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ABSTRACT 

This research addresses the problem faced by insects 

allocating eggs to hosts of variable quality, when that quality 

also changes as the day proceeds. Under such conditions, how 

useful is partial information on the relative value of an 

encountered host? Orellia ruficauda (~ab.) is a tephritid fly of 

European origin whose larvae parasitize the seed heads of Canada 

thistle (Cirsium arvense) (L.) Scop. (~steraceae), feeding 

solely upon fertile seeds. Flies preferentially attack, and 

their larvae do best in seed heads that are about to open, a 

transient stage that lasts about one day. Flies can identify and 

tend to avoid seed heads that have been parasitized by 

conspecifics. The capacity of seed heads to support larvae is 

highly variable. However, local presence or absence of a pollen 

source has a strong effect on seed set and therefore on carrying 

capacity. Adults may be able to discriminate pollination 

probability. When the effect of fly density is controlled using 

Taylor's power law, egg distributions are significantly more 

aggregated in high quality localities, where male plants are 

locally present, than in low quality localities. Seed head size 

also influenced host quality, but flies were not apparently 

sensitive to this factor, as density of eggs in the field was 

not significantly greater in the largest seed head size class. A 

larva's final mass has a significant effect upon its lifetime 

reproductive success. Large larvae produce more eggs as adults 

than do small larvae. 



I used field and laboratory-derived parameters to generate 

functions predicting the utility of a given clutch size laid 

into an encountered seed head. Here, the shape of a function 

(and therefore the optimal clutch size) depends upon the 

information available to the ovipositing fly at the time of the 

encounter. I used Monte Carlo simulation to 1 )  determine if 

increased use of information translates to increased 

reproductive success, and 2) generate egg distribution patterns 

to compare with field distributions. 

In general, increased use of information confers an 

advantage (i.e., highest lifetime reproductive success) when 

relative density of ovipositing flies is high. However, less 

information-rich strategies proved superior under some 

circumstances. Furthermore, relative success was 

frequency-dependent, even at high densities. This suggests that 

some strategies can coexist and enjoy equal fitness in the 

field. Finally, it proved difficult to identify one strategy as 

most likely to occur in nature, as all strategies generate egg 

distribution patterns consistent with field patterns. 
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CHAPTER 1 

INTRODUCTION 

An ideal parasitic insect should be able to locate every 

available host, evaluate perfectly each host's capacity to 

support larvae and allocate that number of eggs to each host 

which will maximize its lifetime reproductive success. In 

reality, parasitic insects foraging for hosts are constrained by 

a number of ecological factors that reduce the accuracy of their 

assessment of the true value of a given host. The first and most 

obvious of these is that the insect may be uncertain as to the 

exact number and quality of offspring that a just-encountered 

host can support. Secondly, the rate with which an insect 

encounters hosts, and the time required to exploit those hosts 

can never be deterministic. Therefore, an insect must "decide" 

how many eggs to commit to a host of uncertain value when it may 

(or may not) encounter a better (or inferior) host at some 

unknown time in the future. If the insect makes the "wrong" 

decision, one which leads to less than maximal fitness, it 

wastes time and eggs on an inferior host when better hosts are 

available. The converse mistake will cause the insect to spend 

too much time searching for superior hosts. Clearly, an insect's 

reproductive allocation can only be based on its best estimate 

of host quality and general availability, while it operates 

within perceptual and temporal constraints. This begs the 

question of how good must a parasite be at making such 

estimates, or how much information is necessary? 



Lack (1947) first proposed a solution to the problem of how 

many eggs to commit to a discrete clutch. He applied this 

solution specifically to nesting birds, but it applies equally 

well to the problems faced by insects laying eggs in hosts 

(Charnov and Skinner 1984, Parker and Courtney 1984, Skinner 

1985, Godfray 1987). He showed that the clutch size which 

provides maximal fitness to a parent will be the one that 

maximizes the product of offspring number and the probability of 

those offspring surviving. This "Lack Optimum" is the simplest 

solution to the problem and ignores such factors as parental 

survivorship, quality of surviving offspring and time costs. The 

latter two factors are most important when this idea is applied 

to insect systems, where multiple clutches are the rule, rather 

than the exception. 

Charnov and Skinner (1984, 1985) Skinner (1985) and Parker 

and Courtney (1984) applied the marginal value theorem (Charnov 

1976, Parker and Stuart 1976) to Lack's (1947) solution with 

respect to oviposition of parasitic insects. In their models, 

insects were supplied with an effectively infinite number of 

eggs. They solved for optimal clutch size under time limitation 

and variable host quality, and found that they could closely 

mimic the observed variation in clutch sizes in the field 

(Charnov and Skinner 1984). This theory was further refined by 

Mange1 (1987) and Mange1 and Clark (1988)~ who used a stochastic 

dynamic optimization approach to predict how egg limitation acts 

to modify clutch size decisions generated by the above model. 



Other refinements include the presence of previously-exploited 

hosts, which retain some residual value (Parker and Courtney 

1984, Skinner 1985, Mange1 and Roitberg 1989) and the different 

effects of strong and weak larval competition on the parental 

allocation decision (Smith and Lessells 1984, Waage and Godfray 

1984, Ives 1989, Godfray 1987). 

Most of these studies assume that the value of the host 

item is more or less readily assessable by the parent insect 

when it makes its oviposition decision. Unnattacked hosts have a 

fixed value and already-attacked hosts (which I will call marked 

hosts, since they are often made recognizable by virtue of a 

marking pheromone (~rokopy 1975, 1977)) have a residual value 

associated with them which is also assumed to be more or less 

fixed (but see Mange1 and Clark 1988). In this thesis I will 

describe a model host-parasite system wherein the quality of 

unattacked hosts is not readily assessable, and the residual 

quality of marked hosts is even harder to estimate because of 

variation in the initial clutch size and its covariation with 

the density of conspecifics in the parasite's locality. 

My model insect is a tephritid fly, Orellia ruficauda Fab., 

a parasite (sensu Price 1980) of the seed heads of Canada 

thistle (Cirsium arvense (L.) Scop.). I will show that the 

capacity of thistle seed heads to support larvae varies with 

availability of male plants in the general vicinity (and 

therefore presumably with pollination intensity), seed head 

size, and with a combination of other, random factors that 



operate on individual host plants. Pollen availability and seed 

head size may or may not be readily assessable by the parent 

insect. Flies may also be able to incorporate information on 

their own local density into oviposition decisions. The general 

question that I wish to address in this thesis is the relative 

value of these sources of information in a highly stochastic 

system. How is limited information best used? When unexplained 

variance in host quality is high, increasingly subtle uses of 

what information is available must provide increasingly diffuse 

benefits. To properly address this question, it will be 

neccessary to stray from pure empiricism, and I will finish by 

comparing the relative costs and benefits of purely hypothetical 

strategies. 

Ideally, scientific research progresses through five 

phases: 1 )  general observation of a system, 2) an intuitive 

recognition of an apparent pattern which gives rise to a general 

hypothesis of an underlying process, 3 )  a more directed 

gathering of data to establish baseline parameters, 4 )  use of 

those parameters to develop a more rigorous theoretical model 

which can generate testable hypotheses, and 5 )  testing of 

hypotheses, ideally by predicting the reaction of the system of 

interest to a controlled manipulation or series of controlled 

manipulations, in such a way that alternate hypotheses can be 

rejected. 

This thesis progresses through the first four phases in a 

more or less workmanlike fashion, but actual testing of 



hypotheses generated by theory is left to inference rather than 

experiment. Having made this flaw explicit, I will now argue 

that, within recognizable limitations, this approach still has 

utility, if only for its heuristic value. I will develop this 

idea in the five remaining chapters. Chapter two reviews 

relevant information about the fly and its host plant. The third 

chapter reports on field data largely gathered during the first 

2 summers of research. Chapter four describes field and 

laboratory experiments designed to place meaningful figures on 

life-history parameters, with a view towards building a 

theoretical model of clutch-size decisions. The fifth chapter 

then describes the formulation of, and the predictions generated 

by a series of models that predict fitness consequences expected 

from clutches of a given size, when flies can incorporate 

increasingly complex levels of information. These models are 

then used to compare the viability of hypothetical oviposition 

strategies using Monte Carlo simulation. The results of these 

simulations are presented in the final chapter. Chapter six also 

discusses potential sources of error which may affect the 

validity of any conclusions generated by this synthetic 

approach. 



CHAPTER 2 

GENERAL BIOLOGY OF THE HOST 

2.1 The Host -- 

AND I T S  PARASITE 

Canada thistle (Cirsium arvense (L.) Scop.) is a weedy 

plant thought to have originated in the Mediterranean, spread 

into the river valleys of Central Europe after the last 

glaciation, and finally radiated outward with the development of 

agriculture (Seitz and Komma 1984). It is the sole dioecious 

member of its genus (~loyd and Myall 1 9 7 6 ) ~  although there are a 

number of closely-related gynodioecious species (Correns 1916, 

Lloyd and Myall 1976). It became a serious weed in North America 

shortly after the first Europeans settled (Detmers 1927, Hayden 

1934, Peschken 1984). Canada thistle's long-standing persistence 

in the face of constant human opposition is probably due to its 

ability to disperse to, and aggressively colonize fugitive 

habitats, such as cultivated fields. Plants can disperse seeds 

over remarkably long distances (~akker 1960, Sheldon and Burrows 

1 9 7 3 ) ~  and reproduce vegetatively once established in a locality 

(Detmers 1927, Hayden 1934, Bakker 1960, Hodgson 1968, Amor and 

Harris 1975). 

Separation between the two sexes in thistle is not perfect 

in that "males" can produce low numbers of viable achenes 

(Correns 1916, Lloyd and Myall 1976, Lalonde and Roitberg in 

prep.). Females do not produce any pollen at all, however 



(Hayden 1 9 3 4 ) ~  and must receive pollen to produce seeds 
I 

(~erscheid and Schultz 1960, Lalonde and Roitberg 1989,in 

prep.). How far pollen can effectively disperse from male plants 

under field conditions is not known, although some evidence 

suggests that fertilization rate is significantly reduced when 

separation distance reaches about 100 metres (Hayden 1934, 

Bakker 1960, Amor and Harris 1974). The effect of male proximity 

on seed production on a local scale (i.e., when males are 

locally interspersed with females, but clumped in distribution) 

is not yet known. 

Seed abortion after fertilization is often highly 

correlated with resource limitation in many plant species 

(stephenson 1981, Lee and Bazzazz 1986, Harper and Wallace 

1987). However, although a large (and variable) proportion of 

achenes will abort after fertilization, the proportion of 

achenes that abort prior to full provisioning varies from 

individual to individual and is not affected by either the rate 

of pollen transfer (Lalonde and Roitberg in prep), or by 

available resources (~alonde and Roitberg 1989). Seed abortion 

may be an expression of a high degree of genetic load in Canada 

thistle populations (Wiens et al. 1987). 

The inflorescence of C. arvense is technically a capitulum, 

or flower head, which is an aggregation of component flowers, 

each of which arises from an ovary containing a single ovule, or 

potential seed. The seed heads on a thistle shoot develop in a 

determinate fashion, resulting in what appears to be a cymose 



inflorescence (~ayden 1934). Technically, this higher-level 

arrangement of inflorescences (i.e., seed heads) should be be 

termed a c o n f l o r e s c e n c e .  However, I feel that this is a clumsy 

and unfamiliar term. Thus, in the interests of accessibility, I 

will term the arrangement of seed heads (or flower heads) on a 

shoot an inflorescence for the remainder of this thesis. On a 

cyme, the first seed head to develop is normally the primary 

seed head (i.e., the apical head). Its development is followed 

by the heads that are terminal on the lateral shoots (secondary 

heads), beginning with the heads that are nearest to the top of 

the plant. The heads on each lateral shoot develop after the 

secondary head in a pattern which recapitulates the development 

of the entire inflorescence. Because of this process of seed 

head development, at any given time tertiary and quaternary 

heads can be blooming on the upper portions of the shoot while 

secondary heads bloom further down. Thus, especially after the 

earliest-developing heads near the top of the shoot have 

finished blooming, the distribution of blooming flower heads 

along a shoot appears to be random to the casual observer, such 

that heads of a particular stage of development are not confined 

to one region of the shoot. 

The number and size of healthy seeds produced when plants 

experience high levels of pollination under laboratory 

^ conditions is largest in primary seed heads and declines in 

secondary and tertiary heads (~alonde and Roitberg 1989).  his 

pattern may not emerge under field conditions, because seed size 



is also strongly influenced by maternal effects (~odgson 1964, 

~alonde and Roitberg 1989). Furthermore, variation in the 

suitability of growing conditions over the season may further 

serve to mask this effect. 

2.2 - The Parasite 

Like its thistle host, Orellia ruficauda Fab. is of 

European origin, and has been collected in North America since 

1885 (Mc~adden and Foote 1960). In Europe, it is one of a 

complex of species that utilize thistle heads as a resource for 

raising offspring (~wolfer 1965, 1983, Angermann 1986, Straw 

1989a). There, 0. ruficauda is thought to be a fugitive species 

because of its poor ability to compete with other thistle head 

feeders (~ngermann 1986). Until recently, such superior 

competitors were absent from the North American system (Maw 

1976, Peschken 1984, Forsyth and Watson 1985). However, the 

accidental introduction of a seed and receptacle-feeding weevil, 

Larinus planus, to North America in the early 1970's (Wheeler 

and Whitehead 1985) and its subsequent spread to British 

Columbia in the mid 1980's has reduced the fly to a fugitive 

species, at least in the lower mainland area of British Columbia 

(~alonde unpublished). The results presented below may therefore 

be more of historical interest vis h vis the natural history of 

the 0. ruficuda - thistle system in North America. 



Female O r e l l i a  r u f i c a u d a  flies oviposit into the seed heads 

of female Canada thistle plants (Figure 2.1). After oviposition 

they will generally circumscribe the upper rim and sides of the 

head with the tip of their extended ovipositor (Figure 2.2). The 

fluid deposited by this process is believed to be a marking 

pheromone (Angermann 1 9 8 6 ) ~  but fly response to this putative 

mark has not yet been demonstrated. However, many 

fruit-infesting tephritids (~rokopy 19771, and at least some 

other seed-parasitic tephritid species (Straw 1989b, Pittara and 

Katsoyannos 1 9 9 0 ) ~  are known to avoid ovipositing into hosts 

that have been similarly marked. 

