the five criteria listed below. Since there is such high diversity 
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in form and function of different parasitoids, there will be some obvious 

exceptions which I will address where appropriate. 

(1) Larval stage assumes the parasitic strategy 

(2) The adult stage is free-living, and serves as a dispersive agent. 

(3) Host death is obligatory and is often directly due to emergence of the adult. 

(4) Host pathology is generally not intensity dependent. 

(5) Only one host is killed in the interaction. 

Criterion (1) appears to apply to all parasitoid organisms except one 

group in the Acari where the adult assumes the parasitoid role. However these 

mites, (e.g. 1ponemus [Tarsonemidae]) present a peculiar case where adult 

females only consume one host in her life time and die immediately after laying 

eggs. In the case of Pyemotes [Pyemotidae]) juveniles develop to sexual 

maturity while still inside the body of the adult female (Kaliszewski et al., 1995). 

After the adult female kills her host, she will give live birth to up to hundreds of 

sexually mature adults. The adult female Pyemotes dies after giving birth since 

the process results in intense rupturing of the opisthosoma. In both cases, the 

gravid female acts almost as a conduit for energy flow from the host directly to 

the developing larvae. 
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Other than the Tarsonemina, in general criterion (2) holds true. Adults 

tend to be ideal dispersive agents since they fly (e.g. insects), or they are 

active swimmers (e.g. nematodes). 

Criterion (3) is true in almost every case. I do not include organisms 

which rarely kill their hosts (e.g. facultative relationships such as those seen in 

Muscidae and other fly families which exhibit myiasis which can lead to death 

in small vertebrates (Metcalf and Metcalf, 1993), nor animals which require 

death of the host for transmission but are not directly responsible for host death 

(e.g. trematodes which alter host behavior to facilitate transmission to definitive 

hosts (Lafferty and Morris, 1996)). However, I do include those organisms that 

only occasionally fail to kill their hosts such as anthomyiid (Diptera) hosts which 

have been documented to survive after their parasitoid attacker has emerged 

and complete their development (Clausen, 1940). Another example is an 

arctiid larva which occasionally survives emergence of a tachinid parasitoid and 

will remain reproductively viable (English-Loeb et al., 1990). 

Criterion (4) is based on the fact that most parasitoid adults are within 

one order of magnitude of the host size. This is a key difference between 

parasitoids and typical parasites which are often many orders of magnitude 

smaller than their hosts (Kuris, 1974). That being the case, in general, 

pathology caused by the parasitoid is not intensity dependent; that is, ten 

parasitoids will not kill a host any better than one. There are some exceptions 

to this rule. In a few selected cases, the pathology and hence ability of a 
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parasitoid to kill its host is known to be density dependent (Stream, 1971; 

Blumberg and Luck, 1990), and perhaps venom dose may have an effect in the 

event that many adults are ovipositing into the same host (Quicke, pers. 

comm.). In a related study, Hawkins and Smith (1986) showed that the fitness 

of a braconid wasp was positively correlated with the number of parasitoids per 

host, but that the host still died under different parasitoid loads. 

In Chapter 3, demonstrate the differences between predation andI 

parasitoidism. If criterion (5) is violated by having more than one host die per 

consumer, then the interaction deserves to be labeled predaceous. There are 

close similarities between predation and parasitoidism, and Chapter 3 

demonstrates the close evolutionary link that parasitoids share with predators. 

2.3 INSECT PARASITOIDS 

When Reuter (1913) first coined the term "parasitoid", there is no way 

he could have appreciated the various non-insect animal taxa that clearly 

exhibit the parasitoid mode of life outside of insects. He regarded parasitoids 

as insects who exhibited a feeding behavior intermediate between predators 

and parasites (Knutson and Berg, 1966). Indeed, the majority of what we know 

about the strategy stems from a century of work on entomophagous insects. 

Parasitoids have become increasingly important to humans, serving mainly in 

the capacity of biological control agents in agriculture (Greathead, 1986). 
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Some dipteran parasitoids have even been implemented as malacophages to 

control snails which serves as intermediate hosts for human diseases (Berg, 

1964). 

Along with providing background on the groups as a whole, I will also 

present the current level of understanding on the evolution of parasitoidism in 

each of the major parasitoid taxa. 

2.3.1 Hymenoptera 

The most abundant, and hence the most studied parasitoids belong to 

the insect order Hymenoptera. Therefore, the bulk of information I present will 

concern this group. Hymenopteran parasitoids are highly beneficial to the 

agricultural industry, often serving as the agent of choice in controlling 

arthropod pests (Greathead, 1986). Hosts of hymenopteran parasitoids can 

only be found within the Phylum Arthropoda. Within that phylum, they are 

know to parasitize nineteen orders and fifty-six families, most of which are in 

the Class Insecta (Eggleton and Belshaw, 1993) Despite the seemingly narrow 

host range, hymenopteran parasitoids represent the most biologically varied 

group of insects (Owen and Owen, 1974). In numbers of described species, 

Hymenoptera are second only to the Coleoptera (Borror et al., 1989). Gauld 

(1986) notes there are more described ichneumonid species than there are 

vertebrates. 80% of the known parasitoids are in the Order Hymenoptera 
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(Quicke, 1997) though there is a great deal of variation in form and function 

throughout the group. Wasp parasitoids are among the most diverse group of 

animals, and contrary to many other animals, Janzen (1981) showed that 

hymenopteran parasitoid diversity increases as one moves from tropical to 

temperate climates. 

Hymenopteran parasitoid life histories are among the most widely 

understood. The adults are free living, often alive only long enough to 

reproduce. Certain wasp parasitoids are remarkably good at locating potential 

hosts with extremely complex searching patterns involving the use of visual, 

olfactory, tactile, auditory and chemosensory cues in various combinations 

(Askew, 1971; Cade, 1975; Kuris and Norton, 1985). This is a key 

characteristic that has led to a large degree of specialization among many 

hymenopteran groups (Kuris and Norton, 1985). A number of Hymenoptera 

Parasitica are solitary parasitoids, laying one egg on or in a host, however 

there are many examples which are not. For example, members of the families 

Pteromalidae (King and Rafai, 1970) and Braconidae (Borror et al., 1989) lay 

multiple eggs on one host, and are thus termed gregarious parasitoids. 

There is a wide variety of ways to categorize parasitoids based on 

ecological and biological factors. For instance the distinction between 

idiobionts and koinobionts, the former including those insect parasitoids which 

paralyze their hosts preventing them from further development, and the latter 

reserved for those parasitoids which permit their hosts to continue with 
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development. By paralyzing their hosts, idiobionts are able to avoid the 

immune defenses of their hosts while koinobionts must develop complex 

strategies for evading the host's immune system. For example, some 

koinobionts are able to regulate their host's physiology, thereby avoiding the 

encapsulatory response (Salt, 1970), and still others place their larvae in areas 

of the body where immune responses are less severe, such as in the ganglia 

(Askew and Shaw, 1986). Since idiobionts render their hosts incapable of 

avoiding other predators, this strategy is generally only seen in cases where 

hosts are well hidden. Thus, the protection a host would normally receive from 

its plant (e.g. the bark of a tree) is then given to the parasitoid (Gauld, 1988). 

In contrast, conspicuous hosts tend to be parasitized by koinobionts. 

Koinobionts have the advantage of allowing their hosts to continue with 

their larval development. An interesting example of this phenomenon is 

provided by Salt (1941) where he describes certain Hymenoptera that develop 

as far as the first instar larva within the eggs of moths. The host eggs hatch, 

and as the caterpillar matures, the parasitoid will continue with its development. 

This is a common strategy among many braconid species (Borror et al., 1989). 

Parasitoids that arrest their development slightly, can ensure that the host can 

grow large enough to provide an adequate amount of food. 

Since koinobionts permit hosts to grow and pass from one larval stage 

of development to the next, it is vital that a parasitoid be synchronized with the 

physiology of its host (Askew, 1971). Being that the juvenile parasitoid is at 



17 

least slightly smaller than its host, it has a connate advantage to completing its 

life cycle first. Nevertheless, parasitoid development tends to be highly 

regulated by host hormones (Askew, 1971). Since parasitoids have this innate 

ability to develop first, they must often slow their development to coincide with 

certain physiological changes within the host in order to take full advantage of 

the trophic relationship. This agrees with the fact that the most potent method 

of synchronization is for the parasitoid to respond to the hormones produced by 

its host in order to regulate its own metamorphosis (Danilevskii, 1965). 

Ectoparasitism versus endoparasitism is another discriminator for 

categorizing parasitoids. Having an ovipositor allows an adult female to inject 

her egg(s) directly into the body of the host. Endoparasitism is common in the 

Hymenoptera and extremely rare in other parasitoid insect orders. The role of 

the ovipositor in the evolution of the Hymenoptera Parasitica will be discussed 

below. 

Parasitoid guilds are also distinguished based on the ontogenic stage 

they attack. For instance, generally all Trichogrammid wasps are egg 

parasitoids; that is, they exclusively attack the eggs of their hosts (Borror et al., 

1989). Other parasitoids attack various instar larvae, pupae, and still others, 

such as the Pteromalidae and Braconidae, parasitize adult insects (Eggleton 

and Belshaw, 1993). 

In certain cases, koinobiont parasitoids of adult insects may castrate 

their host before killing it. This common occurrence is logical by evolutionary 
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theory since host energy is being diverted to sustain its parasitoid consumer. 

The only viable source of host energy that is expendable without compromising 

the survival of the host, and hence that of the developing parasitoid, is that 

allocated to reproduction (Lafferty, 1992). Once its reproductive energy is 

drained completely, the parasitoid will emerge, killing its adult host. The fact 

that castration is often seen in parasitoids and typical parasites (e.g. trematode 

sporocysts and rediae), has led some researchers to draw important similarities 

between parasitoids and parasitic castrators. Kuris (1974) notes the following 

similarities: (1) Parasitoid infections always result in host death while infection 

with parasitic castrators results in reproductive death of the host, (2) infection of 

multiple exploiters (multiparasitism of entomologists) often leads to intense 

competition for both parasitoids and parasitic castrators, (3) both are 

moderately to highly host-specific, (4) both are often less than one order of 

magnitude smaller than their host, and (5) both have the capacity to control 

host populations. 

2.3.2 Evolution of parasitoidism in the Hymenoptera 

Eggleton and Belshaw (1992) state that the parasitoid mode of life arose 

only once in the Hymenoptera (sensu Rasnitsyn, 1988; Gibson, 1985). 

Through phylogenetic analysis, most researchers agree that the Suborder 

Symphyta, which is predominantly phytophagous or xylophagous, is most likely 
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the group from which parasitoidism developed (Quicke, 1997). Sawflies 

(Tenthredinoidea) are believe to be most basal to the parasitoid line. All 

sawflies are phytophagous with a well developed ovipositor for depositing eggs 

directly into plant tissue and dead wood. The only group within the Symphyta 

that is not phytophagous is the Family Orussidae, the parasitic wood wasps, 

which are believed to be parasitoids of larval metallic wood-boring beetles 

(Buprestidae), and perhaps other wood-boring Coleoptera and Hymenoptera 

(Borror et. al, 1989). There has been some debate as to whether or not it 

would be more appropriate to group Orussidae in the Suborder Apocrita, of 

which a number of members are clearly parasitoids (Borror et. al, 1989). 

The evolutionary steps required to evolve the parasitoid habit from a 

trophic standpoint has not been formally addressed although some have 

speculated on possible avenues through which parasitoidism could have 

developed (Handlirsch, 1907; Telenga, 1969; Rasnitsyn, 1980; Rasnitsyn, 

1988; Gauld, 1988; Eggleton and Belshaw, 1992; Quicke, 1997). In general, 

the model I put forth in Chapter 3, which states that the most parsimonious 

direction from which parasitoidism could have evolved in the insects is through 

predation, agrees with the speculation of the above authors. Handlirsch (1907) 

first suggested that the strategy we now know as parasitoidism arose when 

endophytic insect larvae randomly encountered and consumed other larvae 

which were themselves endophytic. I agree with Gauld (1988) that parasitoid 

Hymenoptera most likely descended from phytophagous Hymenoptera, though 
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his statement that "the switch from highly nutritious, semi-fluid material of plant 

origin, to similar material of insect origin, is quite minor" requires substantiation. 

Of some concern is the fact that sawflies (Tenthredinoidea) are the most 

closely related basal group to the parasitoid Hymenoptera. This appears to 

contradict the model. The most likely scenario is therefore that phytophagous 

ancestral sawflies must have passed through a predaceous strategy before 

developing a parasitoid strategy. Conceivably, a larval sawfly would be able to 

grow faster and be more fit if, while in its plant host, it were able to consume 

any larval insects that may have been deposited nearby (Quicke, 1997). 

Indeed some extant parasitoid groups such as those species found in the 

genera Grotea (Ichneumonidae) and Eurytoma must feed on plant tissues in 

order to complete their larval development (Gauld, 1988). It is unlikely for a 

phytophagous insect to evolve a feeding strategy where precisely one, and 

only one, host would provide sufficient nutrients for that new organism to 

emerge and be reproductively successful. It is more likely that the ancestral 

sawfly larvae began to eat multiple nearby insect larvae, which can be thought 

of as nutrient-rich packets of food along with their "customary" plant pulp. As 

the ancestral larvae grew in intimacy with the hosts on which they fed, it 

became more advantageous for adults to actively seek out sites where hosts 

were numerous, conceivably by developing a chemosensory system of 

detection. The increased ability to seek hosts was a major behavioral 

adaptation that was integral in the refinement of the parasitoid strategy (Kuris 



21 

and Norton, 1985; Gauld, 1988). The closer an adult could place its eggs to 

the host, the more likely its larvae would find the host. Obviously, an adult 

which could deposit its larvae directly on or in a host would stand a better 

chance of passing on its genes. 

Insect parasitoids have evolved remarkable behaviors for laying their 

eggs in, on, or near their hosts. This is an important consideration since many 

host defenses are triggered by detection of eggs or larvae (Hinton, 1955). This 

has been an integral component in the speciation of the Hymenoptera where 

major family groups share similarities with respect to egg laying. For instance, 

most ichneumonid wasps will insert eggs into their host, allowing for a greater 

chance of juvenile survivorship. This is confirmed by the fact that most 

Ichneumonids are solitary parasitoids (Askew, 1971), thus permitting the adult 

form to invest the maximum amount of energy into a single egg. The same rule 

holds for ectoparasitoids such as most Vespoid wasps, namely those that 

attack spiders. It is no wonder that such a task can involve great risk, 

especially when the host is a capable adult such as in the case of members of 

the family Pompilidae who attack and paralyze spiders on which they lay a 

single egg (Askew, 1971). 

The presence of an ovipositor in the sawflies is a key factor in facilitating 

this possible pathway to parasitoidism. The morphology of the ovipositor in 

extant parasitoids is highly derived, serving as a durable tool for delivering 

eggs with remarkable precision. An ovipositor permits hymenopteran 
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parasitoids to (1) accurately oviposit into concealed hosts in wood and plant 

tissue, (2) insert eggs into small host larvae or eggs, and (3) deliver venom for 

the purpose of modifying the host chemistry (Eggleton and Belshaw, 1993). 

Also, the ovipositor is capable of fine chemosensory ability thus aiding the adult 

in decision making regarding whether or not a host is suitable for oviposition. 

More will be said about the ovipositor in a following section where I compare 

wasp parasitoids to flies. 

2.3.3 Diptera 

While not as biologically diverse as Hymenoptera, dipteran parasitoids 

have a wider taxonomic group of potential hosts. Twenty-two families of 

dipteran parasitoids are known to attack organisms in twenty-two orders within 

five phyla (Eggleton and Belshaw, 1992). For example, Sciomyzids 

(Cyclorrhapha) attack various aquatic and terrestrial mollusks (Berg, 1953; 

Foote, 1959; Knutson & Berg, 1963). Their high degree of efficacy has lead 

some researchers to speculate on the usefulness of Sciomyzids as biological 

control agents for snails which serve as intermediate hosts for parasites of 

humans and livestock (Berg, 1964; Askew, 1971). Calliphoridae (Cyclorrhapha) 

are further examples of the host range of parasitoid dipterans. Polleniinae and 

Calliphorinae (Calliphoridae) represent the only two groups of insects which are 

parasitoids of earthworms (Keilin, 1915; Askew, 1971). Also, terrestrial 
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platyhelminths serve as hosts for Planivora insignis (Mycetophilidae). Indeed, 

the fact that dipteran parasitoids have invaded the vertebrate world is an 

extreme example of host range. Lucilia bufonivora (Calliphoridae) is an 

obligate parasitoid of toads and other amphibians and may represent the only 

known parasitoid affliction of vertebrates. L. bufonivora eggs are laid on the 

skin, and after hatching, the larvae migrate to the nostrils and eyes where they 

cause massive lesions (Hall, 1948). The host does not usually live more than a 

week, at which time the larva may or may not complete feeding on the dead 

carcass (Askew, 1971). 

Dipteran parasitoids are also found attacking many different arthropod 

taxa. Virtually all hemimetabolous and holometabolous insects groups have 

host examples of fly parasitoids. Tachinidae, and Bombyliidae are among the 

larger dipteran taxa which parasitize other insects including bugs, 

grasshoppers, earwigs, butterflies, beetles, and others (Askew, 1971). For a 

detailed account of insects parasitized by Diptera, I refer the reader to Clausen 

(1940). Neither Arachnida nor Chilopoda have escaped parasitism by flies. 

Loewia foeda (Tachinidae) are known parasitoids of centipedes, and 

Acroceridae (Brachycera) are all internal parasitoids of spiders; Lycosidae, 

Clubionidae and Salticidae are all spider families that are especially prone to 

attack (Askew, 1971). 
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2.3.4 Comparison of Hymenopteran and Dipteran Parasitoids 

In the above sections, I have shown a broad potpourri of host ranges for 

hymenopteran and dipteran parasitoids. It is clear that there is a striking 

difference between the host ranges of these insects. Hymenopteran 

parasitoids are found in nineteen orders in one phylum while dipterans attack 

twenty-two orders in five phyla. Quicke (1997) proposes that possibly 

parasitoidism arose only once in Hymenoptera where the strategy has evolved 

at least twenty-one times in the Diptera. Eggleton and Belshaw (1992) claim 

parasitoidism arose over one-hundred times. This agrees with the idea that an 

explosion in diversity must have occurred once parasitoidism was mastered in 

Hymenoptera where competition pressures for dipteran parasitoids may not 

have been as intense. 

Probably one of the most important factors that distinguishes the 

parasitoid Hymenoptera from Diptera is the presence of an ovipositor. 

Sawflies, equipped with an ovipositor, are capable of penetrating wood, and 

conceivably the presence of this complex organ "pre-adapted" the ancestral 

hymenopteran to a parasitoid life style. Some Hymenoptera are capable of 

parasitizing insects which bore many centimeters into wood where a dipteran 

parasitoid would be unable to attack (Askew, 1971). Possibly, the ability of 

ancestral phytophagous hymenopteran parasitoids to modify their substrate by 

injecting chemicals to soften plant material surrounding their larvae has also 
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been a factor in the evolution of the koinobiont and idiobiont strategies (Vinson, 

1975; Shaw, 1981; Quicke, 1997). Once seeking behavior was established, a 

parasitoid that could modify host tissues to either nullify the host immune 

response, or to simply make the host easier to eat would have high fitness. 

Flies lack a Hymenoptera-like ovipositor, and are therefore under completely 

different selection pressures. Only a few have developed a comparable 

alternative to the ovipositor, most notably Tachinidae, Conopidae, Pipunculidae 

and Phoridae which have secondarily developed an piercing structure capable 

of penetrating their hosts (Eggleton and Belshaw, 1993; Askew, 1971). Barring 

these exceptions, the majority of dipterans are therefore restricted to relatively 

exposed hosts, and in general tend to be ectoparasitic. Most dipterans are also 

excluded from parasitizing eggs since, without an ovipositor, they run the risk of 

damaging the egg (Eggleton and Belshaw, 1993; Quicke, 1997). 

An interesting distinction also exists in the evolution of searching 

behavior between wasp and fly parasitoids. Hymenopteran seeking behavior is 

exceptional, and with the aid of the ovipositor, adults often place their eggs 

directly on or in their host. Because of this, hymenopteran larvae do not need 

to move much once they have emerged from the egg. Evolution of searching 

behavior therefore occurs exclusively in the adult. In contrast, most dipteran 

parasitoids adults spend little time actively seeking hosts, and often the larvae 

are place haphazardly in the vicinity of the host. The task of host searching 

therefore rests with the larvae. The development of a planidium, is common in 
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these cases, where an extra larval instar occurs immediately or soon after 

hatching for the purpose of searching. Also worth noting, all other parasitoid 

insects other than Hymenoptera commonly use searching stages since in those 

groups, adults do not actively seek hosts. A searching stage is present in a 

some Hymenoptera, but not as commonly as in other parasitoid orders (Askew, 

1971). This implies that, unlike in wasps, the evolutionary development of host 

seeking behavior occurs almost exclusively in the juvenile stages. 

The close association that hymenopterans have with their hosts also 

yields interesting feeding behaviors. A good number of Chalcidoidea 

(especially Pteromalidae) wasps will probe to check the quality of the host. 

After paralyzing her grain moth host, Habrocytus cerealellae will puncture the 

host. If the host is not suitable for egg laying, the wasp will slowly withdraw her 

ovipositor while mixing excreta with host fluids to create a hollow tube which 

will dry into a straw. She will then drink from the straw, draining the host of 

fluid, and will move on to find a more suitable host (Fulton, 1933). Indeed, 

some Pteromalids must obligatorily feed in such a manner in order to have 

enough energy stores to lay eggs (e.g. Mormoniella vitripennis (Whiting, 

1967)). In contrast, dipterans generally do not feed in this manner, presumably 

due to the lack of intimacy adults have with their hosts. 
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2.3.5 Other Insect Parasitoid Groups 

2.3.5.1 Coleoptera 

Coleoptera are the most numerous of all insects with over 350,000 

described species. The grouping of related genera and species is constantly 

changing, for instance Borror et aL (1989) recognizes one-hundred fifteen 

families in the Coleoptera while Stehr (1991) identifies one-hundred fifty-six. 

The beetles have exploited all terrestrial and freshwater environments, and 

most species are predatory or herbivorous. Crowson (1981) recognizes eleven 

families which adhere to a parasitoid strategy, with a host range of eight orders 

in the Phylum Arthropoda. For the sake of brevity, I will limit my discussion to 

the families Staphylinidae, Ripiohoridae, Meloidae and Cucujidae. 

In the Staphylinidae, the sub-family Aleocharinae possess a modest 

number of parasitoid species. Many members of this sub-family are parasitoids 

of various flies including Anthyomyiids, Syrphids, and Sarcophagids (Arnett, 

1968). Wadsworth (1915) describes the life-history of a typical Aleocharinae, 

Coprochara bilineata Gyll., a parasitoid of cabbage maggot pupae, Hylemya 

brassicae Bouche (Anthyomiidae). Females deposit eggs in the soil near 

cabbage roots. Within 10-12 days, the larvae will hatch and begin their search 

for potential hosts in the soil as a triungulin (similar to the planidium of Diptera). 

When a cabbage maggot pupa is found, the larva will enter the host puparium 
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and seal the entrance behind it. The larva will feed through a minute puncture 

made in the soft cuticle of its host. C. bilineata exhibits a pronounced 

hypermetamorphosis. The beetle larva resides within the host puparium, but 

can be considered an ectoparasitoid, since it does not enter the host proper but 

rather feeds externally. After completely consuming its fly host, the beetle will 

pupate inside the host's pupal case. Another Aleocharin, Aleochara curtula 

Goeze differs from C. bilineata in that it will pupate outside the host puparium 

(Kemner, 1926). Interestingly, adult Aleocharins are similar to Chalcidoid wasp 

and differ from flies in that adults are voracious predators of larvae and pupae 

of the same organisms which their larvae consume. 

Virtually all members of the family Ripiphoridae are parasitoids, 

attacking Vespids, Andrenids, Scoliids, and Tephiids (Crowson, 1981). Despite 

the majority of hosts being Hymenoptera, most Ripiohorid work has dealt with 

members of the genus Repidius which are parasitoids of Blattids exclusively 

(Reik, 1955;). Stamm (1935, 1936) meticulously describes the habits and 

larval forms of a typical cockroach parasitoid, R. pectinicomis Thbg. Unlike 

other Ripiphorid genera, Repidius sp. undergoes its entire larval development 

within its host. Also, Repidius sp. is gregarious, developing up to five larvae 

per host, while those infecting Hymenoptera are exclusively solitary (Clausen, 

1940). 

The Meloidae, or blister beetles, are a relatively well represented group 

which, like all coleopteran parasitoids, undergo hypermetamorphosis where the 
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larval feeding stage is highly reduced and virtually indistinguishable from the 

adult. Adults are either phytophagous or non-feeding while larvae are 

parasitoids of wild bees and grasshoppers. Most Meloid larvae are picked up 

by male bees visiting flowers and must then be transferred to the females. 

Clausen (1940) suggests the transfer occurs during mating, and he supports 

this conclusion by the location of the triungulid larvae being most abundant on 

the ventor of males and the dorsum of females. The triungulid larvae are then 

brought back to the nest where they invade a cell and consume the egg or 

developing larva (Clausen, 1940; Arnett, 1968). 

Cucujidae (=Passandridae), or flat bark beetles, have one group which 

assumes a parasitoid strategy. Members of the Sub-Family Passandrinae are 

parasitoids of cerambycid pupae, and occasionally bostrichids and curculionids 

(Stehr, 1991). An interesting twist is demonstrated in the life history of 

Catogenus rufus which attacks both cerambycid pupae and the braconid wasp 

larvae which parasitize them (Arnett, 1968). 

The parasitoid habit most likely arose multiple times and it appears to 

have come from two different ancestral strategies (Eggleton and Belshaw, 

1993). For instance, Eggleton and Belshaw (1993) suggest that aleocharine 

staphylinid parasitoids appear to be derived from a predaceous form living in 

the soil while scarabaeid parasitoids arose from provisioning saprophages. 

The case of ancestral aleocharines being predaceous is consistent with the 

model develop in Chapter 3 though the ancestral scarabaeids being I 
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saprophagous is problematic. The model suggests that the parasitoid mode of 

life will most likely arise from the directions of predation or parasitism. I 

question the claim that the direct ancestral strategy to scarabaeid parasitoids 

was saprophagy on the grounds that it is highly unlikely for an organism which 

subsists on decaying organic matter to spontaneously evolve an intimate, 

highly derived relationship with a host, such as parasitoidism, without first 

establishing a rudimentary relationship with a host, such as is found in 

predation or parasitism. Phoresy is suggested as being a mode through which 

parasitism can be established (Houck, 1994), and since parasitoid beetle 

larvae commonly employ phoresy as a means of dispersal (Tomlin and Miller, 

1989), I suspect these beetles have developed the parasitoid strategy from a 

typical parasitic ancestor which itself likely evolved from a phytophage which 

may have been derived from saprophagy. A thorough phylogenetic analysis 

may help to clarify this issue. 

2.3.5.2 Neuroptera 

All known Neuropterans consume other arthropods as larvae, but only 

the Mantidflies (Mantispidae) do so in a parasitoid fashion. Mantidflies are 

divided into two major groups, the mantispines, which are egg predators of 

spiders, and the platymantispines which are parasitoids of vespoids, sphecoid 

and solitary apoid Hymenoptera (Partin, 1958). The group is not well 
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described, but it is know that larval platymantispines, like coleopteran 

parasitoids, undergo hypermetamorphosis (Borror et al., 1989). Fifty parasitoid 

species have been described, and acquisition of the strategy most likely arose 

only once (Eggleton and Belshaw, 1993). 

2.3.5.3 Trichoptera 

Trichopterans are generally predaceous though one parasitoid case has 

been proposed recently. Wells (1992) described the life history of Orthotrichia 

muscari (Hydroptilidae), a Northern Territory dwelling microcaddisfly in 

Australia. Larvae parasitize the pupae of other caddisfly species. Akin to other 

insect parasitoids which have an instar devoted to seeking out the host, 

Hydroptilids also undergo hypermetamorphosis. Perhaps the development of 

this ontogenic stage in some way enhances the evolution of parasitoidism in 

insects in general. Wells (1992) did not include many details about the life 

history of 0. muscari, and clearly, more work is needed to confirm that it is truly 

a parasitoid. 
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2.3.5.4 Lepidoptera 

Eggleton and Belshaw (1992) note two families within Lepidoptera that 

appear to fit the definition of "parasitoid". Pyralidae contains only one known 

parasitoid species, Sthenauge parasitus, which feeds ectoparasitically on 

larvae of Aplomerus (Saturnidae). Epipyropidae has ten parasitoid species, 

attacking mostly hemipterans though occasionally found on Lepidoptera larvae. 

It is plausible that epipyropids evolved the parasitoid habit from a typical 

parasite ancestor of Hemiptera (Eggleton and Belshaw,1992). 

2.3.5.5 Strepsiptera 

Strepsiptera are a highly derived group which at one point were included 

in the Coleoptera in the family Stylopidae which is closely related to the 

Ripiphoridae (Kinzelbach, 1971). All members are obligate parasites of various 

insect orders including Hymenoptera, Hemiptera, Orthoptera though only the 

family Mengeidae can be considered true parasitoids. Mengeids are basal in 

their relative position to other strepsipterans, and they attack thysanurans. In 

general, strepsipterans are unique in that females are parasitic and highly 

reduced while males are more recognizable as insects, and will fly around to 

mate with multiple females, often dying hours after maturing (Askew, 1971). 

However, the mengeneids differ from other strepsipterans in that the females 
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are free living and have recognizable legs, antennae and eyes. As with the 

other non-hymenopteran insect parasitoids, mengeids seek their thysanuran 

hosts as triungulinid larvae. Hosts are infected when they encounter the 

triungulin under rocks in moist habitats. The larva will consume its host and will 

then pupate, giving rise to the adult morph (Askew, 1971). 

Mengeids are unique among strepsipterans, and all other families are 

exluded as parasitoids. While the other families are obligate parasites, 

pathology is often intensity dependent where multiple females can inflicts a 

high degree of pathology to their host, hence I exlude these other families. 

While they do not kill, all other female strepsipterans will castrate their hosts, 

thus rendering them genetically dead. While their castration effects are 

ecologically similar to parasitoidism (Kuris, 1974), non-mengeid strepsipterans 

do not fulfill the requirements of my definition in that (1) pathology does 

increase with increased parasite burden (up to thirty-one females have been 

observed in one host (Pierce, 1909), (2) they would compromise their own 

survival by killing their host, (3) adults are parasitic and not the larvae, and (4) 

the adult male is a free-living dispersive stage, but not the female. 
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Table 2.1. Catalog of insect parasitoids by order. While the Hymenoptera 
exhibit the highest diversity of parasitoid species, the strategy most likely arose 
only once, and therefore taxonomic levels below Parasitica are not 
represented. Eggleton and Belshaw (1992) provide the main sources for the 
information represented however various other literature cited in this text were 
consulted. 