Eggs are placed individually between the florets, a b ~ u t  0.5 

cm above the developing ovary. Larvae move to a still-soft ovary 

and feed internally during the entire 1st instar (Figure 2.3). 

This feeding elicits hypertrophic growth of the ovary which 

becomes gall-like in appearance (Figure 2.4). This feeding 

behavior and the host's subsequent growth response is 

reminiscent of the response elicited by closely-related 

gall-forming U r o p h o r a  flies (~edfern 1968, Shorthouse 1977). 

However, U r o p h o r a  flies feed solely within their galls whereas 

0 .  r u f i c a u d a  maggots eventually leave their "galled" ovary and 

feed on ripe achenes during the 2nd and 3rd instar. Achene 

feeding characteristically proceeds by excavation of the soft 

embryo through a single circular hole abraded through the 

pericarp (Figure 2.5). The number of achenes consumed by a 

single maggot varies with achene size; typically 4-12 are 



Figures 2.1 - 2.6. Natural history of O r e l l i a  ruficauda. 2.1, 
Oviposition by female flies into unopened seed heads. 2.2, 
Dragging of ovipositor around the rim of the head typically 
follows oviposition. 2.3, 1st instar larva boring into an 
immature ovary. 2.4, Hypertrophy of ovary infested by a 1st 
instar larva. 2.5, Characteristic feeding damage on mature 
achenes produced by 2nd and 3rd instar larvae. 2.6, Remnant of 
initially-infested ovary. 



l l b  



consumed. Third instar larvae form cocoons of pappus hairs when 

fully-grown. The maggots overwinter inside these structures, and 

pupate and emerge in the spring. I was able to determine the 

number of larvae initially feeding within a seed head, because 

each larva leaves a shrivelled, but recognizable remnant of the 

initial hypertrophied ovary (~igure 2.6). 

Feeding behavior of Orellia maggots suggests that seed 

production may limit fly numbers at the population level. 

Forsyth and Watson (1985) report a correlation between seed set 

and larval density. However, the actual quantitative 

relationship between seed production and potential larval 

density within individual seed heads has not been worked out. 

Reports conflict on a qualitative scale about the strength of 

this relationship. Kandybina (1970) asserts that a head will 

support only a single larva. Angermann (1986) reports that flies 

in Europe generally will commit only a single egg per head, even 

under crowded conditions, when oviposition sites are presumably 

scarce. He feels that this implies that one seed head can 

support only a single larva. In contrast, Forsyth and Watson 

(1985)~ working in North America, revovered as many as seven 

healthy larvae from field-sampled seed heads. It is not likely 

that thistle seed production differs that much between Europe 

and North America. Possibly, oviposition behavior of flies in 

Europe is shaped more by the potential of interspecific 

competition than is the behavior of North American flies. Thus, 

the reluctance of European flies to commit many eggs to a seed 



I Karieva 1984). 

Male plants set far fewer seeds than do female plants 

(Lloyd and Myall 1976) and are thus poorer substrates for fly 

oviposition. Angermann (1986) suggests that flies in Europe can 

discriminate male and female flower heads. He recovered no 

maggots from male heads in localities that supported high larval 

densities in female heads. However, because he did not dissect 

for eggs, these results could also reflect larval survivorship, 

rather than host selection by the parent. Forsyth and Watson 

(1985) suggest that low densities of flies in certain areas may 

be the result of such gender mistakes on the part of female 

flies. I have observed such "mistakes", but rarely, and only in 

cases where female flies were gravid for several days without 

encountering a female head. I will present evidence in Chapter 2 

that indicates that female flies recognize and avoid oviposition 

into male seed heads. Moreover, male presence is likely to 

enhance pollination success, and by extension, the quality of 

individual seed heads. The presence of male plants in a locality 

is thus far from being a detriment to the flies, so long as 

female plants are also present. 

Larvae are subject to mortality risks while inside the host 

seed head. Two species of eulophid endoparasite C r a t a e p u s  m a r b i s  

and T e t r a s t i c h u s  v e n u s t u s  parasitize and kill 3rd instar larvae. 

Third instar larvae are also prone to disease mortality from an 

unknown species of pathogen. Infected larvae become translucent 



and die prior to pupating. Whether or not either of the 

parasitoid species or the disease express a numerical response 

to host larval aggregations at the level of the seed head is not 

ephemeral, patchy resources (seed heads). As such it is similar 

to a large number of systems already described in the 

literature. There is a vast literature describing search 

behaviour of adults (Varley 1941, Parker and Stuart 1976, 

Roitberg et al. 1982, 1984, Mange1 and Roitberg 1989, Straw 

1989b), fitness of larvae (weis et al. 1983, Godfray 1986, 

Averill and Prokopy 1987, Simberloff and Stiling 1987, 

Romstock-Volkl 1 9 9 0 ) ~  and emergent egg distribution patterns in 

such systems (~arley 1941, Myers and Harris 1980, Atkinson and 

Shorrocks 1984, Angermann 1986, Straw 1989b,  oms stock-Volkl and 

Wissel 1989, Averill and Prokopy 1989, Roitberg et al. 1990). I 

will be incorporating aspects of all of these approaches in this 

thesis. However, the true value of this particular system is 

that larval resources are quantifiable, as is larval 

reproductive success in relation to resource availability. This 

means that I will be able to develop quantitative theoretical 

predictions regarding ovipositional choices by adult flies. 

Thus, I hope to achieve an amalgamation of empirical and 

theoretical approaches using this model system. 



CHAPTER 3 

FIELD STUDIES 

3.1 Introduction 

Although there is some natural history information 

available on the biology of Orellia ruficauda, the specific 

ecological factors affecting larval success (and therefore adult 

fitness) that may be accessable to ovipositing females as 

predictors of offspring fitness are not well quantified. The 

purpose of this chapter is to identify which potential factors 

are most important to 0. ruficauda's fitness. Several were 

alluded to in the previous chapter, but I will now be explicit. 

The first and most obvious question to ask is: what are the 

direct constraints on the number of offspring that can be 

produced from a given seed head? The answer to this requires an 

understanding of how crowding can affect larval growth, survival 

and development through 1 )  Competition for limited food, 2) 

Cannibalism, 3) Interference effects, 4 )  Disease, and 5 )  

Parasitism. In the field studies described in this chapter I use 

larval survivorship and mature weight in the cocoon as my 

measure of larval success. I will provide support for this 

assumption in Chapter four. 

Competition for food may occur because a larva is committed 

to feeding within the particular seed head selected for it by 

its parent. Logically, there must be some upper limit to the 



number of larvae that can share one seed head. HOW is the 

success of 0. ruficauda larvae affected by seed production? 

In many plant systems, seed production varies predictably 

with position of the seed-bearing structure on the plant (Harper 

et al. 1970, Hendrix 1979, 1984, Lalonde and Roitberg 1989) and 

with pollinator availability (~ierzychudek 1981, Hainsworth et 

al. 1985). In other species seed production is not 

pollinator-limited, but instead is limited by resource 

availability (Stephenson 1981, Zimmerman and Pyke 1988). 

Therefore, while it may seem logical to assume that in a 

dioecious species like C. arvense, distance separating male and 

female plants may be a reliable indicator of pollen 

availability, resource-limitation may mask any effects of 

distance to a pollen-source. Thus, seed set of Aralia nudicaulis 

was not correlated at all with distance between males and 

females (Barrett and Thomson 1982). What factors are accurate 

predictors of seed production in Canada thistle? 

Plant parasites in general have been shown to 

preferentially attack hosts that have (or have a high 

probability of having) the highest concentration of larval 

resources (Whitham 1978, 1980, Myers 1985). Seed predators in 

particular select host fruits that are likely to yield more 

seeds (Hare and Futuyma 1978, Hare 1980, Herrera 19841, and even 

fruits that received a maximum of pollinator visits when in 

flower (~immerman 1980, Hainsworth et al. 1984). Is 0. ruficauda 

sensitive to any proximate cues which correlate with seed head 



quality? 

Many parasitic species  ishe her 1971, Quiring and McNeil 

1984, Hubbard et al. 1987, Bai and Mackauer 1990), and some 

fruit-infesting tephritid species (~verill and Prokopy 1987) are 

known to kill, and sometimes cannibalize, conspecifics when more 

than one larva occupies a host. O r e 1  1 i a  r u f i  c a u d a  is known to be 

gregarious within thistle heads in North America (Forsyth and 

Watson 1985). However, this does not preclude at least some 

agonistic behaviour. If cannibalism, lethal fighting, or highly 

asymmetrical competition for food occurs, one would expect 

differences between the mean density of eggs in heads on a given 

sampling day and the density of mature 3rd instar larvae at the 

end of the season. 

Larval success within a given head may be limited by larval 

density in ways other than by cannibalism and food exploitation. 

For example, excessive crowding may limit mature larval weight 

(and therefore fitness) through interference effects if larvae 

waste energy in competing for locally-scarce food. Also, larvae 

in more crowded heads may be more susceptible to the attack of 

disease or parasites. What then, are the effects of larval 

crowding on mature weight and on the rate of disease and 

parasitism? 

Are there ways in which female flies can avoid or 

ameliorate the potentially detrimental effects of crowding on 

their offspring? I will demonstrate in Chapter four that female 



flies deposit a marking pheromone after oviposition. Considering 

the simplest scenario, flies may employ contact with this mark 

as a cue to avoid ovipositing into a previously-attacked seed 

head. If flies respond to marks in this fashion one would expect 

eggs (or larvae, if survivorship is high) to be overdispersed 

amoung seed heads. This is the egg distribution pattern which 

tends to emerge in systems where insects are known to employ 

marking pheromones (Zimmerman 1979, Bauer 1986, Averill and 

Prokopy 1989, Messina 1989). However, aggregated egg 

distribution patterns are also reported from such systems 

(Averill and Prokopy 1989, Straw 1989b). Egg distribution 

patterns may change with density, however, as an individual's 

propensity to accept or reject a host type may be a function of 

its availability (Straw 1989b). Since I will be looking at 

different densities of eggs in my field samples, the problem of 

how to index aggregation emerges. Indices of aggregation are, in 

general employed in situations where mean density is held 

constant, or otherwise assumed to be not important. Problems of 

independence arise when the aggregation at sites with different 

mean densities are compared (~yers 1978). Taylor's 

log-transformed mean vs log variance regression technique 

(~aylor 1961,1984), is one commonly employed method, 

specifically developed to measure the effect of changing density 

on aggregation. It is often assumed to have an underlying 

behavioural basis (Gillis et al. 1986). I recognize that many 

different processes contribute to an emergent distribution 

pattern (~homberg 1984, Sober611 and Loevinsohn 1987, Hurlbert 



1990). Thus, while I will use this method as an indicator of how 

(or if) flies respond to their own density when attacking seed 

heads, I will also try to eliminate possible effects of spatial 

patterns of hosts on parasite distribution. 

3.2 Materials - and Methods 

I surveyed a number of sites at 3 different localities in 

the lower mainland of British Columbia in 1984. I identified a 

clone as an aggregation of thistle shoots expressing similar 

floral and vegetative traits. A minimum of 4 such female clones 

were identified and sampled throughout the season at each 

locality. Male thistle clones were sampled at some locations as 

well. Twenty five shoots within each of the sample clones were 

tagged at the beginning of the season and followed throughout 

that season. At each sample date, any heads that had just 

initiated blooming were marked by attaching 1 x 0.3 cm plastic 

tags to their peduncles with fine wire and their position on the 

inflorescence was then recorded. Tagged heads were collected 5 

to 20 days later and taken back to the laboratory for 

dissection. Most heads were harvested before seed release. Any 

post-release heads were excluded from subsequent analyses, 

because both seeds and larvae may have left the head prior to 

harvesting. 

In the 1985 field season I selected 2 sites at the Reifel 

bird refuge on Westham Island in Delta, British Columbia. The 



first site was an open field located between a corral and the 

margin of a stand of red alder ( A l n u s  r u b r a ) .  The second site 

was located along one of the dikes and was partially shaded by a 

sparse plantation of Douglas fir ( P s e u d o t s u g a  m e n z i e s i i ) .  For 

the remainder of this thesis, I will refer to these 2 sites as 

the Corral site and the Dike site, respectively. At each site, 

100 female thistle shoots were randomly selected for study at 

the beginning of the season before any blooming occurred. I 

subsequently recorded the spatial location of each of these 

shoots at the end of the field season. At the time that the 
2 

plants were chosen, I also established 50 1 m quadrats at each 

site. Quadrat location was randomized by generating cartesian 

coordinates using the random number generator function on a 

hand-held calculator. I visited the refuge sites weekly until 

the first blooms were noted, whereupon I sampled each site 

weekly until no blooming flower heads could be found. 

Once thistles began blooming the quadrats were censused for 

number of vegetative shoots and number of female and male shoots 

in bloom on each sampling day. Study plants were examined and 

any flower heads that had just initiated blooming were tagged. 

In this manner, I obtainde a series of cohort samples of heads 

that I presumed were no longer available to flies and would 

experience the same pollination regime. I based my assumption 

upon my observation that flies only oviposited into heads 1 day 

prior to blooming. The validity of this assumption is 

demonstrated in Chapter four. The position of each of these 



heads on the plant was then recorded. I sampled heads either 

early (on the day of tagging), or late (after the head had 

opened to release seeds) from a cohort sample to compare larval 

densities. A discrepancy in larval density would indicate a 

possible effect of larval competition on mortality. At the time 

of tagging, the distance from each study plant to the nearest 

male plant in bloom was measured. All heads left on study plants 

were reexamined the following week and fastened shut with 

plastic twist-ties to prevent the release of mature seeds. It 

was neccessary to wait 1 week for the pappus on a tagged head to 

grow out completely. Also, this waiting period probably 

minimized disturbance to 1st instar larvae and pollinators. Seed 

heads that were sampled immediately were taken back to the 

laboratory and dissected. The number of florets and the number 

of fly eggs in each head were then recorded. Besides providing a 

basis for comparison, late-sampled heads could provide much more 

information on non-lethal crowding effects and on pollination 

success as well as the availability of larval resources. 

Consequently, any larvae in a late-sampled seed head were 

dissected out, counted, and weighed to the nearest 0.1 mg. In 

addition to this, the number of pappus plumes ( =  florets), the 

number of plump seeds, the number of seeds consumed by fly 

larvae, and the number of aborted seeds were counted. The 

healthy seeds were then weighed collectively to the nearest 0.1 

"'9 



I also made a number of bulk collections of female flower 

heads, mainly to obtain flies for behavioural experiments, from 

near the Reifel refuge sites and on the SFU campus. These proved 

useful for determining parasitoid and disease effects, since my 

twist-tie technique effectively excluded both of these mortality 

factors from the samples collected on the bird refuge. All such 

bulk collections were made towards the end of the summer (late 

August and early September) during 1984, 1985, and 1986. At the 

time of sampling I made no attempt to collect seed heads 

randomly, but instead attempted to collect only heads that 

contained at least one larva. I dissected subsamples of these 

heads, recorded the number of larvae, then stored each larva 

individually inside a gelatin capsule until either pupation, 

parasitoid emergence or death from disease occurred. 

3.3 Results 

I estimated the density of flowering male and female shoots 

on the 2 Reifel refuge sites from the quadrat data (Figure 3.1). 

The operational sex ratio (blooming male shoots/total blooming 

shoots) neither changed materially with season on either site 

nor deviated far from 50:50 (~igure 3.2). I combined the data 

summarized in Figure 3.1 with data obtained at the same sampling 
2 

dates from the individual plants, to estimate seed production/m 

on each sampling day and the impact and duration of the fly's 

effect on thistle seed production. This is summarized in Figure 



Figure 3.1. Density of blooming male and female shoots over the 
season. The bars denote 1 standard error. 
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Figure 3.2. Operational Sex ratio (blooming shoots) over the 
season. 
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3.3. Note that at no time did the flies have more than a minimal 

effect on seed production at either site, even though fly 

densities were comparable to those in other sites used in the 

course of this study and thus cannot be considered to be 

exceptionally low. 

I tested the hypothesis that larval cannibalism occurs by 

comparing the number of larvae present at the end of the season 

with the number of eggs initially laid into a seed head. If 

larval density were reduced in late samples compared with early 

samples, one could not say that this was due to cannibalism. 

However, if larval density stayed the same, one could say with 

fair confidence that cannibalism did not take place. I found a 

significant difference between mean density in early- and 

late-sampled heads on only two sampling dates, one at each site 

(Mann-~hitney "U" test, p < 0.05, Table 3.1). Both of these 

indicated an increase in larval density. At one site this 

difference was highly significant (p < 0.001), probably due to 

careless treatment on my part of the early sample  he sample 

froze, turning into a black, smelly mass upon thawing, making 

dissection difficult. This did not happen to any of the other 

samples.). Thus, while I often grouped data from early and late 

samples for all the other sample dates, I was careful to use 

only the late sample data from this site in any subsequent 

analyses. At the other sample date the difference was 

significant, but at a relatively low level (p = 0.043) and 

considering that there were 10 cohort samples, the result was 



Figure 3.3. a r c  - Seed production ( a c h e n e s / ~ ~ )  and b,c - seed 
consumption by Orellia ruficauda, estimated from quadrat and 
whole plant data. The bars represent 1 standard error. a , b ,  
Corral site; c,d, Dike site. 





Table 3.1. Density of 0. ruficauda eggs in heads sampled at 
the time of flowering vs. larval density in heads sampled after 
seed release. Values in brackets are standard errors. Mean 
densities were compared using Mann-Whitney "U" tests for each 
tag date. 

Site Tag date n Early n Late P 

Corral 08-vii-85 18 0.833(1 .15) 48 0.750(1 .12) 0.795 
11 15-vii-85 73 0.164(0.58) 98 0.592(1.02) 0.001 
11 

11 

11 

11 

Dike 
11 

11 

11 



therefore probably due to chance. Overall, there was no 

consistent direction to the difference between mean infestation 

rate in early and late sampled heads. Thus, I concluded that egg 

survivorship is quite high and there is no measurable 

cannibalism, at least not at the densities found in the field. 

I calculated mean and variance of larval density per head 

at each site sampled by the individual head tagging method. This 

included sites tagged in 1984 as well as the 1985 sites on 

Westham Island. I regressed log variance against log mean egg 

density (~igure 3 . 4 ) .  The slope of this power law plot is not 

significantly different from 1 (p = 0 . 0 7 5 ) ,  but the intercept is 

significantly greater than 0  (p < 0 . 0 0 1 ) .  Any log mean vs log 

variance regression line that falls above the mean = variance 

line (i.e., when the intercept is > 0  ) indicates aggregation. 

Thus eggs of O r e l l i a  r u f i c a u d a  are significantly aggregated in 

their distribution. 

I tested the hypothesis that observed aggregation is simply 

a spurious result of a mere spatial patterning of infestation 

within the site (which could lead to apparent aggregation). The 

data from the field study of 1985 were used for this test, 

because the exact location of each plant was known for both the 

dike and corral sites. Only the data from the 4  highest 

infestation dates at each of the 2 sites were analyzed, since 

egg density on the remaining days was quite low, and 

distributions were not significantly different from a Poisson (G 

test, p > 0 . 0 5 ) .  A series of plant neighborhoods of increasing 



Figure 3.4. Power law plot of log density of larvae per head vs 
log variance. The slope of the fitted regression line is not 
significantly different from a slope of 1 (change in mean = 
change in variance), but the intercept is significantly greater 
than 0 .  The dashed line indicates mean = variance. 
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diameter was established around each plant. The identity of all 

plants within each of these plant neighborhoods was recorded. 

Then for each neighborhood size, infestation rate on individual 

plants was correlated with the mean infestation rate in their 

neighborhoods. A significant positive correlation between 

infestation rate on individual plants.and infestation rate 

within a neighborhood would indicate an underlying spatial cause 

for the observed aggregation of eggs. Correlations were only 

significant at 2 of the sample dates, and there was no 

consistent pattern to the sign of the regression coefficients 

(~igure 3.5). Neither the value of the regression coefficient 

nor the significance level was related to infestation rate on 

the site at any sampling date. Thus, I conclude that aggregation 

of eggs was not a result of a spatial effect. 

Distance to nearest male plant measures were 

log-transformed to normalize these data. The log-transformed 

distance to the nearest male plant was significantly negatively 

correlated with the proportion of fertilized ovules at both 

sites on the earliest sampling dates, and was significant 

overall for both sites  able 3.2). However, the magnitude of 

even the most significant correlations are not great (at most, 

16% of the variation in seed set was explained by distance to 

nearest male and overall, only 3% of the variation was 

explained). The effect on seed abortion rate was less clear-cut. 

Seed abortion rate was significantly correlated with distance to 

nearest male on both sites, especially on the dike site. 



Figure 3.5. Plots of regression coefficients (slopes) between 
infestation rate on individual plants and average infestation 
rate within their neighborhoods, calculated for increasing 
neighborhood size, Solid points are statistically significant 
correlations ( p  < 0.05). a) Corral site, b )  Dike site. 
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Table 3.2. Coefficients of determination, signs, and attained 
significance levels of regressions of Log transformed distance 
to nearest male against the Arcsine-Square Root transformed 
proportion of achenes which were fertilized. Calculations were 
made separately for each tagging day at each site. 

Site Tag Date n Sign r 2 P 

Corral 08-vii-85 48 
11 15-vii-85 93 
t l  22-vii-85 99 
11 29-vii-85 92 
11 08-vi i-85 57 
I t  12-viii-85 39 
11 22-viii-85 21 

Total Corral 449 

Dike 1 1 -vi i-85 63 
It 18-vii-85 82 
11 25-vii-85 74 
11 02-viii-85 37 
11 09-viii-85 15 

Total Dike 272 



However, this correlation was negative at the dike site and 

positive on the corral site 3.3). 

The infestation rate of flower heads on both sites was 

significantly positively correlated with the distance to nearest 

male plant on one of the sample days (p = 0.011), but the same 

site yielded a significant negative correlation on the previous 

sample date (p = 0.042, Table 3.4). These were the only 2 

significant correlations between infestation and distance to 

nearest male plant. 

I compared the density of eggs dissected from female seed 

heads in 1984 with egg density in male heads at the same sample 

locality and date, for four different localities. No eggs were 

found in any of the male heads, even though female heads often 

supported substantial numbers of eggs  able 3.5). 

The weight of seed consumed by larvae was estimated as the 

product of number of seeds consumed and the average seed weight 

(determined from unconsumed seeds in each head). Total weight of 

mature larvae per head was regressed against total weight of 

consumed seed. This relationship was highly significant and 

explained 91% of the variation in larval weight (~igure 3.6). 

The regression model (~arval Mass = Seed Mass Consumed x 0.554 - 

0.00024), was used to calculate the maximum potential carrying 

capacity of each seed head in the population. I took the mode of 

the distribution of larval weights (5.7 mg, Figure 3.71, and 

then calculated the weight of thistle seed necessary for one 



Table 3.3. Coefficients of determination, signs, and attained 
significance levels of regressions of log-transformed distance 
to nearest male against the Arcsine-Square Root transformed 
proportion of fertilized achenes which subsequently aborted. 

Site Tag Date n Sign r 2 P 

Corral 08-vii-85 48 
11 15-vii-85 93 
11 22-vii-85 99 
11 29-vii-85 92 
11 08-viii-85 57 
11 12-viii-85 39 
I1 22-viii-85 21 

Total Corral 449 

Dike 11-vii-85 63 
11 18-vii-85 82 
11 25-vi i-85 74 
ql 02-viii-85 37 
II 09-viii-85 15 

Total Dike 272 



Table 3.4. Coefficients of determination, signs, and attained 
significance levels of the regression of the log-transformed 
distance to the nearest male plant against the infestation rate 
( #  of eggs or larvae) in each seed head. 

Site Tagging Date n Sign r 2 P 

Corral 08-vii-85 66 
I t  15-vii-85 193 
I1  22-vii-85 179 
11 29-vii-85 197 
I1 08-viii-85 95 
11 12-viii-85 48 

Total Corral 778 

Dike 1 l-vii-85 87 
11 18-vii-85 134 
I1 25-vii-85 131 
11 02-viii-85 74 

Total Dike 426 



Table 3.5. Number of eggs per head in male and female seed 

heads sampled from the same locality. Values in brackets 
are standard errors. 

Site Eggs/~ale Head n ~ggs/Female Head n 



Figure 3.6. Scatter plot of estimated weight of consumed achenes 
in a seed head against the total larval weight in that head. 
Data from both sites are combined. 
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Figure 3.7. Frequency distribution of mature larval weight for 
late-sampled seed heads from both Corral and Dike sites. Modal 
larval weight at maturity was 5.7 mg. 
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Figure 3.8. Distribution of seed heads by their theoretical 
carrying capacity (defined as the maximum # of larvae that can 
be supported to reach modal weight). a) Corral site, b )  Dike 
site. 



% of Total 



Figure 3.9. Mean carrying capacity in primary, secondary, and 
tertiary seed heads for the first four tagging dates at each 
site. points sharing the same letter are not significantly 
different ( p  < 0.05, Scheffd). a) Corral Site, b) Dike site. 
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Figure 3.10. Infestation in primary, secondary, and tertiary 
seed heads for the first four tagging dates at each site. An 
asterisk indicates a significant difference in infestation 
between seed head classes. ( p  < 0.05, Kruskal-Wallis). a) Corral 
site, b )  Dike site. 
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larva to achieve modal weight. This factor was used to transform 

total weight of mature seed in each head to total number of 

modal-sized larvae able to mature in each seed head, i.e., the 

carrying capacity of the head. The distribution of seed heads by 

their theoretical carrying capacity is given in Figure 3.8. 

Carrying capacity and infestation rate were calculated for 

all primary, secondary and tertiary heads for the first four 

sampling days at each site (Figures 3.9 and 3.10). The carrying 

capacity does show a tendency to decline from primary to 

tertiary seed heads, but this tendency is significant on only a 

few of the sample dates. Infestation frequency goes in the 

expected direction (i,e., is highest in primary seed heads) 

significantly on only one of these sample dates, and frequently 

goes in the opposite direction (although not in a significant 

way) on the other sample dates. 

I used floret number, and mean achene weight as independent 

variables in a multiple regression model to predict their 

combined effects on carrying capacity, infestation, and larval 

mass. Both independent variables were highly significant when 

the model was used to predict carrying capacity and larval 

success  able 3.6). However, there is no evident effect of 

these two factors on host selection, as indexed by infestation 

intensity. Egg number per head correlates positively with floret 

number, but probably only because both factors are significantly 

correlated with tagging date (Table 3.7). 



Table 3.6. The combined effects of seed mass and floret number 
on the carrying capacity of individual seed heads and on larval 
success (measured as 3rd instar mass) within infested seed 
heads. 
( *  p < 0.05, *** p < 0.0001) 

n r (florets) r (seedmass) multiple r2 

Carrying 708 0.6413 *** 0.2890 *** 0.4945 *** 
Capac i ty 

Larval 
Success 133 0.1568 * 0.1850 * 0.0587 * 

Table 
size, 
corre 
(P < 

3.7. Correlation matrix of interactions between seed 
floret number, tagging date and egg density. Significant 
lations are followed by an asterisk. 
0.05, Spearman's Rho) 

Seed Size Floret # Tagging Date Egg # 

Seed Size 

Floret # 

Tagging 
Date 



ble 3.8. Larval density per head (crowding level) and 
.ture larval mass (mg.). Means are not significantly 
fferent in any cell (~cheff6,p < 0.05). 

Crowding Level 

Corral 5.222 (45) 5.903 (36) 6.038 (13) 6.072 (2) 

Dike 5.178 (23) 5.116 (19) 6.900 (1) --- 



Table 
which 
mar bi 
at a1 
rates 
the a 

3.9. Larval density per head and the proportion of larvae 
experience mortality due to parasitism from C r a t a e p u s  

s and T e t  r u s t  i c u s  v e n u s t  i s .  The hypothesis that larvae 
1 levels of crowding at a given site experience identical 
of parasitism was tested by calculating 1-way ANOVAs on 
rcsine-square root transformed proportions for each site. 

Crowding Level 



ble 3.10. Larval density per head and the proportion of 
rvae which experience mortality due to disease. The 
pothesis that mortality due to disease is independent 
crowding was tested by calculating 1-way ANOVAs on the 

csine-square root transformed proportion of larvae which 
ed from disease for all crowding levels for each site. 