Insect Order 

Hymenoptera 
Parasitica 

Diptera 
Mycetoph i I idae 
Cecidomyiidae 
Chironomidae 
Nemestrinidae 
Cyrtidae 
Bombyliidae 

Asilidae 
Empididae 
Phoridae 
Pipunculidae 
Conopidae 

Pyrgotidae 
Sciomyzidae 
Phaeomyiidae 
Cryptochetidae 
Chloropidae 
Anthomyiidae 
Muscidae 
Caliphoridae 

Rhinophoridae 
Sarcophagidae 

Tachinidae 

Typical Example 

many 

Planarivora insignis 
Endopsylla 
Tandipes varus 
Hirmoneura 
Ogcodes 
Hyperalonia 
Hemipenthes 
Anthrax oophagus 
Anastoechus 
Hyperechia bomboides 
few 
Megaselia 

Pipunculus 
Physocephala 
Stylogaster 
Pyrgota 
Sciomiza 
Pelidnoptera nigripennis 
Cryptochaetum 
Oscinisoma 
Acridomyia 
Eginiini 
Polleniini 
Ameniinae 
Notochaeta 
Sarcophagini 
Eurychaeta 
many 

Host 

uniramian arthropods 

terrestrial platyheminths 
hemipteran endoparasitoids 
fresh-water gastropods 
coleopteran endoparasitoids 
spider endoparasitoids 
hymenopteran pupae/larvae 
lepidopteran pupae/larvae 
other bombyliid pupae 
carabid pupae/larvae 
xylocopid wasps 
immature trichopterans 
soil arthropods 
Homopteran nymphs 
aculeate wasps and bees 
cockroaches and crickets 
beetle adult endoparasitoids 
terrestrial/aquatic gastropods 
millipedes 
homopteran endoparasitoids 
chrysomelid beetles 
orthopteran adults/nymphs 
millipedes 
earthworns 
terrestrial gastropods 
isopteran woodlice 
earthworms 
may be a snail parasitoid 
mostly insects 
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Table 2.1 (Continued) 

Coleoptera 
Carabidae Pelecium beetles and millipedes 

Brachinus Hydrophilid beetles 
Staphylinidae Aleochara flies 
Scarabaeidae Aphodius beetles 
Rhipiceridae all cicada nymph ectoparasitoids 
Ceridae Trichodes bees 
Ripiohoridae Rhipidiinae beetles, wasps, and 

cockroaches 
Meloidae Nemognathinae andrenid bees, 

also megachilids 
Cucujidae Catrogenus rufus beetles and wasps 
Bothrideridae many beetles and wasps 
Curculionidae rare other curculionids 

Neuroptera 
Mantispidae Symphrasinae beetles, bees and moths 

Trichoptera 
Hydroptilidae Orthotrichia muscari other trichopterans 

Lepidoptera 
Pyralidae Sthenauge parasitus Saturnid moths 
Epipyropidae Hemiptera 

Strepsiptera 
Mengeidae all thysanurans 

2.4 OTHER SIMILAR NON-PARASITOID INSECTS 

Many insects assume a strategy that resembles parasitoidism in some 

respects, however they violate more of the above assumptions than they meet, 

and I therefore exclude them from the group. Since many of these similar non-

parasitoids exhibit some characteristics akin to parasitoids, I will briefly mention 

them. Many of these insects are protelean, i.e. free-living as adults and 
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parasitic as larvae, but they do not kill their hosts. A typical example of such 

organisms are dipterans of the genera Gasterophilus, Dermatobia, and 

Hypoderma which all develop as larvae in their hosts (most often vertebrates) 

and do not kill their host upon emergence. Also pathology is intensity 

dependent, as in the human botfly (Metcalf and Metcalf, 1993). 

The relative number of hosts required also excludes some insects from 

being included in the above sections. For example, Drilidae larvae 

(Coleoptera) consume snails in a fashion very similar to Sciomyzid flies, 

however the beetles consume one snail during each of its three larval instars 

(Stehr, 1991), resulting in up to four hosts killed in the process. While this 

strategy is very close to parasitoidism, the ecological effect is different, and I 

therefore label them predators. 

2.5 NON-INSECT PARASITOIDS 

While the origin of the term is distinctly entomological, there are major 

non-insect groups which adhere to the parasitoid definition of this paper - i.e. 

(1) adult stages are free-living, while (2) the juvenile is parasitic, (3) pathology 

is not intensity dependent, (4) emergence of the free-living form always results 

in host death, and (5) only one host is killed. Many non-insects that share 

these five key characteristics also share the following commonalties: (1) the 

adult trophic strategy is generally different from that of the juvenile if the adult 
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feeds at all, (2) like typical insect parasitoids, non-insect examples tend to be 

less than one order of magnitude smaller than their hosts and (3) the ecological 

outcome of the interaction is more akin to predation than parasitism (Kuris, 

1974). I propose that these non-insect organisms should share the label of 

"parasitoid". 

The justification of such a categorization requires that the reader remove 

any taxonomic preconceptions that the term "parasitoid" conjures. Most often, 

the word "parasitoid" implies a certain taxonomic group of organisms, usually 

Hymenoptera or Diptera. In fact, the taxonomic boundaries drawn around 

many of the different groups within those insect orders are done so based on 

this life-history strategy (Askew, 1971). A key point to fully appreciating 

parasitoids is that parasitoidism is a strategy, implying some sort of interaction 

among organisms. Chapter 3 will demonstrate this point, and I suggest that a 

functional definition of trophic strategies is more accurate if it can account for 

both small scale trophic interactions (i.e. one consumer and one host), or 

interactions on larger population scales. It is also crucial to realize that while I 

refer to the dispersive stage of these organisms as adult parasitoids, one must 

recognize that the adults always assume a different trophic strategy than the 

juveniles, and that the consequences of the strategy of parasitoidism are 

trophically determined by the juveniles. 

Many non-insect parasitoids are found in the phylum Nematoda and a 

related all parasitoid phylum, Nematomorpha. However, there are other groups 
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which clearly exhibit a parasitoid mode of life such as turbellarians of the genus 

Kronborgia (Christensen and Kanneworff, 1965), certain members of the Acari 

including Anoetidae (Oliver, 1962) and Tarsonemina (Kaliszewski et al., 1995), 

and select mollusks in the genus Phyllirhoe (Martin and Brinkmann, 1963) and 

Cephalopyge (Sentz-Braconnot and Cant, 1966). 

Other organisms have been proposed as being parasitoid-like such as 

haplosporids of the genus Urosporidum (Couch and Newman, 1969), cestodes 

of the genus Echinococcus (Schiller, 1966; Kuris, 1974), microsporidians of 

the genera Pleistophora (Hopper et al., 1970) and Perezia (Canning and 

Basch, 1968; Lange, 1987), however these groups differ in many respects from 

those listed above. While they are not parasitoids, I will discuss them briefly in 

a section below. 

2.5.1 Nematoda (Order Mermithida) 

The classic parasitoid strategy most likely arose only once in the order 

Mermithida, though the family Tetradonematidae hints at a separate origin of 

the strategy (Poinar, pers. comm.). Poinar (1983) suggests that [typical] 

parasitism most likely arose through phoresy, where ancestral nematodes used 

mobile hosts to transport themselves to other habitats. Once the nematodes 

had established an obligatory intimate relationship with their phoretic host, it 

would then be possible to select for exploitation of the host. suspect an I 
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intermediate step existed between phoresy and the modern parasitoid state. 

Possibly, as the phoront developed the means to drain energy from their host, 

it could select for further virulence until consumption of the entire host was 

possible. The fact that nematode parasitoids are free living as adults and 

parasitic as larvae is consistent with the life histories of truly phoretic organisms 

which are free-living as adults and use their phoretic host only during the larval 

stages (Houck, 1994). 

All the major features that distinguish parasitoidism from other strategies 

are expressed by the mermithids. Mermithids range in size from a few 

millimeters to one meter and are found in invertebrate hosts in marine, 

freshwater and terrestrial environments. Mermithids have been recorded in 

brittlestars, starfish, sea urchins, insects, mollusks, crustaceans, spiders 

(Poinar, 1983) and pseudoscorpions (Harvey, 1981). The fact that they always 

kill their host suggests their possible role in the biological control of insects and 

other pests (Petersen, 1982; Platzer, 1980; Poinar, 1979), and work has been 

done on mermithid control of insects that transmit human diseases (Davies et 

al., 1984; Hominick and Tingley, 1982). Mermithids have provided some 

success in regulating such pest as blackflies (Colbo, 1990; Anderson and 

Shemanchuk, 1987; Davies et al. 1984, Chapman and Finney, 1982, Gordon et 

al., 1973), mosquitoes (Paily and Balaraman, 1994; Mijares, 1993-94; 

Blackmore et al., 1993; Blackmore, 1992; Bronskill, 1962), brown planthoppers 

(Choo et al., 1995), and grasshoppers (Mason and Erlandson, 1994). 
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The superfamily Mermithoidea is comprised of two Families, the 

Mermithidae and the Tetradonematidae. Like their insect counterparts, 

Mermithidae adults are free-living and the juveniles are parasitic while both 

adults and juveniles of Tetradonematidae, the smaller of the two families, are 

found in the same host (Poinar, 1983). They can have a high degree of host 

specificity, and are often the sole group of parasitic nematodes among certain 

hosts. For example, Poinar (1985) states that Mermithidae is the only family of 

nematodes known to parasitize spiders and harvestmen. The life-cycle of most 

mermithids in nature remains a mystery, however, some have been deciphered 

recently. Juvenile worm burdens can be severe though one worm will often kill 

the host just as well as many worms. Often castration is a precursor to host 

death. 

Pheromermis pachysoma, a mermithid parasitoid of yellowjackets, is an 

unusual worm in that its life-history involves a paratenic host. Most mermithids 

will hatch in water and will infect the target host. However, P. pachysoma 

eggs are ingested by various grazing invertebrates. The nematode will 

undergo two molts in its paratenic host after which it will encyst until the target 

host, a yellowjacket (Vespula pennsylvanica), captures the paratenic host to 

feed to its developing wasp larvae. The life-cycle is completed when newly 

emerged adult wasps visit a water source whereupon the fully developed 

mermithid will emerge, killing its host (Poinar et al., 1976). 
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Unlike many insect parasitoids, mermithids do not feed as adults, and 

must rely on the nutrient stores acquired in the juvenile stage. Also of note, 

mermithid intestines do not function in a conventional manner. Rather, the gut 

lining is made up of two or more rows of cells, the trophosome (Batson, 1979b), 

that are expanded with food stores obtained as a juvenile (Batson, 1979a; 

Noble et al., 1989). 

2.5.2 Nematomorpha 

Nematomorphs, also known as horsehair or Gordian worms, are 

frequently confused with mermithid nematodes in museum collections (Poinar, 

1991). These apparently nematode-like worms are found in various freshwater 

and marine environments including horse troughs, where it was once believed 

these worms spontaneously came to life from hairs shed by horses. Though 

they resemble nematodes, morphologically they are more closely related to 

annelids and sipunclulids, especially in cuticular organization (Eakin and 

Brandenburger, 1974). All nematomorphs are protelean and fit my definition of 

parasitoidism. 

The Nematomorpha are divided into two classes, the gordioids which 

reside in freshwater habitats, and the nectonematids which are exclusively 

marine. As with the mermithids, nematomorphs also do not feed as adults, 

lacking both mouthparts as well as a functional gut (Eakin and Brandenburger, 
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1974; Hyman, 1951). Nematomorphs exhibit the parasitic form for most of their 

life, and will only emerge to mate and die. Adults require water in which to 

mate and thus after a heavy rain, one can often see tangles of nematomorphs 

in streams, ponds, or artificial sinks such as horse troughs. Millions of eggs are 

laid per female in long strands on the edges of the water body. Larval 

gordioids are always endoparasitoids of uniramian arthropods while 

nectonematids larvae attack decapod crustaceans (Barnes et al., 1993). Most 

often, larvae are eaten by prospective hosts, however they can infect a 

facultative paratenic host (Poinar, 1991). In such a case, the worm will encyst 

in the haemocoel until the appropriate host consumes the transient host. As 

can be expected however, often the transient host is never eaten by the 

functional host and will die in the encysted stage when the host dies. 

Examples of incorrect paratenic hosts are snails, leeches, or even tadpoles or 

fish (Noble, 1989). 

The maturation process in nematomorphs can take years (as in 

Nectonema) though most species develop much faster (Kozloff, 1990). At the 

end of the juvenile stage, gordioids are known to absorb much of the host's 

fluids causing extreme dehydration. This causes the host to seek the nearest 

body of water where, upon arrival, the nematomorph will rupture through the 

cuticle, killing its miserable host. 
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2.5.3 Platyhelminthes (Class Turbellaria) 

Most Turbellarians are free-living in all aquatic and terrestrial habitats, 

with a number of parasitic examples. There is one family, Fecampiidae, with 

examples that are clearly parasitoids. This group includes the genus 

Kronborgia, which is found in marine systems infecting amphipods. 

There are many interesting features of Kronborgia. A distinct sexual 

dimorphism occurs in this group where as many as 3 to 25 times more males 

are counted per host than females prior to the worm's spawning season 

(Christensen and Kanneworff, 1965). This leads to a curious behavior by the 

males who will leave their respective hosts earlier than the females, thus 

reducing the skewedness to such an extent that the much larger females may 

out number males during spawning season. 

The complex life-cycle of Kronborgia was meticulously worked out by 

Christensen and Kanneworff (1964). Both sexes develop in their amphipod 

host until sexual maturity when they emerge from the posterior end, killing the 

host. The female will leave and will begin to construct an elongate cocoon. 

Males from the same host or from an alternate host must find a cocoon in 

which they will mate with the female. After mating, the males will leave the 

brood cocoon and will die shortly thereafter. Meanwhile, the female will begin 

to lay thousands of egg capsules, each created by uniting two eggs and 

multiple yolk cells. As the female spawns, it will migrate up the cocoon, 
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depositing egg capsules as it goes until it fills the chamber whereupon the 

worm will exit the cocoon and die. Upon hatching, the larvae will immediately 

begin to seek a host. When one is found, a larva will attach itself to the host's 

carapace and will encyst. Shortly thereafter, the encysted larva will chemically 

degrade a hole at the base of the cyst through the carapace and will enter the 

host's haemocoel where they will mature. Sexual maturity is reached within a 

year, permitting the worm to complete its annual life-cycle. Consistent with 

many other helminth parasitoids, neither the adult male nor female will feed 

during their short lived stage, and must rely on the energy stored as juveniles 

for metabolism and reproduction. 

Kronborgia is similar to many hymenopteran and nematode parasitoids 

in that the females can often parasitize hosts of many sizes. Infecting very 

small hosts can causes female worms to develop to half their potential 

maximum size (Christensen and Kanneworff, 1965). This is no doubt due to 

the high degree of developmental flexibility afforded by invertebrates. 

2.5.4 Mollusca (Family Phylliroidae) 

Second only to the Arthropoda, mollusks contain the highest degree of 

species diversity. However, there are relatively few members which assume 

the parasitoid mode of life. At least three species in the pelagic nudibranch 
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family Phylliroidae are parasitoids including two species of Phylliroe and 

Cephalopyge trematoides 

It was first thought that the hydromedusa Zanclea (Cnidaria) was a 

parasite of Phylliroe since early collections identified this nudibranch with a 

smaller medusa attached to its foot. However, Martin and Brinkmann (1963) 

correctly determined that earlier accounts had actually been identifying the late 

stages of a parasitoid interaction where the nudibranch was the parasite and 

the hydromedusa was the host. Young juvenile Phylliroe are significantly 

smaller than their hosts at first contact, and the nudibranch systematically 

consumes the inner bell of the hydromedusa and then move on to the rings, 

radial canals and manubrium. Rapid growth of the slug occurs where the 

young will increase to seven times their length within ten days of infecting their 

hosts (Lalli and Gilmer, 1989). The hydromedusa will eventually wither and fall 

off, at which time the now mature nudibranch will begin the free-living portion of 

its life cycle. 

Parasitoidism is not a common feature of most mollusks, and Lalli and 

Gilmer (1989), in an effort to try and classify this unique strategy, categorized 

Phylliroe as a "carnivore feeding specialist". Interestingly, these authors 

recognized the fact that Phylliroe does not follow a typical ectoparasite 

strategy. In their words: 
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"Parasites generally live for long periods of time in association with a 

specific host and, though the host is usually weakened, it is not usually killed by 

the parasite." 

The fact that parasitoidism is found among the mollusks demonstrates the 

diversity of invertebrates that assume this strategy. 

The biology of Cephalopyge trematoides is not as well described as 

Phylliroe, but past literature suggests it is a parasitoid of siphonophores, hence 

I will give it due treatment here. The feeding behavior of these nudibranchs 

was characterized by Sentz-Braconnot and Care (1966). The fact that these 

organisms feed on siphonophores, which are colonial organisms, has raised 

the question of whether or not "parasitoidism" is the correct term to use in 

describing them. However, siphonophore colonies function as one unit and 

therefore, the ecological effect of C. trematoides feeding on a siphonophore 

colony is still considered parasitoidism. 