Crowding Level 



I compared the weights of healthy larvae sampled from heads 

containing one to four or more larvae, using data obtained from 

the Reifel refuge sites. I could not detect any effect of 

crowding on larval success in any of these field samples 

(Scheff6, p < 0.05, Table 3.8). No larvae in any of the Westham 

Island samples were parasitized or diseased. I therefore used 

larvae from bulk samples to make similar analyses to detect 

density effects on larval mortality due to either of the two 

endoparasitoids  able 3.9), or by disease  a able 3.10). No 

consistent effect of larval crowding on any of these mortality 

factors was found. 

3.4 Discussion 

Fly impact on predispersal seed mortality over the season 

was never great at either site on the Reifel Island refuge. At 

no point during the season did flies consume even a fraction of 

the total number of seeds available, at either the population 

level, or the level of the individual seed head. Although seed 

predators can have strong effects on seed production (~awthorne 

and Hayne 1978, Hare 1980, Zimmerman 1980, Hainsworth et al. 

1 9 8 4 ) ~  and even in rare cases on actual recruitment of new 

individuals into the population (~ouda 1 9 8 2 ) ~  this is clearly 

not the case here. Under-utilization of host material in 

plant-parasitic species like O r e l l i a  r u f i c a u d a  has been found in 

many other systems (~onro 1967, Bauer 1986, Solbreck and 

Sillbn-Tullberg 1986, Simberloff and Stiling 1987). 



Why are larval densities so low if a head can support eight 

larvae (as the average head on the Reifel sites can). Others 

have shown significant crowding effects on larval success (weis 

et al. 1983, Godfray 1986). Parasitism pressure has also been 

invoked as an explanation for dispersion of larvae (Cornell 

1982, Thompson 1987, but see Romstock-Volkl and Wissel 1989), as 

has the probability of cannibalism (Smith and Lessells 1984, 

Waage and Godfray 1984). However, 0. ruficauda larvae do not 

experience any measurable detrimental effects from crowding, at 

least not in any of the field samples. Larvae were neither 

smaller in crowded heads, nor were they more prone to mortality 

from disease or parasitoids, at least not within the densities 

found in the field. Cannibalism does not seem to occur in this 

species, although it is documented for some fruit-infesting 

tephritids (Averill and Prokopy 1987). Whether or not 

cannibalism, or crowding in general, can affect larval success 

at densities higher than I have found in the field has yet to be 

determined. 

The distribution of larval carrying capacities estimated 

from my field data (see Figure 3.7) may provide an explanation. 

Adult flies may be allocating eggs to seed heads based on the 

probability distribution of host quality. In other words flies 

may be sensitive to the variation in the carrying capacity of 

individual hosts as well as to the mean. The possibility of food 

limitation of larval success will provide the basis of my 

theoretical development in Chapter 5. 



What can be gleaned from the field data so far? First we 

can conclude with some assurance that even though larval success 

was not affected by food limitation in the field, the potential 
2 

for food limitation exists. A very high proportion (r = 0.91) 

of the variation in larval production is explained by achene 

consumption, and achene production is limited and varies between 

heads. Other factors that may limit larval density in a given 

seed head are not apparent, at least not at the density levels 

measured. I recognise that this is not yet conclusive, because 

the larval densities encountered in the field are far lower than 

the theoretical limit imposed by achene availability. 

A second conclusion that can be drawn is that adult flies 

allocate their eggs in such a way that egg distribution amoung 

heads tends to be slightly aggregated. This pattern is probably 

not a manifestation of simple avoidance of attacked seed heads 

on the part of the parents. Avoidance behavior would be expected 

to produce a decrease in the aggregation of larvae with 

increased density. If anything, the trend is towards increased 

aggregation as density increases, although this trend is not 

significant. Of interest, Straw (1989b) demonstrated that the 

seed predatory tephritid T e p h r i t i s  b a r d a n a e  deposited and 

responded to a marking pheromone, but also tended to aggregate 

its eggs in the field. It is possible that aggregation could 

result from flies incorporating the information provided by a 

marking pheromone.  lies avoiding oviposition into marked heads 

may respond by allocating larger clutches to unmarked heads as 



such heads become relatively rare. 

Pollination was significantly affected by proximity to 

blooming male plants  able 3.2), and also significantly 

affected the seed abortion rate on some sample days on the dike 

site  a able 3.3). However, I feel it unlikely that either factor 

is biologically important to ovipositing flies. When male plants 

are present locally, the reduction in mean pollination success 

with increased distance from the nearest male (about 10% over 

20m), is quite minor compared with the background variation. 

Seed abortion rate was often strongly affected by the distance 

to the nearest functional male, but the direction of this 

variation was not predictable. I show elsewhere that seed 

abortion rate is not affected by pollination intensity per s e  

(~alonde and Roitberg 1989). It is possible that the significant 

effects of distance on seed abortion is a paternal effect 

arising from the genetic load in the 2 local thistle populations 

(Wiens 1984, Wiens et al. 1987). If this were true, one might 

well expect to often find significant relationships, but be 

unable to predict the direction. Given limited gamete selection 

on the part of females, close proximity to particular males may 

thus produce either higher or lower rates of seed abortion than 

average, because distant pollen will tend to be excluded. This 

- will be especially prevalent in situations where there is a high 

degree of genetic variability within the population, but local 

genetic composition has low diversity. Canada thistle's clonal 

growth pattern may generate such diversity on a local scale. 



Potential for a high degree of variability in expressed 

characters within this species is well-documented (Hodgson 

1964). In any case, the field evidence suggests that seed 

abortion rate is a random factor that increases the variability 

of seed head quality. 

Given the slight effect of distance to nearest male on 

average seed set, and the high degree of unexplained variation, 

it is not surprising that flies apparently did not respond to 

the proximity of male shoots in a locality (Table 3.4). Female 

flies are, however, able to discriminate male seed heads from 

female seed heads. Eggs were conspicuously absent from samples 

of male heads taken from sites of high infestation in female 

heads. A complete absence of male plants in a locality may 

severely limit seed set and indicate extremely poor conditions 

to a fly foraging for oviposition sites. Thus, a fly that 

encounters no males at all while foraging may expect a lower 

profitability from host heads. Both of these premises will be 

explored in Chapter 5. 

Finally, seed production (both number and weight) is 

potentially reduced across primary, secondary, and tertiary seed 

heads (~alonde and Roitberg 19891, and this pattern was 

expressed to a weak, but consistent degree in the field. 

Different thistle clones express strong differences in both seed 

size and floret number, so it is not too surprising that this 

pattern did not emerge strongly. Infestation pattern did not 

tend to follow this weak trend; possibly female flies do not 



have a good perception of the relative position of a flower head 

on a shoot. Considering that thistle shoots tended to grow very 

close together, this is not surprising. Seed head size, as 

indexed by the multiple regression using floret number and seed 

weight may give a better proximate cue to ovipositing flies 

about seed head quality, since both carrying capacity and larval 

success are significantly related to these factors. Here I 

assume that floret number and seed weight vary directly with 

seed head size, and are thus assessable by the ovipositing fly. 

Nevertheless, when the confounding effect of tagging date is 

considered, there was no effect of either floret number or seed 

size on the allocation pattern of female flies in the field. 

Flies were not obviously preferentially attacking larger seed 

heads. I will develop these ideas further in Chapter five. 

In the next chapter, I will use laboratory, and controlled 

field experiments to measure some life-history and behavioural 

parameters associated with this system. I will use these 

parameters, along with field data described in this chapter to 

develop a theoretical measure of the fitness consequences of 

parental clutch-size decisions. 



CHAPTER 4 

LAB AND FIELD MEASUREMENTS OF FLY BEHAVIOUR AND LIFE-HISTORY 

PARAMETERS 

4.1 Introduction 

The object of this thesis is to develop a theoretical 

prediction of how flies should go about allocating eggs to hosts 

during a day. Field data obtained so far will aid in development 

of such a theory, but it will first be neccessary to quantify a 

number of life-history and behavioural parameters in order to 

make this theory as realistic as possible by reducing the number 

of unknown factors. 

First, although there is strong inferential and 

phylogenetic support for the notion that these flies employ a 

marking pheromone, so far I have presented no proof of this. 

This is critical, since the presence of a pheromone mark can 

give information on the quality of the marked host, and the 

frequency of encounters with marks can indicate the general 

quality of the locality. 

I cannot assume that a mature larva's size is directly 

proportional to its reproductive success when I calculate 

parental returns from different clutch sizes. This is clearly 

not the case; there must be some minimum size, below which flies 

are simply not able to produce eggs. Furthermore, there may well 

be some kind of interaction between size and adult longevity 



which would certainly affect the fitness of offspring reared 

under conditions where food is scarce. 

A major assumption made in previous insect clutch-size 

models is that handling time is dependent upon the number of 

eggs laid by and insect during an oviposition event (Charnov and 

skinner 1985, Parker and Courtney 1984, Skinner 1985). If 

handling has a fixed time cost independent of clutch size, then 

my model will generate a very different prediction of how many 

eggs a fly should allocate to a host. 

The factors outlined above are basic to the structure of 

any theoretical model of this system. However, it is also 

neccessary to obtain some numerical values for other parameters 

in order to employ a sensitivity analysis that encompasses 

reality. For example, the number of eggs available for 

oviposition will affect a female fly's allocation decision. If 

flies are strongly egg-limited, the type of theoretical approach 

to clutch size used by Charnov and Skinner (1984) and Skinner 

(1985) will not be applicable to this system  angel and Clark 

1988). On the other hand, if time costs (either search, or 

handling) are so large that they limit the number of hosts that 

can be processed within a day (i.e., if eggs are typically left 

over), then egg limitation will not be particularly important. 

I have so far assumed that the vulnerability of heads to 

fly attack ends shortly after blooming has started and begins 

about a day prior to this. I have based this assumption upon my 



field observations where I found flies to be remarkably 

selective. In the field, wild flies only selected flower heads 

which were unopened or in the process of opening. However, the 

duration of a host's vulnerability to fly attack dictates how 

rapidly the environment as perceived by the flies will change at 

a given conspecific density. For example, if heads remain 

vulnerable to attack for several weeks, as is the case for many 

fly - fruit systems (Averill and Prokopy 1 9 8 9 ) ~  or even several 

days, as is the case for many seed head parasites (Straw 1 9 8 9 ~ ) ~  

then the relative frequency of attacked heads will change very 

little over the day. In contrast, if heads reach their 

vulnerable stage overnight and remain vulnerable for only a 

single day, then a fly should encounter almost no marked hosts 

at the beginning of a given day, and (if fly density is high) 

will be able to find almost no unattacked hosts towards the end 

of that day. In this chapter I will test my assumption that 

heads are vulnerable for a single day by 1 )  determining the 

duration of different blooming stages in the field, 2 )  measuring 

the responses of flies to different seed head developmental 

stages, and 3) determining the fate of eggs laid into 

non-preferred host stages. 

Finally, host heads experienced a relatively high rate of 

pollen transfer in the localities studied in Chapter 3. What is 

the expected value of a randomly-encountered seed head when male 

plants (local pollen) are not locally present? Isolated female 

stands occur fairly frequently (~mor and Harris 1975, Hayden 



1g34) ,  and flies forage in such patches. What is the expected 

value of a randomly-encountered seed head in a locality where 

males are not locally present? Is it to a fly's advantage to be 

sensitive to such variation? Are fly responses to male thistle 

availability measurable at the population level? Here, I will 

measure the effect of local presence of male plants on 

pollination success and the distribution of carrying capacities, 

and the distribution of eggs. I will use information on carrying 

capacities in localities where male plants are locally absent to 

develop and evaluate my clutch-size models, in Chapters 5 and 6. 

Thus, this chapter considers a number of loosely-related 

factors whose common theme is their potential effects on the 

reproductive success of female flies. My aim is to incorporate 

these data, along with the field data obtained in the previous 

chapter, into a theoretical prediction of optimal clutch size. 

4.2 Materials and Methods 

Wild, lab-maintained flies were used in all of my 

experiments. To obtain these flies, larval-infested thistle 

heads were collected in bulk at the end of the season and stored 

in the refrigerator at 3OC until the following spring. I reared 

flies by placing seed heads into 25 cm2 plexiglass cages, and 

kept the heads moist by spraying daily with distilled water 

until emergence finished. Emerging flies were removed daily and 

placed into cages supplied with yeast hydrolysate-sugar feeding 



strips (Prokopy and Boller 1 9 7 1 ) ~  and wicks kept moist with 

distilled water. Flies were placed individually into cages which 

contained at least five heads in host condition for 24 hours 

prior to any trial involving a choice between two oviposition 

substrates. I assumed that this allowed flies to reduce their 

egg load and thereby increased their threshold for rejecting 

substandard hosts (cf. Roitberg and Prokopy 1983). Flies 

required two weeks to reach maximum egg production and were able 

to maintain this rate for at least one week, typically longer. 

Thus, to standardize as much as possible, only recently-mated 
I 

(on the previous day) flies of two to three weeks of age were 

used. 

4. 2. 1 R e c o g n i  t i  o n  of P r i  or P a r a s i  t i  s m  

Here, I tested the ability of flies to discriminate heads 

which had been previously infested. I took avoidance of 

oviposition to indicate recognition of prior parasitism. Female 

flies were presented with a sequence of either 1 )  a 

previously-attacked seed head followed by an unattacked seed 

head, or 2 )  an unattacked seed head followed by an attacked 

head. An attacked head was one which another female fly had 

previously probed and then circumscribed with the tip of her 

extended ovipositor. Any trials in which the test fly did not 

oviposit into either seed head were discarded from the data set. 

A G test of independence (Sokal and Rohlf 1981) was used to test 

the hypothesis that flies responding to the first presentation 

sequence acted significantly differently from flies responding 



to the second sequence. I predicted that flies should tend to 

avoid oviposition into previously-attacked flower heads. Heads 

used in this experiment were collected from the field, from a 

site where flies were infrequent. To further minimize the risk 

of "wild" marks affecting the outcome, such heads were collected 

24 hours prior to attaining the stage which I had previously 

observed to be most vulnerable to fly attack. All heads were 

then washed in distilled water, and used one day later. 

4 .  2 .  2 S e e d  H e a d  P h e n o l  o g y  

Here, I measured preference and suitability of heads at 

b different developmental stages. I arbitrarily divided seed head 
I 

! development into the following categories; 
5 
!' 
1 1 )  U - unopened: The involucral bracts still completely 
3 
1 

enclose the florets. 

2 )  0 - opening: Bracts are in the process of opening; some, 

but not all florets are fully open; some stigmas may show 

above the lip of the corolla. 

3 )  B - blooming: All florets are expanded and most of the 

stigmas are now visible. 

4) W - withering: Florets and stigmas now show some signs 

of necrosis. 

5 )  M - maturing: Florets all withered and the pappus hairs 

now extend above the rim of the involucre. 

The duration of the opening, blooming and withering stages was 

measured in the field by tagging 40 unopened seed heads and 

following their progress until they were clearly in the 



maturation stage. 

I tested the acceptability of heads at different 

developmental stages in a manner similar to the marking 

pheromone assay. In these trials, flies were pre-, and 

post-tested with an unattacked seed head which was one day away 

from opening, the stage already observed to be preferred in the 

field. Any fly failing to oviposit in either the pre-, or 

post-test head was discarded. At least 20 heads in each of the 

developmental categories listed above were presented to 

individual flies. Each test head was tagged and kept in water 

after presentation and its stage of development was recorded 24 

hours after presentation. Since some developmental stages were 

lengthier than others, each test head was classified by its 

transition state, i.e., its stage at the point of testing and 

its stage 24 hours later. Thus, for example, a head that was 

blooming on the test day and withering on the next was classed 

as "B - W". 

To test the suitability of heads at different developmental 

stages, I induced mated female flies to oviposit into seed heads 

of all stages on intact plants. Attacked plants were maintained 

in a growth chamber at 24OC on a 16:8 1ight:dark regime. 

Attacked heads were hand-pollinated using freshly-collected 

pollen on an artist's paint brush. To ensure that no seeds would 

be lost prior to collection, heads were bound with plastic 

twist-ties. Seeds were harvested when ripe (i.e., when the 

involucral bracts opened), about 20 days after blooming. Living 



and dead larvae (and eggs) were dissected out and any living 

larvae were weighed to the nearest 0.1 mg on an analytical 

balance. 

4. 2. 3 H a n d l i n g  Time a n d  C l u t c h  S i z e  

I recorded the time required by a fly to probe a seed head 

in any choice test involving presentation of heads to flies. I 

included all of the time that a fly spent attempting to insert 

its ovipositor into the head with actual probing time. After the 

trial, presented heads were dissected to determine the number of 

eggs left by the fly. 

4. 2. 4 L a r v a l  S i z e  Effects o n  Adult F e c u n d i t y  a n d  L o n g e v i t y  

Mature 3rd instar larvae were dissected from infested seed 

heads, weighed individually, and placed inside a tagged gelatine 

capsule to pupate and emerge. On the morning of its emergence, a 

female fly was chilled briefly to inhibit movement and was 

marked on the pronotum with a dab of acrylic paint. Five colours 

were used: white, blue, red, yellow, and green. Marked female 

flies were then stored, five to a cage, with an equal number of 

males, a feeding strip, and a moistened water wick. Cages were 

scanned every hour or so and any pairs in copula were gently 

removed, and placed in an individual cage. Such cages were 

supplied with all of the usual amenities, and in addition five 

unattacked thistle seed heads in host condition were placed 

inside the cage and replaced daily. Seed heads were removed 

after 24 hours and dissected, and any eggs present were 



recorded. This protocol was continued until the female fly died. 

If the male predeceased the female, he was replaced on the same 

day. 

4.2.5 M a l e  T h i s t l e s ,  P o l l i n a t i o n ,  a n d  C a r r y i n g  C a p a c i t y  

Four sites were selected on the SFU campus where I could easily 

manipulate presence of male thistles. On 2 sites, male plants 

were present locally, but females were otherwise isolated such 

that the next nearest source of pollen was at least 50m away. 

The other 2 sites were isolated from the nearest source of 

pollen by at least 50m. The first treatment consisted of 

exposing a tagged cohort of seed heads to existing conditions. 

When all heads in a tagged cohort had entered the maturing stage 

of development and were no longer receptive to pollen, the site 

was then manipulated to either reduce, or augment pollen 

availability. Existing males were simply removed in the 

naturally high pollen availability sites and placed into buckets 

of water and set among the plants in the low pollen availability 

sites. Thus, each site was subjected to both a high, and a low 

pollen availability treatment. As before (Chapter 3 ) ,  heads were 

bound with plastic twist-ties to prevent early seed release. 

When heads matured completely and the bracts had opened, they 

were harvested and plump achenes, aborted achenes and florets 

were counted. All plump achenes in a head were then weighed 

collectively to the nearest 0.1 mg on an analytical balance. 

assumed to be low quality sites, 

6 

To determine the distribution pattern of larvae in what I 

I scanned for laying female 



flies in sites where male thistles were not locally present. I 

tagged a minimum cohort of 50 heads at such sites, bound heads 

with twist-ties after one week, and sampled and dissected heads 

when seed maturation was indicated. Seven sites were found where 

I could determine the mean and the variance in per-head 

infestation. 



4.3 Results 

4.3. I Prior Parasitism 

p lies which were presented with the Attacked - Unattacked 

sequence of seed heads behaved significantly differently than 

did flies presented with the reverse sequence  able 5.1). The 

reason for this difference is the clear propensity for flies to 

avoid probing seed heads that had already been attacked. 

4. 3. 2 Seed Head Phenol o g y  

Flies showed a clear preference for flowerheads that either 

had just begun to open, or were one day away from opening 

(~igure 4.lb). The most preferred stage of seed head development 

is also the most transient: it lasts about one day (~igure 

4.la), and the bulk of flowerhead development through this 

transition appears to occur overnight (my observation). Maggots 

reared from such heads presumably enjoy an advantage since such 

larvae weighed significantly more than did larvae reared from 

forced oviposition into less-preferred seed heads (Figure 4.1~). 

There was no confounding effect of larval crowding on the 

relationship between mature larval weight and seed head stage at 

the densities achieved in this experiment (two-way ANOVA, p > 

0.05). No head had more than five eggs. The above result does, 

however, overestimate the success of larvae reared from 

oviposition into the oldest heads, since only the weights of 

larvae that survived to 3rd instar are presented. In fact 

survivorship was affected as well. Probed heads up to the 



Table 4.1. Response of female O r e l l i a  r u f i c a u d a  flies to 
sequential presentation of previously-attacked and unattacked 
flower heads. The hypothesis that flies respond to reciprocal 
sequences in a similar manner is rejected (G = 23.58, p < 0.001) 

Oviposition Response 

Presentation Sequence N 1st Only 2nd Only Both Heads 

Attacked - Unattacked 24 3 16 5 

Unattacked - Attacked 2 1 14 1 6 



Figure 4.1 a) Duration of opening, blooming, and withering 
stages of seed head development. Bars represent 1 standard 
error. 
b )  Proportion of adult flies that oviposited into seed heads of 
different developmental stages. Y-axis gives the proportion of 
heads within a category that were found acceptable by female 
flies. X axis divisions give the transition state of the 
presented seed head (i.e.! its condition on the day of 
presentation and its condition 24 hours later. Bars sharing the 
same letter are not significantly different (Unplanned 
Comparison test of Homogeneity, p > 0 . 0 5 ) .  
c )  Mature larval weight resulting from oviposition into heads at 
different developmental stages. X -axis division labels modified 
by a minus sign and a numeral denote oviposition into a seed 
head n days before the onset of that stage. Division labels 
modified by a plus sign denote oviposition n days after the 
onset of that developmental stage. Bars denote 1 standard error. 
Bars sharing the same letter are not significantly different 
(~cheff6 test, p > 0 . 0 5 ) .  
U - unopened, 0 - opening, B - blooming, W - withering, M - 
maturing. 
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blooming stage produced living larvae at higher frequencies 

(about 55%) than did older heads which were similarly probed and 

marked (B+2 and greater, about 10%). This difference was 

significant (unplanned Comparison Test of Homogeneity, G = 

15.34, p < 0.01, Sokal and Rohlf 1981). Within the same 

categories, heads which were probed and dragged and subsequently 

dissected (from the preference trials) produced equal (and high) 

proportions of eggs (88% from the unopened to the full bloom 

stage vs 90% from later stages; Unplanned Comparison Test of 

Homogeneity, G = 0.0102, p >> 0.05; Sokal and Rohlf 1981). 

4 .  3 .  3  Hand1 i  ng T i m e  and  Cl  u t  c h  S i z e  

There is no relationship between the time that a fly spends 

probing a seed head and the number of eggs that it eventually 

allocates to that head (~ruskal-Wallis, p = 0.1636, Figure 4.2a) 

This relationship is not significant either when probing time is 
I 

combined with time spent marking the head after oviposition, 

(~ruskal-wallis, p = 0.5564) or if total time spent examining, 

probing, and marking a head are combined  ruskal all-Wallis, p= 

0.7112). Furthermore, duration of per-egg probing time varied 

tremendously from fly to fly (Figure 4.2b). 

4 . 3 . 4  L i f e  H i s t o r y  and  L a r v a l  S i z e  

When females are presented with a male immediately after 

emergence, and are fed ad l i b i d u r n ,  they begin producing eggs 

after about one week, and typically produce eggs throughout 

their remaining life (Figure 4.3). Total fecundity of adult 



Figure 4.2. a) Time spent probing (exclusive of marking); 
indexed by clutch size. There is no apparent relationship 
between time probing and number of eggs laid (Kruskal-Wallis p = 
0.1636). Bars represent one standard error 
b) Frequency distribution of handling times (defined as time 
spent probing a seed head, divided by the number of eggs laid). 
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Figure 4.3. Daily egg production of a typical O r e 1  l i a  r u f i  c a u d a  
female. 
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flies varied significantly with prepupal mass (Figure 4.4). The 

regression equation explained only about 32% of the variation, 

however. Although there was no interaction between prepupal mass 

and adult longevity (~igure 5.5), mortality variation 

contributed a large component of the variation in total 

fecundity. A multiple regression model including prepupal size 

and longevity explained 77% of the variation in total fecundity 

(p < 0.00001). To reduce this effect, I calculated the average 

rate of egg production for each fly, exclusive of the 

pre-reproductive period. Regression of egg production rate 

against prepupal weight improves the explanatory power of the 

model (r2 = 0.54, Figure 5.6). 

4. 3. 5 Pol 1 e n  D o n o r s ,  P o l  1 i nat i o n  R a t e ,  a n d  C a r r y i  ng C a p a c i t y  

When male plants were interspersed with female plants in a 

locality, both the fertilization rate (Figure 4.71, and the 

quality of individual heads (in terms of their ability to 

support larvae; Figure 4.8) increased. This treatment effect was 

highly significant for both characters (p < 0.0001, Mann-Whitney 

U) at all 4 sites. 

Distribution of larvae was significantly less aggregated in 

low quality sites than in high quality sites (males present) 

(~igure 4.9). The log-transformed mean-variance regressions were 

- not significantly different in slope (p = 0.0984; ANCOVA), but 

were significantly different in intercept (p < 0.001). 



Figure 4.4. Total fecundity of individually-caged flies 
presented with 5 flower heads in host condition every day until 
the fly died, regressed against their prepupal weight. 
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Figure 4.5. Scatter plot of adult longevity vs prepupal mass. 
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F i g u r e  4.6. Scatter p l o t  of average ra te  of egg product ion 
against prepupal mass. 
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Figure 4.7. Effect of manipulation of pollen transfer on C. 
a r v e n s e  seed head fertility at 4 different field sites. 
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Figure 4.8. Effect of manipulation of pollen transfer on 
capacity of seed heads to support larvae at 4 different field 
sites. 
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Figure 4.9. Log mean vs. Log variance scatter plot for 
infestation rate in high quality (closed circles) and low 
quality (open circles) localities. Regressions are significantly 
different in intercept (p < 0.001), but not in slope ( p  = 
0.0984; ANCOVA). The dashed line indicates complete randomness 
(mean = variance). 
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4.4 Discussion 

The complete protocol for establishing the existence of a 

marking pheromone should include a trial wherein flies are also 

presented with marked heads which have had the putative 

pheromone removed (Prokopy 1975, Prokopy et al. 1982). Here I 

show that flies can recognize heads that have been attacked. 

Since my flies do not pierce any tissues with their ovipositor, 

and do lay down a trail of liquid after oviposition, the odds 

are great that they do employ a marking pheromone. For purposes 

of this thesis, it is not neccessary to demonstrate that the 

liquid trail is the cause of this recognition, since I am only 

interested in whether or not flies can recognize heads that have 

been attacked. How flies go about using this information is 

another question, however. In addition to simple host avoidance, 

other tephritid species respond to contact with pheromone-marked 

hosts by reducing the amount of time spent in a locality 

(~oitberg et al. 1982) and increasing their propensity to fly 

long distances (Roitberg et al. 1984). Within a locality, flies 

will adjust their propensity to superparasitize hosts, depending 

upon their frequency of encounter with marked hosts (~oitberg 

and Prokopy 1983, Mange1 and Roitberg 1989). I will cover some 

scenarios relevant to the 0. r u f i  c a u d a  -C. a r v e n s e  system in the 

next two chapters. 

Heads are most acceptable to ovipositing flies when they 

are a single day from opening. This is period of acceptability 



is very short and I feel fairly safe in my assumption that flies 

can experience rapid changes in their rates of encounter with 

marked hosts as the day proceeds. The rate of this change will 

be most dependent upon the number of flies that are present in 

the locality, and suggests a very complex problem for the flies 

with respect to allocation of effort over the day (which will 

not be dealt with extensively in this thesis). If flies lay more 

at the beginning of the foraging day, they capitalize on the 

relatively high availability of clean heads, but run the risk of 

superparasitism. Flies that wait until the day is almost over 

minimize the risk of superparasitism, but may not find many 

hosts. Clearly, an individual fly's allocation strategy depends 

upon how other flies in the locality allocate their eggs over 

the day. Furthermore, the propensity of other flies to exploit 

marked heads will also determine an individual's best strategy. 

Analysis of this "dynamic game" is quite complex. The interested 

reader is referred to chapter 9 of Mange1 and Clark (1988) for a 

solution to a highly simplified version of this very complex 

problem. 