2.5.5 Acari 

Typical ectoparasites are found in four of the five major suborders of the 

subclass Acari, with two of those suborders, Prostigmata (=Actinedida) and 

Astigmata (=Acaridida), containing parasitoid representatives. In the 

Prostigmata, the related superfamilies Tarsonemoidea, Pyemotoidea and 

Scutacaroidea show an affinity to the parasitoid life-style (Kaliszewski et at., 
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1995). As mentioned earlier, all members of this group appear to violate the 

first criterion put forth to identify the strategy in that the adults are the ontogenic 

stage that causes the death of the host. However in every case, the female 

only feeds on one host before laying eggs, or in the case of Pyemotidae, giving 

live birth. In the Astigmata, a completely different type of relationship has 

evolved where some members are egg parasitoids of earthworms. While no 

other parasitoid examples have been identified other than the above mentioned 

groups, further examination into this subject in the Acari is warranted (Krantz, 

pers. comm.) 

Lindquist (1986) identifies the Tarsonemidae as exhibiting on of the 

most diverse of feeding strategies with many parasitic and parasitoid examples. 

The genus Iponemus presents the typical acarine parasitoid characteristics 

where adult females die immediately after laying eggs (Kaliszewski et al., 

1995). Since the female mite dies almost immediately after giving birth, 

ecologically, the scenario is more akin to gregarious parasitoidism. Moreover, 

Lindquist and Bedard (1961) observed that when several mites engorged on 

the same egg, progeny output of each individual mite was severely reduced, a 

phenomenon often observed when multiple hymenopteran parasitoids inhabit 

the same host (i.e. "superparasitism"). Iponemus is exclusively associated with 

Scolytid beetles where adult females will attack beetle eggs and use those 

young beetles not consumed as transport vehicles to disperse to other 

galleries. 
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Members of Pyemotoidea are all parasitoids attacking insects in the 

orders Lepidoptera, Homoptera, Coleoptera, Diptera and Hymenoptera (Krantz, 

1978; Kaliszewski et al., 1995). One of the most understood systems in this 

group deals with a common genus Pyemotes which is often associated with 

bark beetles. The remarkable life history of Pymotes parviscolyti was 

elucidated by Moser et al. (1971) who discovered that the first offspring of a 

phoretic maternal mite will attack only bark beetle eggs after which the second 

generation of mites will attack only larvae until host resources become scarce. 

At this time, the mites will be transported to a new gallery by cling to the adults, 

who remain unharmed. Pyemotes have proven quite effective as biological 

control agents of various pests including stored grain insects (Tawfik et aL, 

1981), fire ants (Thorvilson and Phillips, 1987) and many others. 

The superfamily Scutacaroidea contains mostly free living or phoretic 

members, however parasitoidism has arisen at least twice in the family 

Microdispidae (Kaliszewski et al., 1995) where members of the genera 

Glyphidomastix and Perperipes are both associated with army ants. Cross' 

(1965) analysis of the peculiar structure of the gnathosoma was the first 

support for their consideration as parasitoids. The palpi of these mites more 

closely resemble the chelicerae of other tarsonemid parasitoids in that they are 

elongate and slender and terminate into two teethed blades (Cross, 1965). 

The mites use these organs to penetrate and consume their ant hosts. 
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Outside of the Prostigmata, the only other superfamily documented to 

have a parasitoid life style is in the Astigmata family Anoetidae, or slime mites. 

Most members of this family are free-living mites living in damp or decaying 

matter (Krantz, 1978) though a few have developed an association with 

earthworms, and occasionally leeches. Hughes and Jackson (1958) described 

the first case of Histiostoma murchiei mites in earthworm oothecae, though 

Oliver (1962) worked out most of the life cycle. After mating, the female mite 

will lay up to five-hundred eggs within an earthworm cocoon. Females will 

consume one egg, destroying the developing worm. Transmission from one 

cocoon to another is unknown though Lee (1985) suspects that female hypopi 

enter the cocoon from the body surface of the earthworm as the cocoon is 

being formed. 

Table 2.2. Catalog of non-insect parasitoids by phyla. Sources for the 
information represented in this table appear in the text. 

Invertebrate group Example Host 

Platyhelminthes 
Turbellaria Kronborgia marine amphipods 

Nematoda 
Mermithida Echinomermella echinoids (urchins) 

Hexamermis albicans mollusks (slugs) 
Thaumamermis crustaceans (isopods) 
Pheromermis insects (many) 
Aranimermis spiders 
unknown pseudoscorpions 
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Table 2.2 (Continued) 

Nematomorpha 
Gordioidea 
Nectonematoidea 

Mollusca 
Opisthobranchia 

Arthropoda 
Acari 

Tarsonematidae 
Pyemotidae 
Microdispidae 

Anoetidae 
Insecta 

all 
all 

Phyllirhoe.  
Cephalopyge trematoides  

1ponemus  
Pyemotes  
Glyphidomastix  
Perperipes  
Histiotoma murchiei  
(see Table 2.1)  

aquatic insects 
marine crustacea 

hydromedusa 
siphonophore 

scolytid beetles 
grain beetles 
army ants 
army ants 
earthworm eggs 

2.6 OTHER ORGANISMS SUGGESTED AS BEING PARASITOIDS 

The difficulty of classifying organisms as "typical" parasite strategists 

and parasitoid strategists occurs in the three nematode groups, Tylenchida, 

Aphelenchida and Rhabditida. These orders contain many examples of worms 

which meet many of the criteria, but falter in that the pathology experienced by 

host relies entirely on the density of worms. These worms multiply to incredible 

numbers within their hosts, and upon host death, thousands of worms will 

explode out of the host. While some gregarious insect parasitoids also kill their 

hosts in large numbers, often host death will also occur in the case of a single 

infection. In contrast, infection with only a few nematodes will not lead to host 
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death (Poinar, pers. comm.). However, since these nematodes exhibit similar 

ecological effects regarding their hosts, I feel they deserve mentioning. 

2.6.1 Tylenchida 

Tylenchida contains three families which exhibit a strategy which closely 

resembles that of parasitoids, Allantonematidae, Contortylenchidae and 

Sphaerulariidae (Poinar, 1983; Welch, 1965). In the Tylenchida castration of 

the host is common, though host death is restricted to these three families. 

One Allantonematid example is Heterotylenchus pavlovskii, where many worms 

will castrate their flea host before killing it (Kurochkin, 1960). 

The family Sphaerulariidae is a well know group of nematodes which 

have an extraordinary affect on their bumblebee hosts. Queen bumblebees 

infected with sphaerulariids are castrated, but will continue to construct nesting 

sites as if they were gravid. Once a nesting site is completed, she will abandon 

it, since she is unable to lay eggs, to create a new one. The term given to 

these females is "eternal seekers" (Poinar, 1983). After failing to construct a 

nest, the queen will return to her hibernation site where stage three juvenile 

nematodes will emerge from the anus and will fall to the soil where they will 

infect other dormant females. Host death always occurs. 
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2.6.2 Aphelenchida 

Aphelenchida is probably the most parasitologically varied group of 

entomophilic nematodes, but surprisingly is the least studied (Welch, 1965). 

The family Entaphelenchidae contains only four genera recovered from 

beetles. An interesting note on this family is that larvae will develop to sexual 

maturity and mate before they have even left the uterus of their gravid mother. 

Poinar (1983) notes that this behavior ensures that all the females will be 

fertilized before they are deposited. 

Commonly, some mycetophagous aphelenchids are phoretically 

associated with their bark beetle hosts. Beetles transport the nematodes into 

their galleries where they will feed upon the fungus, but when food stores are 

depleted, the juveniles will molt into "dauer" larvae (a quiescent transport 

morph) and will remain on the beetle's exoskeleton. This behavior is consistent 

with Houck's (1994) observations that phoresy is a possible step towards 

parasitism. Indeed, members of the genus Chryptaphelenchus, which are also 

carried by bark beetles, have a tendency to enter the natural openings of their 

host, such as the respiratory openings. In some cases (e.g. C. aedili and 

Ektaphelenchus sp.), the nematode enters the body cavity of its host (Poinar, 

1983). 
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2.6.3 Rhabditida 

The key near-parasitoid members of the Rhabditida are in the families 

Steinernematidae and Heterorhabditidae. These worms have a bacteria 

mutualistically associated with them that they defecate into the host upon 

entrance. The bacteria kills the host, and the worm proceeds to consume the 

host, re-ingesting the bacteria in the process. Hundreds of worms will molt and 

reproduced in the host and the larvae will rupture out, killing the host. The use 

of nematodes from these two families has increased in recent years in the 

control of insect pests (Berry, et al., 1997). 

2.6.4 Protozoa, fungi and others 

Some protozoans and fungi have also been labeled parasitoids though it 

is difficult to fit them into my definition of the strategy. Kuris (1974) and later 

Eggleton and Gaston (1992) have considered microsporidians and 

haplosporidians to be parasitoids since they ultimately kill their hosts, and 

apparently, host death is required for transmission. Indeed these organisms 

have also demonstrated their potential in the biological control of pests 

(Beaudoin and Wills, 1968) however with this logic, any high pathology 

protozoans, bacteria or viruses could be considered parasitoids. The issue of 

extreme intensity dependence is raised in these cases (as with the tylenchid, 
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aphelenchid and rhabditid nematodes) where often millions of these entities are 

required to induce pathology. A host would never show pathology if, say, a 

single viral unit were present, while if the body was saturated with viral 

particles, pathology could be intense. Arguably, one would never find a host 

with a single micropathogen, and realistically, any inoculation is as good as 

being saturated. Also one could argue that in many cases, all the 

micropathogens within a host are genetic clones of each other and therefore 

the host is being exploited effectively by one genome. Realistically, only one of 

the five criteria listed at the beginning of this chapter are fulfilled by 

micropathogens, namely host death is inevitable. Still, a few compelling cases 

do exist such as the microsporidian hyperparasite Perezia helminthorum which 

invades and kills its juvenile trematode host (Canning and Basch, 1968) and 

the ascosporid yeast Metschnikowia sp. which kills its copepod host (Fize et 

al., 1970), but stretching the definition to include these pathogens complicates 

matters, and ultimately clouds the thrust of the argument. 

Multi-host parasites also deserve mentioning since they too often require 

host death in order to complete their life cycles. This is most common in 

parasites (i.e. trematodes, nematodes and cestodes) which are transferred 

from intermediate hosts to definitive hosts through some predator-prey 

interaction. Only two of the five criteria mentioned above are fulfilled by these 

animals. First, the juvenile (larval) stage is parasitic, and second, only one host 

is killed in the interaction per individual parasite. However, the adult is not a 
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free-living dispersive stage, and is usually a parasite of the next host (though 

pathology is often markedly lower in the definitive host than in intermediate 

hosts (Lafferty, 1992)). Also, the degree of pathology experienced by the host 

is always associated with parasite load. This point is superbly illustrated by the 

cestode Echinococcus, which is found naturally in northern ungulates (moose 

in particular). Worms are acquired by eating vegetation containing the infective 

larval parasites which asexually multiply to great numbers within the host. As 

the worm burden increases, hosts are severely debilitated and fall easy prey to 

carnivores which serve as the final host for the worms (Messier et al., 1989). A 

few parasites are known to actively modify the behavior of their hosts (Lafferty 

and Morris, 1996), but in all cases, death is not determined directly by the 

parasite, and while they may be able to enhance their chances of transmission, 

they must rely on the predator-prey interaction of the intermediate and 

definitive host. 

2.7 CONCLUSION 

Clearly, parasitoids can be found in many of the major invertebrate 

groups. Barring insects, the parasitoid strategy appears to have developed a 

limited number of times in the platyhelminths, nematodes, nematomorphs, 

mollusks and arthropods. The Turbellaria appear to have the only examples of 

parasitoid flatworms (Christensen and Kanneworff, 1965), while mermithid 
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nematodes (Poinar, 1983) and nematomorphs (Hyman, 1951) appear to be the 

only pseudocoelomate parasitoids (though the tylenchid, aphelenchid and 

rhabditid nematodes show similarities to parasitoids). Two genera of 

holoplanktonic nudibranchs have also adopted a parasitoid habit (Lalli and 

Gilmer, 1989), and the mites have evolved parasitoidism independently in the 

prostigmatid and astigmatid suborders (Kaliszewski et al., 1995; Oliver, 1962). 

Parasitoidism has clearly been exploited extensively by certain insects. 

Dipterans and coleopterans show the most number of potential acquisitions of 

the parasitoid mode of life while the Hymenoptera Parasitica appear to have 

mastered parasitoidism, though the strategy is apparently a plesiomorphic 

character acquired only once (Eggleton and Belshaw, 1992). Other insect 

groups also have some parasitoid examples (e.g. Neuroptera, Trichoptera and 

Lepidoptera) though the strategy is uncommon and most likely arose only a few 

times (probably only once in the Neuroptera and Trichoptera) (Eggleton and 

Belshaw, 1992). 

One major invertebrate phylum in which the habit has not been identified 

is the Annelida. I suspect that further rigorous study of this group could yield 

some examples of annelid parasitoids, though probably not many. Their 

predominance of a free-living existence has prevented the parasitoid life 

strategy from developing to the extent seen in other taxa. 

Functionally, parasitoids do have similarities with both parasites and 

predators. For instance, parasitoids do resemble parasites in a physiological 
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sense, and their ecological impact is akin to predation (Kuris and Norton, 

1985). The placement of parasitoids among other trophic strategies has been 

obscure in the past. Entomologists usually view parasitoids as predators 

exhibiting a parasitic mode of life. On the other hand, parasitologists have 

traditionally considered parasitoid to be a special case of parasitism. Schmidt 

and Roberts (1989) went as far as to acknowledge the differences between 

predators, parasites and parasitoids (sensu Doutt, 1959), but in the end 

avoided the issue by simply stating, "Here we will adopt the broad definition of 

parasitoids as parasites." By default, parasitoids are often included under the 

heading of parasitism despite the unique biological, ecological and evolutionary 

implications of the strategy that are completely incongruous with typical 

parasitism. The details of this incongruency will be elaborated upon in the 

following chapter. 

Also, confusion exists with the distinction between "protelean" (free-

living as an adult and parasitic as juveniles) and "parasitoid". For instance, 

botflies and tachinid flies are both protelean, i.e. they are parasitic as larvae, 

and free-living as adults, however there is a marked difference in pathology 

induced by the consumer (which is often associated with the density of 

parasites in the case of botflies) and the ecological implications of the 

interaction. In the literature, both of these flies are considered "parasites" 

despite their clear differences. There are many types of protelean parasites 

(examples in Schmidt and Roberts (1989)), and some parasitologists rightfully 
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recognize that parasitoidism is a specialized protelean relationship, at the same 

time realizing there are major differences between parasitoids and "classic" 

protelean parasites. 



59 

2.8 REFERENCES 

Anderson, J.R., and J.A. Shemanchuk, 1987, "The biology of Simulium 
arcticum Ma lloch in Alberta. Part II. Seasonal parity structure and 
Mermithid parasitism of populations attacking cattle and flying over the 
Athabasca River", Canadian Entomologist 119: 29-44. 

Arnett, R.H., 1968, The Beetles of the United States, The American 
Entomological Institute, Ann Arbor, Michigan. 

Askew, R.R., 1971, Parasitic Insects, American Elsevier, New York. 

Askew, R.R., and M.R. Shaw, 1986, "Parasitoid communities: their size, 
structure and development", In: J. Waage and D. Greathead (eds.), 
Insect Parasitoids, Academic Press, New York. 

Barnes, R.S.K., P. Ca low, P.J.W. Olive, and D.W. Golding, 1993, The 
Invertebrates: A New Synthesis, Blackwell Scientific, Oxford. 

Batson, B.S., 1979, "Body wall of juvenile and adult Gastromermis 
boophthorae (Nematoda: Mermithidae): ultrastructure and nutritional 
role", International Journal of Parasitology 9: 495-503 

Batson, B.S., 1979, "Ultrastructure of the trophosome, a food-storage organ in 
Gastromermis boophthorae (Nematoda: Mermithidae)", International 
Journal of Parasitology 9: 505-514. 

Beaudoin, R.L., and W. Wills, 1968, "Haplosporidium simulii sp. n. 
(Haplosporida: Haplosporidiidae), parasitic in larvae of Simulium 
venustum Say", Journal of Invertebrate Pathology 10: 374-378. 

Berg, C.O., 1953, "Sciomyzid larvae (Diptera) that feed on snails", Journal of 
Parasitology 39: 630-636. 

Berg, C.O., 1964, "Snail control in trematode diseases: the possible value of 
Sciomyzid larvae, snail-killing Diptera", Advances in Parasitology 2: 259-
309. 

Berry, R.E., J. Liu, and E. Groth, 1997, "Efficacy and persistence of 
Heterorhabditis marelatus (Rhabditida: Heterorhabditidae) against root 
weevils (Coleoptera: Curculionidae) in strawberry", Environmental 
Entomology (in press). 



60 

Blackmore, M.S., 1992, "Host effects on Romanomermis (Nematoda: 
Mermithidae) parasites of snowpool Aedes mosquitoes (Diptera: 
Culicidae)", Canadian Journal of Zoology 70: 2015-2020. 

Blackmore, M.S., R.L. Berry, W.A. Foster, E.D. Walker, T.R. Wilmot, and G.B. 
Craig, Jr., 1993, "Records of mosquito-parasitic mermithid nematodes in 
the Northcentral United States", Journal of the American Mosquito 
Control Association 9: 338-343. 

Blumberg, D. and R.F. Luck, 1990, "Differences in the rates of superparasitism 
between two strains of Comperiella bifasciata (Howard) (Hymenoptera: 
Encyrtidae) parasitizing California Red Scale (Homoptera: Diaspididae): 
an adaptation to circumvent encapsulation?", Annals of the 
Entomological Society of America 83: 591-597. 

Borror, D.J., C.A. Triplehorn, and N.F. Johnson, 1989, An Introduction to the 
Study of Insects, Saunders College Publishing, San Francisco. 

Bronskill, J.F., 1962, "Encapsulation of rhabditoid nematodes in mosquitoes", 
Canadian Journal of Zoology 40: 1269-1275. 

Cade, W., 1975, "Acoustically orienting parasitoids: fly phonotaxis to cricket 
song", Science 190: 1312-1313. 

Canning, E.U., and P.F. Basch, 1968, "Perezia helminthorum sp. nov., a 
microsporidian hyperparasite of trematode larvae from Malaysian 
snails", Parasitology 58: 341-347. 

Chapman, H.C., and J.R. Finney, 1982, "Mass production of mermithid and 
steinernematid nematodes with vector control potential", International 
Colloquium on Invertebrate Pathology, University of Sussex, Brighton. 

Christensen, A.M., and B. Kanneworff, 1964, "Kronborgia amphipodicola gen. 
et sp. nov., a dioecious turbellarian parasitizing ampeliscid amphipods", 
Ophelia 1: 147-166. 

Christensen, A.M., and B. Kanneworff, 1965, "Life history and biology of 
Kronborgia amphipodicola Christensen and Kanneworff (Turbellaria, 
Neorhabdocoela)", Ophelia 2: 237-252. 

Choo, H.Y., H.K. Kaya, and H.H. Kim, 1995, "Biological studies on Aganermis 
unka (Nematoda: Mermithidae), a parasite of the Brown Planthopper 
Nilaparvata lugens", Biocontrol Science and Technology 5: 209-223. 



61 

Clausen, C.P., 1940, Entomophagous Insects, McGraw-Hill, New York. 

Colbo, M.H., 1990, "Persistence of Mermithidae (Nematoda) infections in black 
fly (Diptera: Simulidae) populations", Journal of the American Mosquito 
Control Association 6: 203-206. 

Couch, J.A., and M.W. Newman, 1969, "Role of a hyperparasite 
(Urosporidium) in the dispersal of microphallid metacercaria from the 
blue crab", Journal of Parasitology 55 suppl: 54. 

Cross, E.W., 1965, "The generic relationships of the family Pyemotidae 
(Acarina, Trombidiformes", University of Kansas Scientific Bulletin 45: 
29-275. 

Crowson, R.A., 1981, The Biology of the Coleoptera, Academic Press, New 
York. 

Danilevskii, A.S., 1965, Photoperiodism and Seasonal Development of Insects, 
Oliver and Boyd, London. 

Davies, J.B., J.E. McMahon, P. Beech-Garwood, and F. Abdulai, 1984, "Does 
parasitism of Simulium damnosum by Mermithidae reduce the 
transmission of onchocerciasis?", Transactions of the Royal Society of 
Tropical Medicine and Hygiene 78: 424-425. 

De Bach, P., 1974, Biological Control by Natural Enemies, Cambridge 
University Press, London. 

Doutt, R.L., 1959, "The biology of parasitic Hymenoptera", Annual Review of 
Entomology 4: 161-82. 

Eakin, R.M., and J.L. Brandenburger, 1974, "Ultrastructural features of a 
gordian worm (Nematomorpha)", Journal of Ultrastructure Research 46: 
351-374. 

Eggleton, P., and K.J. Gaston, 1990, "'Parasitoid' species and assemblages: 
convenient definitions or misleading compromise?", Oikos 59: 417-421. 

Eggleton, P., and B. Belshaw, 1992, "Insect parasitoids: an evolutionary 
overview", Transactions of the Royal Society of London, Series B 7: 1-
20. 



62 

Eggleton P, and B. Belshaw, 1993, "Comparison of dipteran, hymenopteran 
and coleopteran parasitoids: provisional phylogenetic explanations", 
Biological Journal of the Linnean Society 48: 213-226. 

English-Loeb, G.M., R. Karban, and A.K. Brody, 1990, "Arctiid larvae survive 
attack by a tachinid parasitoid and produce viable offspring", Ecological 
Entomology 15: 361-362. 

Fize, A., J.F. Manier, and J. Maurand, 1970, "Sur un cas d'infestation du 
Copepode Ewytemora velox (Lillj) par une levure du genre 
Metschnikowia (Kamienski)", Anna les de Parasitologie 45: 357-363. 

Foote, B.A., 1959, "Biology and life history of the snail-killing flies belonging to 
the genus Sciomyza Fallen (Diptera, Sciomyzidae)", Annals of the 
Entomological Society of America 52: 31-43. 

Fulton, P.B., 1933, "Notes on Habrocytus cereallae", Annals of the 
Entomological Society of America 26: 536-553. 

Gauld, I.D., 1986, "Taxonomy, its limitations and its role in understanding 
parasitoid biology", In: J. Waage and D. Greathead (eds.), Insect 
Parasitoids, Academic Press, New York. 

Gauld, I.D., 1988, "Evolutionary patterns of host utilization by ichneumonoid 
parasitoids (Hymenoptera: Ichneumonidae and Braconidae)", Zoological 
Journal of the Linnean Society 35: 351-377. 

Gauld, I.D., and B. Bolton, 1988, The Hymenoptera, Oxford University Press, 
Oxford. 

Gibson, G.A.P., 1985, "Some pro- and metathoracic structures important for 
phylogenetic analysis of Hymenoptera, with a review of terms used for 
the structures", Canadian Entomologist 117: 1395-1443. 

Gordon, R., B.A. Ebsary, and G.F. Bennett, 1973, "Potentialities of mermithid 
nematodes for the biocontrol of blackflies (Diptera: Simulidae) - a 
review", Environmental Parasitology 33: 226-238. 

Greathead, D.J., 1986, "Parasitoids in classic biological control", In: Insect 
Parasitoids, Waage and Greathead (eds.), Academic Press, London. 

Hall, D.G., 1948, The blowflies of North America, Thomas Say Foundation, 
Baltimore. 



63 

Handlirsch, A., 1907, "Die fossilen insekten und die phylogenie der rezenten 
formen", Ein Handbuch fur Palaontologen und Zoologen, Leipzig. 

Harvey, M.S., 1981, "A parasitic nematode (Mermithidae) from the 
pseudoscorpion "Sternophorus" hirsti Chamberlin (Sternophoridae)", 
The Journal of Arachnology 10: 192. 

Hassell, M.P., 1986, "Parasitoids and population regulation", In: J. Waage and 
D. Greathead (eds.), Insect Parasitoids, Academic Press, London. 

Hawkins, B.A., and W. Sheehan, 1994, Parasitoid Community Ecology, Oxford 
University Press, Oxford. 

Hawkins, B.A. and J.W. Smith, Jr., 1986, "Rhacontus roslinensis 
(Hymenoptera: Braconidae), a candidate for biological control of 
stalkboring sugarcane pests (Lepidoptera: Pyralidae): development, life 
tables, and intraspecific competition", Annals of the Entomological 
Society of America 79: 905-911. 

Hinton, H.E., 1955, "Protective devices of endopterygote pupae", Transactions 
of the Society of British Entomology 12: 49-92. 

Hominick, W.M., and G.A. Tingley, 1982, "Use of mermithid nematodes to 
control insect vectors of human diseases", International Colloquium on 
Invertebrate Pathology, University of Sussex, Brighton. 

Hopper, B.E., S.P. Meyers, and R. Cefalu, 1970, "Microsporidian infection of a 
marine nematode, Metoncholaimus scissus.", Journal of Invertebrate 
Pathology 16: 371-377. 

Houck, M.A., 1994, "Adaptation and transition into parasitism from 
commensalism: a phoretic model", In: M.A. Houck (ed.) Mites -
Ecological and Evolutionary Analyses of Life-History Patterns, Chapman 
and Hall, New York. 

Hughes, R.D., and C.G. Jackson, 1958, "A review of the Anoetidae (Acari)", 
Virginia Journal of Science 9: 5-198. 

Hyman, L.H., 1951, The Invertebrates, Volume III: Acanthocephala, 
Ascelminthes, and Entoprocta, McGraw-Hill, New York. 

Janzen, D.H., 1981, "The peak of North American ichneumonid species 
richness lies between 38_ and 42 N", Ecology 62: 532-537. 



64 

Kaliszewski, M., 1995, "Parasitism and parasitoidism in Tarsonemina (Acari: 
Heterostigmata) and evolutionary considerations", Advances in 
Parasitology 35: 335-377. 

Keilin, D., 1915, "Recherches sur les larves des Dipteres cyclorrhapheds", Bull. 
Scient. Fr. Be lg. 49: 15-198. 

Kemner, N.A., 1926, "Zur kenntnis der staphyliniden-larven. II. Die 
lebensweise und die parasitische entwichlung der echten aleochariden", 
Ent. Tidskr., 47: 133-170. 

King, P.E., and J. Rafai, 1970, "Host discrimination in a gregarious parasitoid 
Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae)", Journal of 
Experimental Biology 53: 245-254. 

Kinzelbach, R., 1971, "Morphologische Befunde an Facherfliigern und ihre 
phylogenetische Budeutung", Zoologica 119: 1-256. 

Knutson, L.V., and C.O. Berg, 1963, "Biology and immature stages of a snail-
killing fly, Hydromya dorsalis (Fabricius) (Diptera: Sciomyzidae)", 
Proceedings of the Royal Entomological Society of London. (A) 38: 2-58. 

Knutson, L.V., and C.O. Berg, 1966, "Parasitoid development in snail-killing 
Sciomyzid flies", Transactions of the American Entomological Society, 
85: 164-5. 

Kozloff, E.N., 1990, Invertebrates, Saunders College, Orlando. 

Krantz, G.W., 1978, A Manual of Acarology, Oregon State University, Corvallis. 

Kuris, A.M., 1974, "Trophic interactions: similarity of parasitic castrators to 
parasitoids", Quarterly Review of Biology 49: 129-148. 

Kuris, A.M., and S.F. Norton, 1985, "Evolutionary importance of 
overspecialization: insect parasitoids as an example", American 
Naturalist 126: 387-391. 

Kurochkin, Yu. V., 1960, "[The nematode Heterotylenchus pawlowskyi sp. n., 
castrating fleas that transmit plague] ", Dokl. Akad. Nauk S.S.S.R. 135: 
1281-1284. 

Lafferty,	 K.D., 1992, "Foraging on prey that are modified by parasite", 
American Naturalist 140: 854-867. 



65 

Lafferty, K.D., and A.K. Morris, 1996, "Altered behavior of parasitized killifish 
increases susceptibility to predation by bird final hosts", Ecology 77: 
1390-1397. 

Lalli,	 C.M., and R.W. Gilmer, 1989, Pelagic Snails: The Biology of 
Holoplanktonic Gastropod Mollusks, Stanford University Press, Stanford. 

Lange, C.E., 1987, "Histopathology in the malpighian tubules of Dichroplus 
elongatus (Orthoptera: Acrididae) infected with Perezia dichroplusae 
(Microsporida: Pereziidae)", Journal of Invertebrate Pathology 50: 146-
150. 

Lee, K.E., 1985, Earthworms: Their Ecology and Relationships with Soil and 
Land Use, Academic Press, Orlando. 

Leeuwenhoek, A., 1719, Epistole at Societatem Regiam Anglicam et Alios 
Illustres Viros, John Arnold, Langerak. 

Lewis, T., 1986, "Opening remarks", In: J. Waage and D. Greathead (eds.), 
Insect Parasitoids, Academic Press, New York. 

Lindquist, E.E., 1986, "The world genera of Tarsonemidae (Acari: 
Heterostigmata): a morphological, phylogenetic, and systematic revision, 
with a reclassification of family-group taxa in the Heterostigmata", 
Memoirs of the Entomological Society of Canada no. 136: 1-517. 

Lindquist, E.E., and W.D. Bedard, 1961, "Biology and taxonomy of mites of the 
genus Tarsonemoides (Acarina: Tarsonematidae) parasitizing eggs of 
bark beetles of the genus Ips", Canadian Entomologist 93: 982-999. 

Lister, M., 1671, "An observation concerning certain insect husks of the 
Kermes kind", Philosophical Transactions of the Royal Society. 1: 598. 

Manson, P.G., and M.A. Erlandson, 1994, "The potential for biological control 
for management of grasshoppers (Orthoptera: Acrididae) in Canada", 
Canadian Entomologist 126: 1459-1491. 

Martin, R., and R. Brinkman, 1963, "Zum brutparasitismus von Phillirhoe 
bucephala Per. et Les. Auf der medusa Zanclea constata Gegenb.", 
Pubbl. Staz. Zool. Napoli 33: 206-223. 

Messier, F., Rau, M.E., and M.A. McNeill, 1989, "Echinococcus granulosus 
(Cestoda: Taeniidae) infections and moose-wolf population dynamics in 
southwestern Quebec", Canadian Journal of Zoology 67: 216-219. 



66 

Metcalf, L.R., and R.A. Metcalf, 1993, Destructive and Useful Insects Their 
Habits and Control, McGraw-Hill, New York. 

Mijares, A.S., 1993-94, "Actividad parasitiaria de Romanomermis iyengari 
(Nematoda, Mermithidae) en criaderos naturales de larvas de 
mosquito", Miscellania Zoologica 17: 59-65. 

Moser, J.C., E.A. Cross, and L.M. Roton, 1971, "Biology of Pyemotes 
parviscolyti (Acarina: Pyemotidae)", Entomophaga 16: 367-379. 

Noble, E.R., G.A. Noble, G.A. Shad, and A.J. Maclnnes, 1989, Parasitology: 
The Biology of Animal Parasites, 6th edition., Lea & Febiger, 
Philadelphia. 

Oliver, J.H., 1962, "A mite parasitic in the cocoons of earthworms", Journal of 
Parasitology 48: 120-123. 

Owen, D.F., and Owen, J., 1974, "Species diversity in temperate and tropical 
lchneumonidae", Nature 249: 583-584. 

Paily, K.P., and K. Balaraman, 1994, "Effect of temperature on different stages 
of Romanomermis iyengari, a mermithid nematode parasite of 
mosquitoes", Memorias do Institute Oswaldo Cruz 89: 635-642. 

Parfin, S., 1958, "Notes on the bionomics of the Mantispidae (Neuroptera: 
Planipennia)", Entomology News 69: 203-7. 

Petersen, J.J., 1982, "Current status of nematodes for the biological control of 
insects", Parasitology 84: 177-204. 

Pierce, W.D., 1909, "A monographic revision of the twisted winged insects 
comprising the order Strepsiptera (Kirby)", Bulletin of the United States. 
National Museum, no. 66. 

Platzer, E.G., 1980, "Nematodes as biological control agents., California 
Agriculture 34: 27. 