Neither total time spent by a fly on a head, nor probing 

time was correlated with clutch size. However, my acceptance of 

the null hypothesis that handling time does not increase with 

clutch size is not particularly confident because of the 

ambiguous significance level (p = 0.1636), and the lack of Power 

associated with nonparametric tests. A true correlation between 

clutch size and handling time may still exist. Such a 



relationship would be masked if variation between individuals in 

their per-egg probing time was strong, as is indeed the case. A 

possible source of the observed variation in handling time may 

be different levels of egg availability. A fly with few eggs 

available may not process a host head as fast as it possibly 

can. Another possibility is that the fixed handling time costs 

associated with inserting the ovipositor between the bracts and 

florets of the flower head may vary strongly between heads 

because of variation in degree of compaction, or from 

differences in the ability of individual flies to insert the 

ovipositor into the flower head. In any case, such a large fixed 

handling time cost is probably much greater in magnitude than 

any variable time cost associated with clutch size. Because of 

this, I assume in the models to be developed in the next 2 

chapters that handling time is essentially independent of clutch 

size for 0. rufi cauda. 

The life history experiment showed that prepupal body size 

strongly affects adult fecundity. This is consistent with the 

findings for another tephritid, Rhagoletis pornonella (~verill 

and Prokopy 1987). However, Averill and Prokopy (1987) also 

found a significant negative relationship between body size and 

survivorship. I found no such relationship in 0. ruficauda, at 

least under laboratory conditions. I will build the 

fecundity-size relationship into the theory to be developed in 

the next chapter. This experiment also showed that some 

individuals display strong between-day variation in egg laying 



(~igure 4.3). Because day-to-day conditions were kept as 

constant as possible, I infer from this that egg laying reflects 

egg availability. Thus, in wild populations, individual 

oviposition decisions could well be shaped by egg limitation on 

one day and by time limitation on another day. Potential effects 

of variation in egg availability on clutch size will be explored 

in the final chapter. 

The presence of male thistles in a locality has a strong 

effect upon the expected quality of a randomly-encountered host 

head. Since flies apparently alter their oviposition behaviour 

in low-quality host patches (cf. Figure 4.9), I infer that flies 

may be sensitive to this factor. 

The purpose of the final two chapters is to construct and 

test a model predicting optimal oviposition behaviour in this 

system. In the final chapter, I will propose potential fly 

oviposition strategies wherein flies employ different levels of 

information availability and express different abilities to 

process that information. These strategies will be evaluated 

within the observed range of variation for such 

potentially-important factors as host pollination level, fly 

handling time, egg limitation, and conspecific density. The 

purpose is twofold: first, to evaluate the relative success of 

such potential strategies and second, to see if an egg 

distribution pattern consistent with field distributions will be 

generated by one or more of the strategies. 



CHAPTER 5 

THEORETICAL IMPLICATIONS OF FIELD- AND LABORATORY-OBTAINED DATA 

5.1 Introduction 

The purpose of this chapter is to use the data and 

conclusions of my field survey (Chapter 3 1 ,  and my laboratory 

and field manipulations (Chapter 41 ,  to develop a theoretical 

model of the oviposition behaviour (i.e., decisions on clutch 

size) of O r e l l i a  ruficauda. This model will be used to generate 

a framework which I will use in Chapter 6 to address the 

question of the importance of information to the reproductive 

success of O r e l l i a  r u f i c a u d a  flies. 

Field data show a remarkable lack of any density effects on 

larval success in the field. At no point were larvae limited by 

decreased food, or increased cannibalism, disease, or parasitism 

at higher densities. This suggests (and the estimation of larval 

carrying capacities supports this ) that females distribute 

their eggs at densities far below the theoretical upper limit on 

the capacity of individual host flower heads to support their 

offspring. Notwithstanding the above, oviposition behavior must, 

at some level, be shaped by the carrying capacity of individual 

host heads, because larval food in such heads is limited. I 

suggest that the propensity of 0. ruficau d a  to commit few eggs 

to individual seed heads is selected for by the possibility of 

food limitation. I will begin by assuming that flies are not 



B 1 able to assess anything about the quality of individual host 

f heads and develop the theory from there in a bottom-up approach. 

5.2 The Model -- 

The simplest possible model assumes a relatively low level 

of available information. From the field data on the 

distribution of carrying capacity (Figure 3.8), and from the 

results of my manipulation of pollen availability in the field 

(Figure 4.8), I know that a randomly-encountered seed head will 

have a maximum capacity of about eight larvae in a high-quality 

locality, and about two to three larvae in a low-quality 

locality. However, a randomly-encountered seed head in either 

case can have resources sufficient to provision anywhere from 0 

to 15 larvae. Per-offspring fitness returns from a clutch of c 

eggs, laid into a head which has R resources (i.e., f(c,~)) will 

be maximal as long as R represents a resource level that is 

greater than or equal to the amount neccessary to support c 

larvae. Larval densities in excess of food availability will 

presumably make all individuals undersized, since contest 

competition does not apparently occur in this species. 

Per-offspring fitness levels will thus decline when R is less 

than c. I can include the linear relationship between larval 

size and lifetime adult fecundity (Figures 4.4 and 4.6) to 

describe how larval success declines when resources within a 

head are limiting. I can then solve numerically for expected 

parental fitness returns from a clutch, c, laid into a 



randomly-encountered seed head by summing, for all possible 

resource states, the product of clutch size, c, probability of R 

resources being present, p(R), and the fitness expected from a 

clutch of c eggs sharing R resources, f(c,R) (~oshimura and 

Shields 1987, Lalonde 1991). Thus, 

Incorporating some of the information gained in chapter three 

and four makes further refinements possible. 

Even when adequate resources are available in a seed head, 

as in the field trials described in Chapter 3, there is still a 

certain degree of variance expressed in larval mass at maturity 

(see Figure 3.7). Thus, final larval size is not completely 

determined by food availability. Since I consider f(c,R) (i.e., 

offspring reproductive success) and offspring mass to be 

essentially equivalent, variation in larval size should 

translate directly into variation in offspring reproductive 

rate. Thus, if we let f(c,R) = M and allow the value of M to be 

distributed according to some probability density function, 

where the probability that M = m is o . The mean value of M will 
m 

be set by the resource level in the head, relative to the size 

- of clutch and will take on the value of my assumed optimal 

larval size whenever R > c. The associated variance is assumed 

to vary in direct proportion to the mean. With this further 

level of variation built into the parental fitness model, 



F, equation 1 )  becomes 

15 a, 
2 )  G = x c*p(~)*[ $ moo dm] 

c R=O m= 0 m 

Figure 5.1 illustrates the fitness return expected from laying a 

given clutch of eggs in a randomly-encountered seed head where 

the value of the head is not known to the fly. The upper curve 

represents this relationship for a fly searching for hosts in a 

high-quality locality (i.e., a locality with male thistles 

locally present), and the lower curve represents this 

relationship in a low-quality locality. Here, I assume that the 

distribution of resource availability and larval mass to be 

normal. Means and variances were estimated from the distribution 

of carrying capacities on the dike site (Figure 3.8b) for 

resource availability in a high quality locality and from the 

four plots where males were not locally present (Figure 4 .8 )  for 

resource availability in a low quality locality. Mean and 

variance of mature larval mass when resources are not limiting 

was estimated from field data (Figure 3.7). 

Note that each curve has a static optimum (a point where a 

given clutch will produce maximal fitness) which is 

approximately 8 eggs per host in the high quality locality and 3 

eggs per host in the low quality locality. These static optima 

place a theoretical upper limit on clutch size, since a fly 

laying superoptimal clutches will depress her own fitness. 

However, since both curves increase monotonically to these 



Figure 5.1. Clutch s i z e  and pa ren ta l  f i t n e s s  i n  high and low 
q u a l i t y  l o c a l i t i e s .  The top  curve represents  the  ca lcu la ted  
f i t n e s s  function for  eggs l a i d  i n  a  high q u a l i t y  l o c a l i t y  (male 
t h i s t l e s  p r e s e n t ) ,  and the bottom curve represents  the f i t n e s s  
function for  a  low q u a l i t y  l o c a l i t y  (male t h i s t l e s  l o c a l l y  
a b s e n t ) .  
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optima (i.e., per-egg fitness returns decrease), it is not 

likely that an egg-limited fly such as O r e l l i a  r u f i c a u d a  will 

lay at the limiting clutch size, unless she cannot find very 

many host heads during the day. 

This theoretical approach to describing clutch-size 

decisions can help to explain egg allocation patterns in the 

field. For example, recall from Chapter 3 that seed head size, 

as indexed by position on the inflorescence, floret number and 

achene mass, had a significant effect upon the carrying capacity 

of a given seed head. This factor did not, however, accurately 

predict larval infestation patterns in the sampled field 

population (Chapter 3). Why should this be so? As already shown, 

head size can be conveniently partitioned by separating heads 

into their primary, secondary, and tertiary size classes. The 

distribution of calculated carrying capacities in seed heads 

(sampled from the Dike site), separated by their size classes is 

illustrated in Figure 5.2  a. I used the mean carrying capacity 

and its variance, estimated for each head size-class from field 

data, to calculate parental fitness curves for the 3 seed head 

types using equation ( 2 ) .  The fitness functions are displayed in 

Figure 5.2 b. Clearly, fitness returns at low allocation levels 

are essentially identical for the 3 seed head types. Only at 

higher allocation levels is there any benefit to be derived from 

being selective. For example, a fly should discriminate tertiary 

heads from primary and secondary once average allocation levels 

exceed a clutch size of four eggs. Again, egg-limited flies 



Figure 5 .2 ,  a r b .  D i s t r ibu t ion  of seed head car ry ing  capaci ty  i n  
primary, secondary, and t e r t i a r y  seed heads and t h e i r  
corresponding f i t n e s s  curves.  
a )  Carrying capaci ty  broken down by seed head c l a s s  
b) Expected parenta l  f i t n e s s  from c lu tches  of eggs l a i d  i n t o  the 
3 seed head types.  Top curve,  primary heads; middle curve,  
secondary heads; bottom curve,  t e r t i a r y  heads. 
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probably seldom, if ever achieve per-head allocation levels of 

five eggs in nature. Discrimination on the baiis of head size is 

therefore not likely to be demonstrable under field conditions. 

Furthermore, selection for such discrimination is likely to be 

quite weak. 

I do not include an estimate of the fitness curves for the 

three head size-classes in low quality localities, because 

estimated carrying capacities do not differ much, if at all, 

between heads when pollination levels are very low (p > 0.05, 

ANOVA) for 3 of 4 sites where pollination was manipulated 

(~igure 4.7). Furthermore, while I do not reject the idea that 

significant differences in carrying capacity between primary, 

secondary, and tertiary heads may exist at low pollination 

levels, such differences will be even less likely to affect 

allocation decisions by an adult fly. 

So far, this description of my system is too simplistic. In 

addition to hosts that are unattacked, flies will also tend to 

encounter hosts which have already been visited and attacked. 

Given the putative host-marking behaviour described in the first 

chapter, the well-documented propensity for other tephritids to 

mark hosts (~oitberg and Prokopy 1987), and the evidence 

presented in the preceding chapter  able 4.1), it seems 

reasonable to suppose that individual oviposition decisions are 

mediated by a response on the part of female flies to their rate 

of encounter with pheromone-marked seed heads. Rejecting the 

idea that flies discriminate host size, flies now encounter two 



different types of hosts with two different utilities: 1 )  

unattacked hosts which have the utility function described in 

Figure 5.1, and 2) marked hosts which have an as-yet undefined 

utility function. There are two alternatives within this 

scenario, both of which occur in other systems. The first is 

that flies express a simple threshold response to the presence 

or absence of a mark on a seed head, rather than any 

quantitative response to the amount of pheromone (~verill and 

Prokopy 1987). The second is that flies can directly assess the 

degree of prior parasitization by the density of marking 

pheromone on the seed head (~rokopy et al., 1982). 

I will first consider scenario one. Lack of information on 

the degree of prior parasitization imposes additional variance, 

since the number of eggs in an infested head is unpredictable. 

Thus equation (2) now has additional uncertainty because 

attacked heads already have x eggs present. The value of x is 

generated from the probability density function p . Thus, the 
X 

fitness of a clutch c of eggs laid into a marked head ( G  1, 
c + 

will be the product of the integral of the probabilities for all 

possible values of x with the expected fitness returns for a 

clutch of c+x eggs. Here, we let f(c+x,~) be represented by the 

distribution M'. Thus 



Egg number in an attacked head can be partially predicted 

by the frequency of attacked heads in a local:ty. A regression 

of mean number of eggs in attacked heads against the arcsine 

square root transformed proportion of heads that were attacked, 
2 

yields a significant (p < 0.05, r = 0.261, positive slope 

(Figure 5.3). This suggests that flies may be able to use their 

encounter rate with attacked heads to improve their ability to 

assess the utility of a marked seed head. I built this 

regression model into the utility equation and generated a 

numerical solution to equation (3) for fitness returns expected 

from a given clutch laid into a marked head when marked heads 

have been encountered at a given frequency or "attack rate". The 

fitness surfaces for high-, and low-quality localities are 

illustrated in figures 5.4a, and 5.4b respectively. Note that 

there is actually very little effect of intensity of attack on 

the shape the utility function. This is because the 

regression model is a relatively poor predictor of infestation 
2 

rate (r = 0.26). Consequently the effect of frequency of 

encounter with attacked heads on the optimal clutch size is not 

large. 

When flies can assess the number of eggs already inside a 

seed head more or less directly (eg. from the concentration of 

marking pheromone), the situation simplifies tremendously. Here, 

the value of a clutch of c eggs laid into a marked head is the 

product of the per-egg returns from a head with c + x eggs, 

times c, where x is the number of eggs already present. Again, 



Figure 5.3 .  Proportion of seed heads attacked, and number of 
larvae inside attacked seed heads. Data were obtained from field 
studies described in Chapter 3, ( ~ a r v a e  per head = Proportion 
infested x 1.2028 + 1 .26)  
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Figure 5.4. Expected fitness returns from clutches laid into 
previously infested heads. Flies have no direct way of assessing 
the number of eggs already present, but can estimate infestation 
levels from frequency of encounter with infested heads (attack 
rate). 
a) Expected fitness returns in a high-quality locality. 
b) Expected fitness returns in a low-quality locality. 
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Figure 5.5. Fitness returns expected from a clutch laid into a 
previously-infested seed head when the level of prior 
parasitization can be assessed directly, presumably by the 
concentration of pheromone present. 
a) Expected returns in a high-quality locality. 
b) Expected returns in a low-quality locality. 
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let f(c+x,~) be represented by the distribution, M' 

The fitness surfaces illustrated in Figure 5.5a,b clearly show 

that there is a strong effect of increasing levels of 

pre-parasitization on the expected fitness of the current 

clutch. Note also that this surface is considerably steeper at 

the lower levels of pre-infestation than are the surfaces 

illustrated in Figure 5.4. The reduction in variance from 

knowing how many eggs are already present confers a strong 

advantage to the female fly. Finally, the perceivable changes in 

the fitness of a given clutch size at different parasitism 

levels are far more dramatic when female flies have access to 

this level of information (cf. Figure 5.4a,b). 