Poinar, G.O., Jr., 1979, Nematodes for Biological Control of Insects, CRC 
Press, Boca Raton, FL. 

Poinar, G.O., Jr., 1983, The Natural History of Nematodes, Prentice-Hall, 
Englewood Cliffs. 

Poinar, G.O., Jr., 1985, "Mermithid (Nematoda) parasites of spiders and 
harvestmen", Journal of Arachnoloqy 13: 121-128. 



67 

Poinar, G.O., Jr., 1991, "Hairworm (Nematomorpha: Gordioidea) parasites of 
New Zealand wetas (Orthoptera: Stenopelmatidae)", Canadian Journal 
of Zoology 69: 1592-1599. 

Poinar, G.O., Jr., R.S. Lane, and G.M. Thomas, 1976, "Biology and description 
of Pheromermis pachysoma (V. Linstow) n. gen., n. comb. (Nematoda: 
Mermithidae), a parasite of yellowjackets (Hymenoptera: Vespidae)", 
Nematologica 22: 360-370. 

Price, P. W., 1984, Insect Ecology, Wiley, New York. 

Quicke, D.L.J., 1997, Parasitic Wasps, Chapman and Hall, New York. 

Rasnitsyn, A.P., 1980, ["The origin and evolution of the lower Hymenoptera "], 
Trudy Palaeontologischeskogo Instituta, Akademiya Nauk SSSR 174: 1-
191. 

Rasnitsyn, A.P., 1988, "An outline of evolution of the Hymenopterous insects 
(Order Vespida)", Oriental Insects 22: 115-145. 

Reik E.F., 1955, "The Australian Ripidiine parasites of cockroaches", Australian 
Journal of Zoology 3: 71-94. 

Reuter, 0.M., 1913, Lebensgewohnheiten and lnstinkte der Insekten, 
Friedlander, Berlin. 

Salt, G., 1941, "The effects of hosts upon their insect parasites", Biological 
Review 16: 239-264.. 

Salt, G., 1970, The Cellular Defense Reactions of Insects, Cambridge 
University Press, Cambridge. 

Sentz-Braconnot, E., and C. Carr& 1966, "Sur la biologie du nudibranche 
pelagique Cephalopyge trematoides. Parasitisme sur le siphonophore 
Nanomia bijuga, nutrition, developpementi, Cahiers de Biologie Marine 
7: 31-38. 

Schiller, E.L., 1966, "Observations on some host-parasite relationships among 
Arctic wildlife", In: J.E. McCauley (ed.), Host-Parasite Relationships, 
Oregon State University, Corvallis. 

Schmidt, G.D., and L.S. Roberts, 1989, Foundations of Parasitology, Times 
Mirror/Mosby College Publishing, Boston. 



68 

Shaw, M.R., 1981, "Delayed inhibition of host development by the 
nonparalyzing venoms of parasitic wasps", Journal of Invertebrate 
Pathology 37: 215-221. 

Stamm, R.H., 1935-1936, "A new find of Rhipidius pectinicomis Thbg (Symbius 
blattarum Sund)", Ent. Meddel. 19: 286-288, 289-297. 

Stehr, F.W., 1991, Immature Insects, Kendall/Hunt, Dubuque, Iowa. 

Streams, F.A., 1971, "Encapsulation of insect parasites in superparasitized 
hosts", Entomologia Experimentalis et Applicata 14: 484-490. 

Tawfik, M.F.S., M.M. El Husseini, and K.T. Awadallah, 1981, "Interactions 
between certain host larvae and the pyemotid ectoparasite, Pyemotes 
tritici", Bulletin de la Societe Entomologique d'Egypt 63: 181-198. 

Telenga, N.A., 1969, Origin and Evolution of Parasitism in Hymenoptera 
Parasitica and development of their fauna in the USSR, Israel Program 
for Scientific Translations, Jerusalem. 

Thorvilson, H.G., and S.A. Phillips, Jr., 1987, "The straw itch mite, Pyemotes 
tritici (Acari: Pyemotidae), as a biological control agent of red imported 
fire ants, Solenopsis invicta (Hymenoptera: Formicidae)", Florida 
Entomologist 70: 439-444. 

Tomlin, A.D., and J.J. Miller, 1989, "Physical and behavioral factors governing 
the pattern and distribution of Rhipiphoridae (Coleoptera) attached to 
wings of Halictidae (Hymenoptera)", Annals of the Entomological 
Society of America 82: 785-791. 

Vinson, S.B., 1975, "Biochemical coevolution between parasitoids and their 
hosts", In: P.W. Price (ed.), Evolutionary Strategies of Parasitic Insects 
and Mites, Plenum Publishing, New York. 

Wadsworth, J.T., 1915, "On the life-history of Aleochara bilineata Gyll., a 
staphylinid parasite of Chortophila brassicae Bouche", Journal of 
Economic Biology 10: 1-27. 

Welch, H.E., 1965, "Entomophilic nematodes", Annnual Review of Entomology 
10: 275-302. 

Wells, A., 1992, "The first parasitic Trichoptera", Ecological Entomology 17: 
299-302. 



69 

Wheeler, W.M., 1911, "Insect parasitism and its peculiarities", Popular Science 
Monographs 79: 431-449. 

Whiting, A.R., 1967, "The biology of the parasitic wasp Mormoniella vitripennis 
[=Nasonia brevicomis ] (Walker)", Quarterly Review of Biology 42: 333-
406. 



70 

CHAPTER 3 

TROPHIC EVOLUTIONARY PATHWAYS:  
A MODEL BASED ON LIFE HISTORY PARAMETERS  

by 

A. Kimo Morris and Philippe A. Rossignol 

Submitted to  
The American Naturalist  



71 

3.1 ABSTRACT 

Resource constraints force organisms to partition energy allocated to 

fecundity, longevity, and generation time in order to produce an optimal 

reproductive strategy. r- and K- theory suggests that nutrient-limited will invest 

energy into reproductive and somatic processes in a way that optimizes their 

overall reproductive output. The key feature for this study is that the optimal 

life history combination generated by evolving groups differs among taxa. 

However, some trophic strategies, such as parasitism, do not tend to follow the 

resource constraint hypothesis since such intimate consumers are ultimately 

living in or on their food source and are not subject to the same constraint for 

partitioning resources. Free of nutrient constraints, parasites are able to 

maximize their life-history parameters independently, often increasing both 

quantity and quality of their reproductive output, as well as extending their 

longevity. The realization that the differences between parasites and their free-

living relatives can be explained by the differences in nutrient richness, has 

lead us to hypothesize that other trophic interactions can be clarified if we 

include a parameter that takes into account the host's fate in the interaction. 

We propose a model that displays the position of different trophic strategies 

(e.g. predation, grazing, parasitism and others) in relation to each other based 

on (1) the variation in the life-history parameters by which consumers arrive at 

their intrinsic rate of growth, and (2) the ecological impact consumers inflict on 
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their hosts. This model also suggests specific trophic evolutionary pathways 

(TEP) between each strategy, and suggests some pathways are more likely 

than others. Though our trophic categories may seem intuitive, our model does 

provide, apparently for the first time, an objective, mathematically and 

ecologically useful basis for classifying animal trophic relationships. 

3.2 INTRODUCTION 

Trophic interactions are often grouped into three general categories, 

each corresponding to the mode of feeding. Predation is usually reserved for 

animals that consume multiple prey items throughout their life time 

(Greenwood, 1982). The term grazer is used to describe organisms that 

consume parts of many organisms in a non-lethal way. Parasitism occurs 

when an exploiter takes in nutrients while in intimate contact with its host 

(parasitoids are generally regarded as specialized parasites; we will address 

this issue below). Active adult and juvenile parasites reside on or within the 

host, deriving all their nutrients from it, but not directly killing it. Of course, 

there are variations within these schemes. For example, depending on their 

nutrient requirements, various predators can consume varying amounts of 

prey, thus impacting their host population to different degrees (Hassell, 1978; 

Taylor, 1984). Also, parasites vary tremendously in the degree of morbidity 

they inflict on their hosts. This often depends upon the ontogenic stage of the 
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parasite, location within the host, and transmission risk to the parasite (Frank, 

1996). 

Trophism, in its most basic form, can only occur in a few general ways, 

each resulting in a different, yet distinct ecological effect. Indeed, there are 

many specialized ways in which animals eat, but it would be tedious and 

inconsequential to identify every unique trophic interaction between a given 

consumer and its host. In general, an animal can consume multiple prey or 

only one prey in its lifetime, and can do so in a lethal or non-lethal way. Also, 

the intimacy with which an animal feeds will have some bearing on the 

consumer-host relationship. When viewed in this context, it is clear that 

exploiters in nature are connected to their hosts in ways that can be explicitly 

understood. 

The difficulty of comparing trophic strategies becomes apparent in one 

of ecology's most influential (and often controversial) models, r- and K-

selection. MacArthur and Wilson (1967) developed the theory of r and K in an 

effort to explain the trade-offs faced by organisms living in an environment 

where resources are limited. An organism's fitness is directly determined by its 

intrinsic rate of growth. Theoretically, an animal only needs to increase its 

fecundity to attain a higher intrinsic rate of growth. However, if the amount of 

nutrients available to an organism is finite, then an increase in energy allocated 

to reproduction must be countered by a decrease in energy allocated to 

somatic function, and vice-versa (Frank, 1996), therein lies the life history 
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trade-off. While organisms may produce a given number of offspring with the 

finite amount of energy it obtains throughout its life time, there are many life-

history trait combinations that can yield the same progeny output. Organisms 

which evolve a high rate of fecundity (sensu Carey, 1993) at the expense of 

longevity (a function of somatic energy) are said to be "r-selected". Those 

organisms which have evolved a lower rate of fecundity while being able to 

breed for multiple seasons are termed "K-selected". Pianka (1970) proposed 

that groups of organisms can be identified as being either r-selected or K-

selected. Granted, such a model only applies in general terms, but in this case 

such wide generalization can lead to further complication when referring to 

trophism, creating more exceptions than order (Esch et al., 1977). This 

problem is apparent for parasitic animals which, at first glance, appear not to 

follow the r- and K-selection trend. Parasites not only invest reproductive 

energy towards a large number of eggs (an r-selected trait), but also into 

increased egg size (a K-selected trait), often producing eggs that are orders of 

magnitude larger than their free-living relatives (Ca low, 1983). Furthermore, 

adult parasites tend to be long lived (a K-selected trait), where many may only 

be limited by the longevity of their host. These characteristics of the parasitic 

mode of life are incongruous with the general r- and K- hypothesis since the 

paradigm is usually viewed as a continuum along which animal species lie. 

Clearly, the elucidation of the relative placement of parasitism, with respect to 
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other trophic strategies, must be determined on a scale beyond the detection of 

general r- and K- theory. 

In this study, we model the consequences of trophism in light of the life-

history trade-offs faced by consumers to determine whether or not parasitism 

and other trophic relationships can be defined in relation to each other, using 

Malthusian terms. The ultimate goal of this study is to propose evolutionary 

links between certain trophic strategies based on the current understanding of 

life-history theory and consumer-host dynamics. 

3.3 CALOW'S PARADOX 

The r- and K- paradox of parasites was addressed by Ca low (1983) who 

constructed an elegant model demonstrating how it is possible for parasites to 

combine characteristics that appear contrary to the r- and K- paradigm. Using 

only classical life history parameters, Ca low suggests that two distinct trophic 

regimens may exist (termed by Ca low, 'good' and 'poor' which we will refer to 

as 'nutrient rich' and 'nutrient limited'). Krebs and Davies (1978) recognized 

that reproductive output could be affected by the amount of nutrients available 

to consumers and indeed they too proposed a scheme which suggested that 

reproductive success was higher for organisms living in a high nutrient 

environment. Krebs and Davies' (1978) assessment was aimed at free-living 

organisms, but Ca low (1983) applied the same reasoning to parasitic 
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organisms. Ca low reasoned that parasites may indeed be adhering to the r-

and K- model, but exhibiting those characteristics at a relative, nutrient rich 

trophic level; that is, they are not faced with the same nutrient limiting 

constraints as free-living organisms. The presence of two regimens permits 

organisms in the nutrient-rich level to express greater fecundity than organisms 

in the nutrient-limited level, with increased investment into longevity (a classic 

K- feature of free-living organisms). The presumed failure of the r- and K-

hypothesis may be more correctly attributed to a misleading comparison 

between two different trophic regimens. 

Ca low's derivation has ascribed a definition of sorts to parasitism, and 

this suggests to us that other trophic strategies could also be defined in terms 

of classical (Malthusian) life history parameters. These parameters however 

are assigned to a species, and play no direct role in describing the trophic 

relationship an organism exhibits with its host. We therefore present a model 

that expands on Ca low's idea by integrating consumer-host dynamics. To 

Ca low's model, we propose to add a fourth parameter to account for host 

survivorship, thus linking a consumer species to the host organism it exploits. 

The four parameters are (1) fecundity rate (sensu Carey, 1993), (2) adult 

longevity, (3) juvenile survivorship of the exploiter, and (4) host survival. We 

hypothesize that specific evolutionary paths, termed "trophic evolutionary 

pathways" (TEP), are present between the extremes elucidated by the model, 

making the model of value in understanding the possible origin of trophic 
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strategies. We believe this approach will provide a firmer evolutionary basis to 

existing trophic strategies. 

3.4 GENERAL POPULATION GROWTH MODEL 

In order to devise a tractable definition for a relationship involving two 

organisms, we must first focus on one of the participants in the relationship. 

Clearly, one could start with either the consumer or the host. Here, we have 

chosen to start with the former participant since we are ultimately concerned 

with the transfer of energy from the host to the consumer for the purpose of 

reproduction and maintenance of somatic function. 

The Neo-Darwinian Synthesis (Huxley, 1942) states that natural 

selection will tend to favor traits that maximize reproductive output and 

survivorship while minimizing time between generations. Dawkins (1989) 

convincingly demonstrates that the genotype that can best achieve this will 

have a higher fitness. The rate of spread of this genotype is summarized in the 

life history (Malthusian) parameters, which are then used to calculate the 

intrinsic rate of growth (r) (Roff, 1992). Wilson and Bossert (1971) present a 

method of expressing r as a function of survivorship (/, ) and fecundity (m, ) 

(commonly referred to as the Euler, or Lotka-Euler equation). It is possible to 

determine the intrinsic rate of population growth in discrete units by summing 

the product of survivorship and fecundity over each age class, 
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1=1,n2le-rti +1,m,e-"2 +13m3e-"3+... 

thus, 

1= El,m,e-ri Equation 3.1i.i 

where 1, represents survivorship, m, is fecundity, t denotes age class, and r 

is the intrinsic rate of population growth. The model is presented here in its 

discrete form. Representing the equation as an integral would yield a more 

fluid picture of a population's growth over time, but the discrete model is 

adequate for populations which breed in discrete increments (i.e. have a 

breeding season) (Charlesworth, 1980). The Euler equation requires that 

certain assumptions be made, and a comprehensive discussion on these 

assumptions can be found in Birch (1948) and Charlesworth (1980). The 

intrinsic rate of growth (r) for a population can be determined iteratively by 

finding the value of r that balances the equation to unity. 

3.5 TRADE-OFF THEORY 

Ca low (1983) noted that the relationship between r and the life history 

parameters (1, and m,) can be clarified further if it is assumed that survivorship 
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and fecundity are independent of age (Ca low and Sib ly, 1983). This allows for 

the separate summation of adult survivorship and juvenile survivorship. Indeed 

in natural populations, juvenile survivorship is often markedly different from 

adult survivorship (often inversely correlated). The derivation used by Ca low 

(1983) is based on Charlesworth (1980). However the specific steps are not 

included in the text, and we therefore provide it below. If fecundity, ms, is 

constant, is is thought of as the product of constant juvenile survival, and /1 

represents adult survival, then 

1=1 sm(C" + 1 be-r(s+i) + 44 e-r(s+2) +...) 

or 

1= E 1 sm bi-1 e-r(s+1) 
i 

evaluating the equation thus over time d, by the number of years (keeping in 

mind a single year of breeding), 

d 
1= E is ml bi-'e-r("1)

I-I 

which yields 
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id e-r(s+d+1) e-r(s+1) 

1 lain b I be' 1 

so that when d is large, (and e-r is a fraction), the equation simplifies to 

e' 
1 = I sm 1 I be' 

therefore 

1 l be" = lame-'a 

and 

1= lame-'a + l be' 

If reproduction occurs every year and maturity takes one year, then s =1 and 

therefore, 

e' = 1 

Ism + lb 
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and therefore 

er = l sm + lb 

Or 

lb = lsm + e' Equation 3.2 

where adult survivorship (lb) is determined by the negative product of juvenile 

survivorship (is) and fecundity (m) plus the natural rate of population increase 

(er ). The equation now takes a linear form with juvenile survivorship (la) as a 

negative slope. In this form, the equation allows for the summation of juvenile 

survivorship and adult survivorship separately (Calow, 1983). 

Equation 3.2 suggests that r (the intrinsic rate of growth) will increase 

as fecundity (m) increases. However, organisms in nature cannot increase m 

indefinitely (Sibly and Calow, 1983) because of the existing trade-off between 

survivorship (/ ) and fecundity (m) (Calow, 1979). It is generally understood 

that the observed trade-offs are due to both physiological and ecological 

constraints faced by the organism. For example, if we assume that organisms 

have a finite amount of resources available to them, then any investment in 

reproduction will result in a subsequent decrease in the resources allocated to 

somatic cells and vice versa (Calow, 1983). 
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If one assumes that natural selection will lead animals to reproduce 

optimally, and that this optimization is subject to constraints set by the trade-off 

between adult survivorship (a function of longevity) and fecundity, then instead 

of a straight line, the actual optimization spectrum is better represented by a 

curve (Figure 3.1). 

Figure 3.1 The basic trade-off between adult survival (longevity) and fecundity 
as described by Equation 3.2. The linear equation is curved to allow 
optimization to occur in a constantly evolving population. 
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This assumption is critical to the model since the optimal combination of 

adult survival and fecundity will then be defined by the point at which the trade-

off curve contacts the highest r-isocline that exists for a given level of juvenile 

survival (slope). High juvenile survival (isocline with a steep negative slope) 

will yield an optimal solution to the right (high fecundity and low adult survival), 

whereas low juvenile survival will result in an optimal solution to the left (low 

fecundity and high adult survival). This analysis supports the hypothesis that 

two extremes in life history optimization may exist, one which emphasizes 

longevity at the expense of fecundity, the other favoring fecundity over 

longevity. This trade-off is one of the bases behind r- and K- theory proposed 

by MacArthur and Wilson (1967). 

Life history trade-offs may explain the majority of animal strategies in 

nature, however as mentioned earlier, Ca low (1983) realized that parasitic 

organisms do not fit the general model since they have a much higher nutrient 

limitation threshold and many parasites (especially endoparasites) are not 

limited at all by nutrient availability (i.e. they are immersed in a seemingly 

limitless food source). Ca low's idea of a nutrient rich and nutrient limited 

regimen agrees with the fact that some animals have been shown to have a 

higher reproductive output when placed in more favorable growth conditions 

(Sib ly and Ca low, 1982; Krebs and Davies, 1978). 

The a curve in Figure 3.2 would represent the traditional view of r- and 

K- strategists, for instance predator and herbivore (or grazer), where many 
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hosts are required to provide an adequate supply of energy for reproduction. 

The nutrient rich curve (13) would be located at a higher position on the x- and 

y-axes, and would correspond to those trophic interactions where a single host 

is exploited maximally for a long period of time (Figure 3.2). This is consistent 

with the hypothesis that adult parasites live longer than their free-living relatives 

(Ca low, 1983). 

Figure 3.2 Free-living (a) and parasitic (13) animals experience different nutrient 
qualities, the former be subject to nutrient limitation constraints while parasites 
are generally immersed in a seemingly limitless store of food. 
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3.6 NUTRIENT LIMITED CURVE 

The bottom curve coincides with our intuitive perceptions of general r-

and K- strategies (Ca low and Sib ly 1983), where predation and grazing 

generally occur at opposite extremes of the same trophic continuum. In a 

model system where a predator consumes only one prey species, then that 

consumer must always exist to the left of its prey. Were this not the case, then 

predators could have a higher rate of reproduction, and could conceivably 

outstrip their resources and be driven to extinction. Indeed, the fact that 

carnivores generally have an intrinsic rate of growth less than that of their prey 

(New, 1991), agrees with our model, and carnivores will therefore be restricted 

along the left side of the curve because of this constraint (Figure 3.3A). 

Therefore, no matter what strategy a prey organism has evolved, its predator 

must evolve a strategy to the left of it on the curve if it is to establish a potential 

equilibrium and exploit its prey on a long term basis. However, this does not 

mean that grazer-like organisms cannot exist near the extreme left of the 

nutrient limited curve. For example, large herbivores such as elephants have a 

relatively long adult life span and produce young at a very low rate. This 

combination places these animals near the extreme left, but if a predator did 

exist that specialized on adult elephants, it would have to exist to the left of the 

elephant's position on the curve. Predators will thus generally tend to be at the 

upper left of the curve, implying a lower rate of fecundity than that of their 
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hosts, but will be compensated by living through multiple breeding seasons. In 

contrast, animals such as grazers will counter predator pressures and will 

therefore compensate with a higher rate of offspring production (Figure 3.3B). 

Figure 3.3 A represents predator-like organisms, termed "disassociated lethal 
feeders" (DLF), while B represents grazer-like organisms, or "disassociated 
injurious feeders" (DIF). 

3.7 IDENTIFYING NON-INTIMATE TROPHIC EXTREMES  

Stated in specific terms, the extreme left represents a group of 

organisms maximizing adult survivorship at the expense of immediate 
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fecundity. We suggest that strategies such as "carnivory", "seed predation" 

(sensu Janzen, 1971) or any other strategy where many hosts are directly 

killed by a consumer would fit in this extreme. However, since there are 

complications associated with using traditional trophic terms such as 

"predator", for the purposes of clarity and convenience, we will refer to 

relationships in this region as "disassociated lethal feeding" (DLF) (Figure 

3.3A). The terminology stems from the fact that animals at this extreme are 

nutrient limited, implying they are disassociated (not physically intimate) with 

their hosts. We use the term "lethal" to denote the fate of the host in the 

interaction. The reason for coining this new term will become apparent when 

the other trophic extremes are considered. 

At the lower right exists an extreme where organisms maximize 

fecundity at the expense of adult survivorship. Such distinctions as "grazing", 

"herbivory", "browsing" and "micropredation" would fit into this extreme. Again, 

for the sake of clarity and convenience, we will call the trophic relationships at 

this extreme collectively "disassociated injurious feeding" (DIF) (Figure 3.3B), 

thus recognizing the fact that these animals are commonly injurious, but not 

necessarily lethal to their hosts. We would like to stress that this grouping is 

not meant to suggest any biological or taxonomic relationship between grazers 

and micropredators, only that the resulting impact of a grazing organism on its 

host is ecologically akin to a micropredator's impact on its host. Granted there 

can be many anomalous descriptions of types of trophism if one only considers 
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the life history of the exploiter without considering the degree of morbidity or 

mortality inflicted by consumers on their hosts. 

3.8 NUTRIENT RICH CURVE 

Extending the richer curve beyond the nutrient limited curve presents 

some conceptual challenges. For example, in which direction should the curve 

be shifted? Shifting the richer curve directly above the nutrient limited curve, 

as shown in Figure 3.3, is not realistically. While it does allow intimate 

organisms to produce the same amount of offspring while gaining a greater 

adult survivorship, it creates the problem of two potential points at which an 

organism can optimize. If the relationships in Figure 3.3 existed as they are 

shown, all animals should eventually evolve a strategy along the richer curve. 

The only parsimonious solution would therefore be to shift the nutrient rich 

curve to the right in order to minimize the amount of overlap between the two 

curves. Consequently, relationships found in the extreme left of the richer 

curve would be restricted to the y-intercept determined by the nutrient limited 

curve (Figure 3.4). 

The characteristics of an organism existing beyond this threshold are 

hard to imagine in nature. These animals would be required to feed in a similar 

way as parasites, while also being capable of living longer than their hosts. In 

essence, they would exhibit the intimacy of a parasite, while possessing a 
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nutrient requirement akin to predators who consume more than one host 

throughout their life times. Many adult parasites are long lived (Warren et al., 

1974; Goddard and Jordan, 1980; Harris et a/. 1984; Hornstein et al. 1990), 

and indeed some have the inherent capacity to out-live their hosts (Read, 

1967). However we assume that in nature, adult parasites in general do not 

live longer than their longest lived host. We therefore confine the nutrient rich 

curve below the threshold set by the nutrient limited curve, depicted by a dotted 

line in Figure 3.4. 

Figure 3.4 Parasites in nature do not live longer than their longest lived host, 
and since parasitic animals in general will consume organisms on the nutrient 
limited scale, their longevity will be restricted to the area under the dotted line. 
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At the extreme left of the nutrient rich curve, is a region where 

organisms have both a higher fecundity and longevity than those organism 

existing on the extreme left of the nutrient-limited scale. While nutrients are not 

limited, members of this region will still be constrained by the intrinsic rate of 

growth of their host organism which most likely exists on the nutrient-limited 

scale. Therefore, inherently, hosts in this region will have a lower intrinsic rate 

of growth than their exploiter. In order for a strategy to exist at the left extreme 

of the richer trophic level, an exploiter's host must be allowed to survive. This 

provides a dilemma for organisms who acquire as much host energy as 

possible to increase their fitness. One way for this to occur is by having 

juvenile development occur in a separate host from where adults dwell. This 

solution raises another problem since now exploiters will be faced with a trade-

off between absorbing the maximum amount of host energy to enhance 

transmission and damaging the host (Frank, 1996). 

3.9 IDENTIFYING INTIMATE TROPHIC EXTREMES 

Interactions at the extreme left of the intimate curve (Figure 3.5C) are 

injurious in that hosts are debilitated to varying degrees, but host death is not 

determined directly by the consumer. We therefore refer to relationships in this 

region as "intimate injurious feeding" (IIF) (Figure 3.5C). Such a strategy is 

found with multi-host parasites where juvenile development occurs outside the 
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definitive host. In a multi-host relationship, the juvenile parasite has a markedly 

different impact on its host than adult parasites on their hosts. Often, juvenile 

parasites are highly debilitating, and thus have a profound effect on host 

populations. In effect though, this will benefit adults who are often associated 

with completely different hosts, who are uncommonly affected adversely by 

their adult parasites. Also, the exploiter in a parasitic relationship usually 

possesses both high fecundity and high adult survival. 

If we apply similar reasoning from the nutrient limited curve to the richer 

curve, then the right-hand extreme would correspond to a trophic relationship 

where adult survivorship of the exploiter would be relatively low while 

reproductive rate would be relatively high. Also, juvenile survivorship, 

represented by the slope /s, would be greater at the extreme right, resulting in 

an increased intrinsic rate of growth (y-intercept). A consequence of existence 

in this region is that adult survivorship tends to be low with markedly high 

survivorship of juveniles. An animal in this group most likely uses the adult as 

a dispersal stage, hence the decreased adult survivorship, and utilizes its host 

both as a resource for larval production and development to the adult stage. A 

host for such an organism must provide much energy to the perpetuation of the 

consumer's young. It is conceivable that the energetics of this type of 

interaction would compromise host survival, and would result in death of the 

host organism. 
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Because animals at this extreme are both physically associated with a 

host and cause host death, we will refer to relationships in this region as 

"intimate lethal feeding" (ILF) (Figure 3.5D). Strategies exhibited by such 

organisms as parasitoid wasps and flies, nematomorphs and mermithid 

nematodes would fit well in this realm. 

Figure 3.5 Identifying the extremes of the nutrient rich curve, organisms at C 
have high adult survivorship and a high rate of fecundity, which corresponds to 
typical animal parasites, termed "intimate injurious feeding" (IIF). Organisms at 
D have a high rate of fecundity, low adult longevity, and high juvenile survival, 
and appear to represent parasitoid-like animals, termed "intimate lethal 
feeding" (ILF). The dotted line depicts the threshold beyond which intimate 
relationships cannot exist. 
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3.10 CONTINUOUS INCREASE OF er AND THE MINIMUM DISTANCE 

Curiously, the consequences of limiting the nutrient rich curve creates 

what appears to more closely resemble a step-function. Consequently, the 

distance between the nutrient rich and nutrient limited curves presents a 

serious challenge to the validity of the model. If the curves are very close to 

each other, then the model may be valid but irrelevant since reducing the 

amount of overlap of the curves would shrink the nutrient rich curve to the point 

of insignificance. Also, if the distance is indeterminate, then the model would 

have weak predictive value since there would be little confidence in the position 

ascribed to a strategy. We therefore use two methods of determining the 

distance between the two curves, both based on basic trigonometry. 

(1) Since the two curves cannot overlap, we therefore suggest that the 

minimum distance between the disassociated and intimate curves is 

determined by the point at which the y-intercepts of the DIF and IIF slopes are 

equal (Figure 3.6). Thus, increasing the rate of fecundity (x-axis) will always 

yield an increase in the intrinsic rate of growth (y-intercept). Since er is the 

ultimate measurement of fitness, it would make sense that jumping to the 

intimate curve should only occur if it resulted in an increase in e' . 
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Figure 3.6 The minimum distance between the nutrient limited and nutrient rich 
curves is where the y-intercepts of the DIF slope and the IIF slope are equal. 

(2) Using the Pythagorean theorem, we can providing a more tangible 

estimate of the minimum distance. First, recall that the point at which grazer-

like (DIF) strategists cross the x-axis will create a natural threshold to the left of 

which parasite-like organisms (IIF) will not exist in nature. Remembering this, 

we can then estimate the minimum distance by converting the curves back to 
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their mathematical (linear) form, for the purpose of simplification, where X,, 

represents the hypothetical boundary that must exist between the 

disassociated and intimate curves which is represented by 

(inlow)(elow) Equation 3.3 
)1(lnlow)2 (elow)2 

It is therefore likely that the evolution of organisms from a free-living 

strategy to a parasitic mode of life is not gradual, but rather an abrupt process 

requiring a full commitment to the strategy. This implies that it is unlikely for an 

organism to move incrementally towards parasitism, but rather the process is 

an "all-or-nothing" proposition. Thus, a sort of quantum leap must occur if an 

organism is to "jump" to the richer trophic level. This suggests the extremes 

are probably real, and that the curves are indeed separate, otherwise one 

could optimize "at will" on either curve. 

3.11 INCORPORATING HOST FATE 

In the above sections, we have alluded to the varying degrees of 

debilitation exploiters impose on their hosts. In an effort to understand the 

relatedness of the trophic extremes mentioned above, we will formally 
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introduce a measure of the impact an exploiter inflicts on its host. The 

extremes of host survival would range from slightly debilitating, where hosts are 

injured to a small degree, to highly lethal, where host death occurs quickly. 

This measurement, which we refer to as 'host survivorship', /h , will extend 

along a z-axis. In order to develop a meaningful three dimensional 

representation, we must first start with a standard plane equation of the form 

z = ax + by + c 

where z =1h 

If we set z = 0, then the resulting equation will be the same as the two 

dimensional representation of Calow (1983). From the standard plane 

equation, this would be represented as 

0= ax + by + c 

where 

by = ax + c 
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c 

and 

ac() 
Y (b x b) 

If we substitute from Equation 3.2, 

y = l b , 

x = m , 

and 

= e 
b 

If we hold y = 0 then the standard plane equation becomes 

z=ax+0+c 

or 
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Z = aX + C 

Substituting again from Equation 3.2, we have 

X = M , 

thus 

1I, = am + c 

Substituting the above expressions, we obtain 

1, = ( .sl ) m ( --c) / +cer er Equation 3.4b 

Equation 3.4 represents the four distinct trophic strategies we propose exist 

between a consumer and its host. This can be represented graphically by 

starting with Figure 3.5 and moving DIF and IIF organisms in a positive 

direction on the z-axis, indicating that these two strategies yield a positive value 

for host survivorship (Figure 3.7). DLF and ILF organisms generally kill their 

hosts, most in an obligatory fashion, and thus have a value of zero on the z-

axis. 
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Figure 3.7 The trophic extremes are extended into three dimensions, where 
the z-axis is host survival. Representatives at B (DIF) and C (IIF) do not kill 
their hosts, hence they are given a positive z value. Representatives at A 
(DLF) and D (ILF) do kill their hosts, and are given a z value of zero. 