5.3 Discussion 

What does this simplified treatment of clutch size 

decisions tell us? First, If we assume that the laying of each 

egg imposes a handling time cost, and that there is a non-zero 

between-flowerhead travel-time cost, we have the patch residence 

time problem formalized by Charnov (1976) and Parker and Stuart 

(1976). In this case, we simply apply it to a clutch size 

problem. Thus, as with the classic foraging problem, an 



individual's allocation decision will depend upon the amount of 

time that the fly has spent travelling between hosts (Charnov 

and Skinner 1984, Parker and Courtney 1984, Skinner 1985). I 

have shown, however, that there is no reason to suppose that 

per-head handling time and clutch size are tightly correlated in 

this system (~igure 4.2a). Time effects are thus assumed from 

now on to be simply the interaction effect of a fixed handling 

time, egg availability, and host availability on allocation 

decisions. Since flies in the field commonly lay both single-egg 

and multiple-egg clutches, such time costs may vary in 

importance, depending on individual circumstances. 

I can also infer here something about the cost of 

superparasitism in high-quality localities. Fitness returns 

expected from a given clutch laid into a previously-parasitized, 

high-quality head are quite high when compared with the returns 

expected from an identical clutch laid into an uninfested head 

(see figure 5.5a). In light of this, why should flies 

selectively avoid previously-parasitized seed heads? Even 

species that typically mark hosts often do not use, or 

apparently respond to marking pheromone on very high quality 

hosts (~immerman 1980, Prokopy et al. 1982). The utility of 

being able to recognize conspecific marks in this system when 

host quality is high will be tested in the final chapter. 

While many of the parameters affecting larval fitness have 

been estimated and incorporated into the clutch-size allocation 

model, less is known about how female flies integrate available 



information into an oviposition strategy. At this point I have 
\ 

developed a series of static models that can be used to 

calculate the perceived utility of a single encountered seed 

head. Information use can place this perceived utility into a 

relative context. For example, in Figure 5.4 b, maximal fitness 

returns are obtained from a clutch size of 2 eggs under all 

circumstances. However, a 2 egg clutch will only be optimal if 

the fly only encounters a single marked head. This will usually 

not be the case. Absolute fitness returns expected from laying 

an egg into a marked head in a low-quality locality are 

extremely low, especially at high infestation rates. Flies 

should only lay a clutch which yields per-egg fitness returns 

that are at least equal to what they can expect from an average 

encounter. Thus, a fly that encounters marked heads at a high 

frequency, but can also expect to encounter a sufficient number 

of unmarked heads to accomodate all of her eggs will avoid 

parasitizing marked heads entirely. A more formal treatment of 

this will be presented in the next chapter where I will develop 

the simulation model. 

It is possible to postulate a number of different 

oviposition strategies from the material presented so far. The 

purpose of the next chapter is to attempt to identify the most 

likely of these. However, there are still a number of aspects of 

the Orellia ruficauda - Canada thistle system that I do not know 
about. 



In terms of information, I do not know whether flies can 

discriminate; \ 

1 )  Frequency of attacked seed heads in a locality relative 

to unattacked seed heads 

2 )  Number of eggs present in already-attacked seed heads 

A portion of the Monte Carlo simulations described in the next 

chapter will be devoted to finding out if it is important for 

the flies to know this. 

Furthermore, physical constraints can affect oviposition 

strategy. Flies vary tremendously from individual to individual 

(~igure 4.4, 4.6) and from day to day (~igure 4.3) in the number 

of eggs that they produce. Since conditions were kept as 

constant as possible during the life-history study, I assume 

that eggs allocated/day is an adequate index of eggs 

available/day. Clearly, a fly that has 30 eggs available for 

oviposition will be more likely to be time-constrained than will 

be a fly that has only one or two eggs ready for laying. Can the 

range of variation in egg availability observed under laboratory 

conditions affect the success of a fly's oviposition strategy? 

The purpose of the next chapter is thus to integrate the 

discrete fitness functions that I have derived for flies that 

have encountered unattacked and attacked seed heads into an 

allocation strategy that will act to maximize daily fitness 

returns. By changing the informational and physical constraints 

operating on the system I hope to see if increased information 

availability translates into increased fitness returns. Finally, 



patterns of infestation emerging at the population level are 

generated by the behavior of individuals. A c'orre~~ondence 

between an infestation pattern generated by model flies adopting 

a given strategy and the infestation pattern observed in the 

field may indicate a similar correspondence in underlying 

behaviour. 



CHAPTER 6 

SIMULATION AND SYNTHESIS ' 

6.1 Introduction 

~nitially, I asked what value information (and the ability 

to process that information) has when a parasite is foraging for 

hosts in a variable environment. I have subsequently defined 

many of the physical and life-history parameters of this model 

host-parasite system and used those parameters to generate 

utility functions for flies using seed heads - as utility would 

be perceived by flies that can access different levels of 

information. Here, I assume that a fly will act within its 

perceptual and informational constraints to maximize its 

reproductive success. Given this, I can now compare the 

viability (do they maximize fitness?) and the appropriateness 

(do they mimic flies in the field?) of flies adopting a number 

of possible oviposition strategies; strategies which incorporate 

a range of perceptual and information-integrative abilities. 

Since it is difficult, if not impossible, to prevail upon 

real flies to adopt particular strategies, the only way to 

compare the success of purely hypothetical strategies is to 

resort to Monte Carlo simulation. Ideally, as much realism 

should be built into the model as is possible. In all of the 

four strategies compared in this chapter, I assume that flies 

optimize their reproductive allocation. What I vary is the 



quality of the information available to them. 
\ 

In this chapter I use two approaches to evaluate the 

validity of my hypothetical strategies. First, I compare 

relative fitness over a range of ecological conditions and 

physiological states. The assumption here is that, given an 

adaptationist point of view, I expect the strategy that confers 

highest fitness in the simulation will be the strategy most 

likely to be selected in nature. Secondly, I compare the egg 

distribution patterns generated by the behaviour of "flies" 

using these hypothetical strategies, with egg distribution 

patterns observed in the field in high and low quality 

localities. I assume that the strategy that produces the pattern 

most similar to that observed in the field will be the strategy 

most similar to that employed by actual flies in nature. 

The process of adjusting allocation of offspring to hosts 

in response to perceived host availability is straightforward. 

As pointed out by Charnov and Skinner (1984) and Parker and 

Courtney (1984), such an allocation decision is no different 

from a foraging problem. A large body of literature deals with 

this (Stephens and Krebs 19861, and here I have flies adopting a 

relatively simple procedure. What I address in this chapter is 

the problem faced by a fly that encounters hosts that are 

unexploited and hosts previously attacked by a conspecific. 

Potentially, both the frequency of encounter with attacked heads 

and the attacked heads themselves can provide information to the 

fly. On one level, an increasing rate of encounter with marked 



~f a fly can recognize that a head has been attacked, but 

cannot estimate the number of eggs that are already present, its 

best option may be to forgo any residual utility that a head may 

have, and simply avoid ovipositing in it entirely. This will be 

a viable strategy as long as the fly encounters sufficient 

unattacked seed heads during its foraging day. A fly may adopt a 

more sophisticated approach however, and make some evaluation of 

the profitability of an attacked head relative to that of an 

unattacked head.  lies do superparasitize in this, and other 

systems (Roitberg a.nd Prokopy 1983, Mange1 and Roitberg 1989), 

particularly when host encounters are rare. As outlined in 

Chapter 5, flies could calculate profitability of marked heads 

either by estimating density of conspecific eggs from frequency 

of encounter with attacked heads, or by directly assessing prior 

infestation level in some way, such as using the concentration 

of marking pheromone. Thus, we have three ways of dealing with 

previously-attacked heads: 

1 ) Avoid laying entirely  v  void") 

2) Estimate profitability from relative frequency and use 

as required ("~stimate") 

3) Estimate profitability directly from the number of eggs 



that are already present, and use as required ("~easure"). 
\ 

In these Monte Carlo simulations, I will also add a null 

strategy for purposes of comparison, i.e., 

4) Treat all encountered heads as uninfested ("~gnore") 

I will be comparing computer-generated egg distribution 

patterns, and fitness returns for flies following these four 

strategies in all of the model runs described below. 

6.2 - The Simulation Model 

6 .  2 .  1 T h e  basi c m o d e l  

The basic simulation routine begins with the creation of an 

array of host seed heads. Each head is randomly assigned an 

"age" (time when it is susceptible). I run the model over five 

foraging "days", thus this number takes on a value between 1 and 

5. This fixes the mean frquency of susceptible heads in the 

population at 20% for any foraging day. To minimize the number 

of permutations, I did not vary this parameter. However, I did 

complete a few runs with host heads at lower frequencies and 

found that the model results were insensitive to this factor. 

Finally, the head is assigned a carrying capacity, drawn from a 

normally-distributed random number generator, with mean and 

variance derived from field data. 



6. 2 .  2 T h e  o v i  p o s i  t i  o n  d e c i  s i  o n  
\ 

The simulation model is run by releasing a "fly" which is 

1 L' 
equipped with a given strategy and a given set of behavioural 

t 
Y and physiological constraints into the "environment". The 

decision process followed by the fly is illustrated in Figure 

7.1. The actual clutch size decision is determined by the 

particular global strategy that the fly follows. However, all 

strategies have some common features. 

I assume that flies are selected to maximize lifetime 

fitness, within their physiological and informational 

constraints. I further assume that flies achieve this by 

maximizing the reproductive value  ishe her 1930) of a given 

allocation decision. In other words, a fly with limited eggs 

available should consider, not only returns expected from the 

present clutch of eggs, but also the effect of present 

allocation on future egg availability (and resulting lost 

opportunities). Thus, each time a clutch size decision is made, 

a fly should maximize the sum of the fitness returns expected 

from the current oviposition event and returns expected from 

future ovipositions that will occur that day. Optimal clutch 

size will thus be 

where 

n <= (e-c) 



Figure 6.1. Decision algorithm for a fly foraging for hosts in a 
thistle patch. 



Start  Day 

'I 
Are Eggs 
Available? 

N- 

Y 

Y 
Is it: 

Female'? NF-* 
Y 

Susceptible? N e  
Y 



Here, Go is the expected fitness returns from a clutch size of c 
C \ 

eggs laid into the currently-encountered seed head. The 

numerical value of Go is determined by the equation appropriate 
C 

to the strategy being run through the simulation (one of the 

equations outlined in Chapter 5 ) .  The reproductive success 

expected from all future ovipositions is Ci *n where e is 
( e - c  /n 

the number of eggs currently in the abdomen, and n is the number 

of times a fly can expect to encounter a host head in the time 

remaining to it. n, is estimated by dividing the average of the 

search interval and the handling time costs associated with each 

previous oviposition, i ,  into the time remaining in the day. 

Thus ; 

where t is the current time in the searching day, and T is the 

time at the end of the day. 

If the fly has not yet attacked a host in a given foraging 

day, it estimates future reproductive success as the returns 

expected from laying a single-egg clutch into a clean head, 

multiplied by the number of eggs that will remain in its 

abdomen. After the first oviposition event, future reproductive 

success is estimated as the average per-egg fitness returns 

realized during the day, multiplied by the number of eggs that 

remain in the abdomen. This is a fair approximation as long as 

time remaining in the foraging day is not less than that 



required to find enough heads to maintain the current allocation 

level. 

If the expected number of future encounters with hosts is 

not sufficient for the fly to be able to allocate its eggs at 

the present level, it will have to be less choosy in future 

encounters, or else it will not derive the maximum benefit from 

its eggs. In this case, a model fly estimates future 

reproductive success as the product of the number of probable 

remaining encounters with a host and the returns expected from 

dividing remaining eggs evenly over the remaining encounters (To 

simplify matters, I do not build the possibility of egg 

resorption into the model.). In this scenario, flies that can 

discriminate previously-attacked heads calculate the proportion 

of future encountered heads that will be attacked already, and 

the degree of prior parasitism. Flies then discount the expected 

fitness returns from future clutches by the proportion expected 

to be allocated to previously-attacked heads. Fitness returns to 

be expected from laying into a randomly encountered, 

previously-attacked head are estimated from prior estimates of 

parasitism levels in such heads. The simplifying assumption is 

that there will be no differential allocation between marked and 

unmarked heads in the future, except in the case of the "avoid 

- all attacked heads" strategy. Finally, egg maturation only 

^ occurs overnight. Thus, there is no production of new eggs 

during the foraging day. A more advanced model is presented by 

Charnov and Skinner ( 1 9 8 8 ) ~  which incorporates a maturation 



factor that increments e as the day proceeds. 
\ 

6. 2. 3 Sensitivity Analysis 

Flies forage in situations where conspecific density and 

egg availability vary a great deal. A robust oviposition 

strategy should ideally be one which succeeds over the natural 

range of variation in these density factors. Thus, I included a 

range of egg availabilities and conspecific densities in the 

sensitivity analysis. Finally, handling time was a highly 

variable factor (~igure 5.21, showing a tenfold range of 

variation. Here, I varied handling time in the simulation in 

order to determine whether such variation affects the relative 

success of the four allocation strategies to any significant 

degree. 

6. 2. 4 Val i dat i o n  

I evaluated fitness returns of different strategies first, 

by comparing the relative success of populations adopting a 

single strategy, and second, by examining the relative success 

of pairs of strategies competing within a single population. I 

ran the different model versions for "sites" that had male 

plants present locally, and for "sites" where male plants were 

not present. I deemed a successful strategy to be one that did 

best in both high and low quality situations, because flies will 

likely encounter both in nature. 