By re-drawing Figure 3.5 with the reasoning shown in Figure 3.7, we obtain a 

clearer picture of the consequences of trophism in light of the life-history 

parameters that drive organisms to optimize at the extremes (Figure 3.8). 
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Figure 3.8 Redrawing Ca low's curves in three dimensions. 

It is possible to demonstrate that Equation 3.4 is actually a three dimensional 

representation of Equation 3.2. If host survivorship (/h) is held constant, 

indeed we are left with the curve of Calow (1983). In order to demonstrate this 

point, we can set /h equal to zero as shown below: 
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r_c)1,,..,_(l c )m±c 
er 

(.) (1s1e c 
m+ 

(fr) (ecr) (:') 

C¢') or(°) (11 0 
1 _ m + 

Co')r (°)or (°)er 

lb = lsm+er 

which is Equation 3.2. 

3.12 TROPHIC EVOLUTIONARY PATHWAYS 

From r- and K- theory, we can assume that as conditions change, 

trophic relationships will slide along either the disassociated or intimate curves. 

We can also assume that organisms on the intimate curve arose from 

ancestors which at one time must have been free-living, and consequently lived 

in a nutrient limited environment. We can then ask the question, from which 
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specific nutrient limited strategy did IIF associations (e.g. typical parasites) and 

ILF (parasitoid-like) strategy arise? 

Evolutionary theory implies that the most likely pathway between an 

ancestral trait and an observed derived trait, is the one with the least number of 

steps. From this reasoning, we conclude that while the two extremes of the 

intimate curves are connected, if they arose directly from free-living organisms, 

they did so from completely different ends of the free-living spectrum. That is, 

parasitism arose when free-living grazing ancestors grew in intimacy with their 

hosts. They went from consuming many hosts in a non-lethal fashion to 

consuming one host in a non-lethal fashion. Moreover, parasitoidism, where 

one animal consumes one host in a lethal way, likely arose from the free-living 

strategy of predation where ancestors consumed multiple prey items in a lethal 

way. By consolidating an obligatory association with their hosts, intimate 

organisms most likely retained the same host impact, be it lethal or non-lethal, 

inflicted by their ancestors (Figure 3.9). The hypothetical jumps which we 

propose between the disassociated and intimate curves are depicted by the 

gray lines in Figure 3.9. 
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Figure 3.9 The red lines between DLF-ILF and DIF-IIF represent theoretical 
"trophic evolutionary pathways" (TEP) from the nutrient limited curve to the 
intimate curve. 

3.12.1 Quantum trophic leaps 

A hierarchy in the importance of parameters is revealed if each strategy 

is placed in its respective position (Figure 3.10). Predator-like (DLF) and 

grazer-like (DIF) strategists are next to each other and adjacent to parasitoids 

and parasites respectively. 
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DIS-ASSOCIATED DIF INJURIOUS 
(grazer-like) 

DLF IIF 
(Predator-like) (Parasite -like) 

/ / / / 

ILF 
(Parasitoid-like) 

LETHAL INTIMATE 

Figure 3.10 Relative position of trophic extremes shown diagrannatically 

Two important predictions arise at this point. First, if we assume that the 

life-history parameters are subject to selection and that DIF (grazer-like) and 

DLF (predator-like) traits are primitive in contrast to those of parasites (IIF) and 

parasitoids (ILF), then evolving animals are more likely to travel orthogonally 

rather than diagonally, since only one parameter need change for an 

orthogonal shift while two parameters must change for a diagonal shift. From 

the model, it appears for example that in general, predation is more likely to 

give rise to parasitoidism than typical parasitism. Also, if we assume that (1) 
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the intimate state is more derived than the free-living state, and that (2) 

parasitoidism is more highly derived than typical parasitism, then we can 

conclude that the parasitoid strategy can be reached from two evolutionary 

directions, from parasitism or from predation (Figure 3.10). 

3.12.2 Evolution of parasitoidism 

Parasitoids are historically a vague group. The term encompasses 

animals with trophic relationships "intermediate between parasites and 

(predators)..." (Knutson and Berg, 1966). In practice however, only insects 

have been characterized by the term (Eggleton and Gaston, 1990). Figures 

3.9 and 3.10 yield very interesting implications for the parasitoid mode of life, 

for the ILF strategy encompasses many different invertebrate taxa. These 

figures also suggests that parasitoidism can arise from the direction of 

predation or typical parasitism, but not from grazing. The idea that parasitoid 

Hymenoptera evolved from the direction of predation is accepted by most 

entomologists (Gauld, 1988; Rasnitsyn, 1988; Quicke, 1997), though some 

explanation is required since the basal group to the Hymenoptera Parasitica 

are sawflies (Tenthredinoidea) which are phytophagous. Conceivably, a larval 

sawfly would be more fit if, while in its plant host, it were able to consume any 

larval insects that may have been deposited nearby (Quicke, 1997). Indeed 

some extant parasitoid groups such as those species found in the genera 
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Grotea (Ichneumonidae) and Eurytoma must feed on plant tissues in order to 

complete their larval development (Gauld, 1988). It is unlikely for a 

phytophagous insect to evolve a feeding strategy where precisely one, and 

only one, host would provide sufficient nutrients for that new organism to 

emerge and be reproductively successful. It is more likely that the ancestral 

sawfly larvae began to eat multiple nearby insect larvae, which were consumed 

along with their "customary" plant pulp as extra nutrients. As the ancestral 

larvae grew in intimacy with the hosts on which they fed, it became more 

advantageous for adults to actively seek out sites where hosts were numerous, 

conceivably by developing a chemosensory system of detection. No doubt, the 

increased ability to seek hosts was a major behavioral adaptation that was 

integral in the refinement of the parasitoid strategy (Kuris and Norton, 1985; 

Gauld, 1988). The closer an adult could place its eggs near the host, the more 

likely its larvae would find the host. Obviously, an adult which could deposit its 

larvae directly on or in a host would stand a better chance of passing on its 

genes. 

Parasitoidism arising from the direction of typical parasitism is less 

intuitive though some groups show characteristics which implicate their 

connection As an example, the nematodes have many typical parasitic and 

parasitoid representatives. Parasitoid examples can be found in the families 

Mermithidae and Tetradonematidae. It is believed that the parasitoid strategy 

in the nematodes arose only once, though one could argue that the strategy 
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arose separately in both of these families (Poinar, pers. comm.). Poinar (1983) 

suggests that typical parasitism most likely arose through phoresy, where 

ancestral nematodes used mobile hosts to transport themselves to other 

habitats. Once a nematode had established an obligatory intimate relationship 

with its phoretic host, it would then be possible to select for exploitation of the 

host. An intermediate step between phoresy and the modern parasitoid state 

is likely. Possibly, as the phoront developed the means to drain energy from its 

host, thus becoming truly parasitic, it could select for complete consumption of 

the entire host. The fact that nematode parasitoids are free-living as adults 

and parasitic as larvae is consistent with the life histories of truly phoretic 

organisms which are free-living as adults and use their phoretic host only 

during the larval stages (Houck, 1994). Since phoresy is a phenomenon 

through which parasitism can arise, then natural selection can drive the-

parasites towards increased energy drain assuming the act of consumption 

occurs only during the larval stage. Larvae which drain the maximum amount 

of energy from their host will likely not compromise their own survival if they 

can reach full maturity by the time the host dies. 

While the strategy of parasitoids could possible arise from two 

directions, it is unlikely that the pathways leading to parasitoidism move in the 

opposite direction, that is, from parasitoidism to typical parasitism or predation. 

Moving into a nutrient rich environment is lucrative and though all free-living 

strategies are successful in their own right, it is our impression that once an 
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organism makes the critical jump to an intimate parasitic relationship, it is 

unlikely to evolve back to a free-living state. Thus Figure 3.10 shows 

unidirectional arrows from the disassociated life styles to the intimate realm. 

Also, once an animal has attained a maximal size with respect to the host, we 

feel it is unlikely for the consumer to shrink in size over time to take on a typical 

parasite strategy where hosts are debilitated, but not to the point of death. 

While this view is parsimonious to us, we realize that phylogenetic analyses of 

parasitoid organisms will be necessary to support this claim. 

3.12.3 Parasitic castrators and parasitoids 

Also of interest are the apparent similarities in the strategy of parasitic 

castration to parasitoidism. Since parasitoids are considered prime regulators 

of population densities in terrestrial systems, Kuris (1974) suggests that 

castrators may also be a key regulator in aquatic communities. Adult 

parasitoids are free-living and consume and kill one host during their life-cycle. 

Parasitic castration results in the reproductive "death" of one host during one of 

the consumer organisms life stages (Kuris, 1974) . Evolutionarily, death and 

castration are indistinguishable. Castration is a phenomenon that cannot be 

addressed adequately since our model does not distinguish between levels of 

pathology. Since hosts can occasionally loose their castrating parasites and 

regain their reproductive ability (Kuris et al., 1980) we consider castration an 
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extreme case of virulence, and for the sake of simplicity, we group them as IIF 

organisms, while still recognizing that reproductive death is the ultimate degree 

of "injury" a parasite can inflict without compromising its own survival. 

Castration contrasts with parasitoidism in that host death is obligatory for 

parasitoids where castrators have evolved to keep their host in an arrested 

state that it exploitable over a long term basis. Therefore, while these 

strategies have similar ecological implications, we will keep parasitoidism [ILF] 

separate, grouping castrators as IIF organisms. 

3.13 DISCUSSION 

In this study, we have developed a model using classical life-history and 

consumer-host parameters for the objective of defining trophic strategies. To 

the Euler equation, the basis of understanding stable population growth and of 

life table analysis, we have added a parameter to take into account the fate 

exploiters inflict on their hosts. This additional consideration has elucidated 

pathways between certain strategies that are likely to occur over evolutionary 

time. The evolutionary links between trophic strategies appears intuitive, 

though our model does provide, apparently for the first time, an objective, 

mathematically and ecologically useful basis for categorizing animal trophic 

relationships. 
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Our model gives rise to four extreme adaptations which we refer to as 

(1) Disassociated Injurious Feeding [DIF], (2) Disassociated Lethal Feeding 

[DLF], (3) Intimate Injurious Feeding [IIF], and (4) Intimate Lethal Feeding [ILF]. 

Each term reflects a specific mode through which a consumer can acquire host 

energy. All terms presently used to describe the trophic relationship between a 

consumer and its host (e.g. predation, herbivory, grazing, parasitism, 

parasitoidism, micropredation) appear to be addressable, thus demonstrating 

the versatility of this model. To demonstrate this point, the DIF (grazer-like) 

strategy consists of taxa of organisms that have not been considered together 

before. For example, the act of female mosquitoes feeding on multiple hosts 

has ecological consequences akin to ungulates feeding on grass. In both 

cases, one organism is capable of feeding on multiple hosts, and hosts are 

injured but not killed (and thus not removed from the system). In this respect, 

biting insects can be considered DIF strategists. 

This model also demonstrates the distinct difference between 

parasitoidism and "typical parasitism" (sensu Kuris, 1997). Others have 

recognized the clear ecological and physiological differences between 

parasitoids and typical parasites (e.g. Doutt, 1959; Kuris, 1974), and this study 

provides support for this observation. 

We wish to emphasize that the terms we use, namely predator, grazer, 

parasite and parasitoid generally agree with the commonly accepted definitions 

of those used by others, but that in some important instances they do not. We 
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ask the reader to keep this caveat in mind and try to remove any 

preconceptions and connotations associated with these terms. Regardless of 

the traditional labels ascribed in the past to the trophic strategies of organism, 

we label an organism based solely on the ecological impact of its feeding mode 

(i.e. relating the exploiter to its prey/host). Also, for the purpose of clarity, we 

only consider animal-animal, and plant-animal interactions, the latter being 

restricted as examples of DIF interactions. While we agree that plant-plant 

interactions are highly important events in nature, including such cases only 

clouds the thrust of our argument. 

Viewing trophic strategies as paired relationships is paramount to 

understanding the model, where the acquisition of host resources results in a 

measurable loss through morbidity or mortality in the host population. We 

stress the idea that trophic classifications are most accurate when organism-

pairs are considered rather than animals as individual units. Therefore, we 

wish to clarify that our model treats terms such as "predation", "grazing", 

"parasitism", "parasitoidism", "micropredation", etc. as trophic phenomena 

resulting in distinct ecological outcomes irrespective of the taxonomic origin of 

the consumer organism involved. 

The above mentioned terms all reflect some sort of dynamic interaction 

between consumers and hosts. Other trophic labels such as "detritivory", 

"coprophagy", "saprophagy" and "carrion feeding" have been created in an 

effort to categorize those feeders who consume nutrient-rich, non-living organic 
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matter. The food sources for these strategists are usually dead, and since the 

scavengers do not inflict further morbidity or mortality, they are not addressable 

as yet by this model. 

We also propose that specific pathways of evolution between these 

strategies exist. We suggest that once strategists make the jump to the 

nutrient rich, parasitic mode of feeding, they are not likely to evolve back to a 

free-living state. From Figure 3.9, we suggest that the free-living ancestral 

stage of typical parasites were likely DIF (grazer-like) strategists while free-

living predecessors to the parasitoid mode of life were DLF (predator-like) 

strategists (Figure 3.10). While clearly some parasitoid Hymenoptera evolved 

from predaceous ancestors (Quicke, 1997), we believe the parasitoid habit 

could also have arisen from the direction of typical parasitism. Nematodes 

(e.g. Mermithidae) and nematomorphs are prime examples of parasitoid 

strategists which likely evolved from the typical parasitic habit (Poinar 1983), 

though clearly other animals also assume a parasitoid strategy (see 

Kaliszewski et al., 1995; Lindquist, 1983; Christensen and Kanneworff, 1965; 

Kuris, 1974). While strategies along the intimate curve may evolve towards 

parasitoidism, once this strategy is assumed, parasitoidism likely does not give 

rise to any of the other extremes represented by our figures. 

Clearly, future work addressing this connection is warranted. One 

possible approach to addressing this question would be to plot the strategies of 

organisms within a Glade on the most recently accepted phylogenetic tree to 
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show whether or not the outcome agrees with the model. Finding a Glade 

which contains all the strategies identified by the model will be difficult though 

some groups show potential. The Hymenoptera, Diptera and Coleoptera are 

such groups, however a complete analysis should include an assessment of 

non-insect taxa as well. Nematoda, Mollusca and the platyhelminth class 

Turbellaria are obvious choices since each of these groups has at least one 

representative in each of the four trophic categories identified by the model. 
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SUMMARY  

Parasitoidism is one of the most specialized trophic strategies employed 

by animals. In Chapter 2, I consulted the literature to discover how broadly 

represented the strategy of parasitoidism is in the invertebrates. I aimed to 

demonstrate the diversity of organisms that employed this strategy. In Chapter 

3, I modeled the relative positions of trophic strategies (i.e. predation, grazing, 

parasitism, parasitoidism, and others) with respect to one another, and 

proposed possible evolutionary steps towards the parasitoid mode of life. 

The evolution of life histories impinges upon the environment in which 

organisms must live. A critical component determining the trophic strategy one 

might employ is the food source (host) available to that organism. Chapter 3 

suggests a possible hierarchy of trophic strategies, and it demonstrates the 

possible evolutionary steps required to move from one strategy to another. 

Since the variables used in constructing the model are all measurable in 

nature, the model will be of value in the future for developing tangible 

evolutionary links between trophic strategies. 

In this thesis, did not address a phylogenetic link between thoseI 

organisms identified in Chapter 2 with the pathways I elucidate in Chapter 3. 

There are many avenues for future endeavors that would prove fruitful. One 

way to test the model developed in Chapter 3 would be to plot the strategies of 

organisms within a Glade on the most recently accepted phylogenetic tree. 

I 
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Some clades might be perfectly suited for this task. For example, 

Hymenoptera, Diptera, Nematoda, Mollusca and Turbellaria are obvious 

choices since each of these groups has at least one representative in each of 

the four trophic categories identified by the model. 
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