In addition to comparing fitness of different strategies, I 
\ 

also compared egg dispersion patterns at the population level. I 

already have some indirect evidence that flies recognise (Table 

3.5) and respond in some way to the local presence of male 

thistle plants in a locality (Figure 4.9). The regressions 

fitted through the log mean - log variance scatter for sites 

with and without male plants gave me a template to help validate 

my model results. Thus, in addition to maximizing a fly's 

fitness, a realistic oviposition strategy should also produce 

significantly different egg distribution patterns in high and 

low quality localities. This difference should correspond with 

that observed in nature. 

6. 2 .  5 E x e c u t  i o n  a n d  Ana l  y s i  s 

I first compared fitness of populations of pure strategies. 

I ran the simulation model for a minimum of 20 times for each 

unique combination of handling times of 0.001, 0.01, and 0.1 of 

the foraging day, egg loads in the abdomen of 4, 8, 16, and 32 

eggs, and host availabilities of 12.5, 25, 50, and 100 seed 

heads per day/fly. I compared the reproductive success of flies 

at a given host density using a 3-way analysis of variance (main 

factors were Strategy, Handling time and Egg load). 

For pairs of strategies in competition within a single 

population, I fixed handling time at 0.01 of the total foraging 

day and set egg availability at 16 eggs/day. Host availability 

was set at 12.5, 25, 50, and 100 hosts per fly per day. Relative 



\ 

success of each strategy was evaluated using 2-way ~nalysis of 

Variance for each pairwise interaction, with strategy and host 

availability as main effects. Again, the model was run for each 

combination for a minimum of 20 iterations. 

The relative frequency of a strategy in a population may 

determine its success when in competition with other strategies. 

Thus, frequency-dependent effects on pairwise interactions were 

also evaluated, but only for the interaction between the 

"estimate" and the "avoid" strategies and the "measure" and the 

"avoid" strategies. In this run, host availability was kept 

constant at 12.5 hosts per fly per day. Each fly had 16 eggs 

available to it each day, and handling time was set at 0.01 of 

the total foraging day. Each strategy varied in frequency from 

6.25% of the population to 93.75% of the population. Again, a 

minimum of 20 runs of each combination were carried out, and the 

relative success of each strategy at a given frequency was 

evaluated with a paired t test. 

I compared the log mean vs log variance scatters generated 

by the simulations in high and low quality localities for each 

unique combination of egg availability, handling time and 

strategy, using an analysis of covariance. I also compared the 

generated egg distributions to those observed in the field. 



6.3 Simulation Results 

6 . 3 .  I s e n s i t i v i t y  

The relative success of, and distribution pattern generated 

by different strategies is extremely insensitive to variation in 

handling time. The only noticable effect of handling time 

occurred when egg availability was relatively high. In this 

circumstance, long handling times made for large clutches, even 

when seed head availability was also high. 

The relative success of the 4 different strategies when 

pure was, however, sensitive to host availability and egg 

number. Representative data are shown in Figure 6.2. When local 

patch quality and host availability were high, all strategies 

did equally well (Figure 6.2a). When competition for limited 

hosts was high, the "avoid" strategy did poorest when patch 

quality was high (Figure 6.2a), but was second only to the 

"measure" strategy (the one with the highest quality 

information) when local patch quality was low (Figure 6.2b). The 

naive strategy, "ignore" did surprisingly well, and actually 

surpassed the "avoid" strategy when competition for limited 

hosts was high in high quality localities. 

Host availability again strongly affected the success of 

different strategies when in competition, but not always in the 

way indicated by the fitness returns generated in "pure" 

populations (Figure 6.3). The relatively sophisticated 

strategies, "estimate" and "measure", did quite well when 



~ i g u r e  6.2 a r b .  Reproductive success of 4 oviposition strategies 
with high (25/day) and low (12.5/day) host availabilities. a) 
High quality hosts. b) Low quality hosts. 
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Figure 6.3 a-f. Reproductive success of pairs of strategies in 
competition. Equal proportions interact in all cases. Strategies 
are: 1 )  Ignore (open circles), 2 )  Estimate (closed circles), 3 )  
Avoid (open squares), and 4 )  Measure (closed squares). All flies 
have 16 eggs per day available and experience a per-clutch 
handling time cost of 0.01 of the foraging day. solid lines 
denote interactions in localities with high quality hosts and 
dashed lines denote interactions in localities with low quality 
hosts. a) Ignore vs Estimate, b )  Ignore vs   void, c) Ignore vs 
Measure, d) Estimate vs   void, e) Estimate vs Measure, f) A 

Measure vs Avoid, 
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competing with "avoiders" in high quality localities, especially 
1 

when host availability was low (Figure 6.3 d,f). However, both 

of these 2 information-rich strategies did poorly when competing 

with "avoiders" in low quality localities at all levels of host 

availability (Figure 6.3 d,f). Again, the most naive strategy, 

"ignore", did quite well under conditions of high host 

availability. In fact, this strategy actually did slightly 

better than "estimators" and "measurers" when these competed 

within a low quality locality and host availability was high 

(Figure 6.3 arc). Advantages to discrimination were conferred 

here only when host availability was low. 

The outcome of these interactions was sensitive to the 

relative frequency of each interacting strategy in the 

population. When "avoiders" competed with "estimators" and 

"measurers", no strategy fared best at all frequencies. All 

strategies tested did poorly when they occurred at a high 

frequency in the population. "Avoiders" started to lose out to 

"estimators" and "measurers" in high quality localities once 

their frequency increased past 25% of the population. This 

switch in advantage occurred at a much higher frequency in low 

quality localities (i.e., > 50%) for both interactions (Figure 

6 .4  a-dl. 



Figure 6.4 a-d. ~eproductive success of strategies in the Avoid 
vs vs Estimate interaction and the  void vs Measure interaction 
over a range of relative frequencies. Host availability is set 
at 12.5 hosts per fly per day. Flies have 16 eggs available per 
day and experience a handling time cost of 0.01 of the foraging 
day. Open squares- Avoid; Closed squares- Measure; Closed 
circles- Estimate. a)  void vs Measure - High quality hosts, b) 
Avoid vs Measure - Low quality hosts, c)  void vs ~stimate - 
High quality hosts, d )  Avoid vs Estimate - Low quality hosts. 
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Figure 6.5 a-d. Log mean vs Log variance scatter plots for the 4 
strategies. In all cases, per-host handling time was kept at 
0.01  of the foraging day. Filled circles: flies with 16 eggs 
available per day foraging in a high quality locality. Open 
circles: 16 eggs, low quality locality. Filled squares: 8 eggs, 
high quality locality, Open squares: 8 eggs low quality 
locality. a) Ignore, b) Avoid, c) Estimate, d) Measure. 
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Figure 6.6. Scatter plot of Log mean vs Log variance data from 
the field (circles) and a representative scatter of log mean vs 
log variance data generated by the simulation model (squares). 
Model parameters used were: "Estimate" strategy, 8 eggs per fly 
per day, handling time 0.01 of the total foraging day. Filled 
symbols denote high quality hosts, open symbols denote low 
quality hosts. 
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6. 3. 2 E g g  D i s t r i b u t i o n  P a t t e r n  

\ 

Egg distribution patterns generated by flies laying in high 

and low quality localities were relatively insensitive to the 

strategy adopted by those flies. Egg distributions generated in 

high quality localities became significantly more aggregated 

than corresponding distributions generated in low quality 

localities, as egg availability increased. Figure 6.5 (a-d) 

shows scatters for all four strategies, for egg availabilities 

of 8 eggs per day per fly and 16 eggs per day per fly. In all 

cases, an egg availability of 8 eggs per fly per day resulted in 

an egg distribution pattern which closely resembled that found 

in the field (Figure 6.6). However, at this level of egg 

availability, the pattern generated in a high quality locality 

was not significantly more aggregated than that generated in a 

low quality locality (ANCOVA, p > 0.05). 

6.4 Discussion 

Depending upon the parameters used, no strategy fits the 

criterion of enjoying highest fitness over the complete range of 

parameters, nor does any strategy uniquely produce an egg 

distribution pattern which matches that encountered in the 

field. In fact, over a wide range of conditions, all strategies 

enjoy essentially equal fitnesses. In a similar way, all 

strategies can produce patterns which correspond closely to 

those encountered in the field. The use of simulation to compare 



potential strategies has, however generated some interesting, 
\ 

counterintuitive results. 

My model results indicate a paradox: strategies that use 

information in a sophisticated way do not always do as well as 

those which use information in a simpler way. Specifically, 

flies that do not attempt to evaluate the utility of 

previously-attacked seed heads and simply avoid using them do 

better, in many instances, than flies that are able to make 

extremely accurate assessments of the utility of such heads. 

Secondly, flies that are not sensitive to the presence of 

marking pheromone and do not themselves lay marks ("ignorers") 

do as well as, and when hosts are common do better than, 

strategies that lay and recognise marks. What causes these 

results and is this relevant to the natural situation? 

It is relatively easy to understand how "avoiders" can 

outcompete "estimators" and "measurers" when we compare the 

fitness of individuals in populations that adopt pure 

strategies. While flies that superparasitize may be maximizing 

their current and future fitness, they are also reducing the 

fitness of the individual(s1 that contributed to the clutch of 

eggs already present in the head. Thus, consider the case of a 

fly at high densities which is encountering nothing but attacked 

seed heads, and has a number of eggs in its abdomen. There will 

always be some residual fitness returns to be expected from 

laying eggs in a previously-attacked seed head, The fly will 

thus always superparasitize if it can do no better. However, by 



doing so the fly reduces the fitness of eggs already in the 

head. Thus, a pure population of s~~erparasitizers ("e~timators~~ 

and "measurers") will often do much worse than a pure population 

of "avoiders". Consequently, we have here a case where a 

strategy can act to depress its population-level recruitment 

rate, while its component individuals successfully maximize 

their reproductive success. 

A more familiar expression of a strategy which limits 

population recruitment occurs in the sex allocation patterns 

expressed by nearly all organisms. It is clearly advantageous 

for all individuals to raise mainly daughters, since this will 

maximize the absolute number of their grandchildren. This will 

only be viable, however, if all individuals in the population 

adopt this strategy. Most organisms, however are selected to 

produce equal proportions of sons and daughters, because of the 

fitness loss which would be suffered by any individual that 

deviated in its allocation pattern from this equilibrium (Fisher 

1930, Charnov 1982). 

The outcome of the interaction between "avoiders" and 

either "measurers" and "estimators" is f requency-dependent . 
"Avoiders" outcompete "measurers" and "estimators" only at 

relatively low frequencies in the population. In such 

circumstances, a certain proportion of heads parasitized by the 

"avoid" strategy will be superparasitized by its competitor, but 

this cost is shared by both interacting strategies in a 

more-or-less even fashion. If this were not the case, one would 



expect "avoiders" to do poorest when rare. What causes the 
', 

decreased viability of "avoiders" at high frequencies is the 

opportunity cost imposed upon this strategy from avoiding 

previously-parasitized hosts. When "avoiders" are rare, the 

availability of unattacked seed heads is relatively high, 

because the competing strategies will superparasitize and will 

thus tend to exploit fewer hosts. Conversely, a nearly pure 

population of "avoiders" will exploit available clean heads far 

more rapidly and will do relatively poorly. 

A less intuitive result occurs at low host densities where 

"ignorers" do as well as (or better than, when host quality is 

low) either "measurers" or "estimators". The informational 

constraints imposed on all strategies may be the cause. Stephens 

and Krebs (1986) and Stephens (1989) discuss situations where 

increased information (in their case, sampling frequency) in 

variable and changing enviropments will not necessarily 

translate to increased fitness. In this case, the additional 

information that a mark provides may not be valuable enough to 
k 
6 
1 

offset costs resulting from any inaccuracies. I refer here to 

1 the time lag implicit in the information used by the fly. In 

this case, flies laying eggs assume a relatively high 
i 

availability of hosts at the beginning of the day, and revise 

this estimate as the day proceeds. Thus, if clean heads are 

perceived to be relatively common at the start of the day, 

initial clutch sizes will tend to be relatively small, and laid 

solely into clean heads. As unparasitized hosts are encountered 



less frequently, flies will eventually perceive higher 

profitability from laying larger clutches and, in the case of 

"estimators" and "measurers", from superparasitizing. Such flies 

will thus incur a cost due to the increased probability of 

competition. The only strategy that will tend not to change its 

clutch size over the day will be the strategy where flies ignore 

the existence of marks completely (i.e., "ignore"). Because of 

this, a fly adopting the "ignore" strategy will not tend to 

aggregate its eggs at the end of the day. In most circumstances, 

this alone will not confer any advantage, but when hosts are 

common and of low quality, the "ignore" strategy actually 

outcompetes ne~timator~n and "measurers", because there is a 

high cost of aggregation, and such a large number of hosts that 

the rate of random superparasitization will be relatively low. 

The margin of advantage in this circumstance is slight, however. 

"Avoiders" are never outcompeted by "ignorers", so a large 

clutch size at the end of the day is not a sufficient factor to 

tip the scale towards the random strategy: a tendency to 

superparasitize is also necessary. Nevertheless, we do have here 

a situation where there is an actual disadvantage to obtaining 

extra (incomplete) information when the environment is 

constantly changing. 

For this time lag in information acquisition to operate, my 

flies of neccessity must not employ a long-term memory. In 

deterministic environments, where conditions prevailing on a 

given day are highly correlated with what was experienced on the 



previous day, a fly will only suffer an information lag cost on 
\ 

its first day of searching for hosts and should thus employ some 

form of long-term memory. The utility of such long-term memory 

will decline and eventually become detrimental as host 

availability and conspecific density is less and less consistent 

from day to day. I have not addressed this issue in this thesis, 

but I suspect that this will be a fertile area for future 

research. 

Apart from illustrating potential costs of imperfect 

information, what else can be gleaned from this exercise? As I 

have already pointed out, all strategies tended to do at least 

as well as the others, depending upon conditions. Extreme 

conditions selected for particular strategies (i.e., generated 

clear "winners"), but no strategy turned out to be a consistent 

winner. I have already shown that flies do not ignore 

previously-parasitized seed heads, but how else real flies use 

this information is problemical. Finally, one could postulate a 

number of other possible oviposition strategies. For example, 

flies could adopt a conditional strategy wherein they show a 

propensity to recognize marked hosts under low-quality 

conditions, and become "ignorers" in high-quality localities. 

The results generated by the pairwise interactions of the 

different strategies suggest that some strategies can coexist 

under some circumstances. Certainly "avoiders" could coexist 

with either "estimators" or "measurers" under a range of 

conditions. Even flies which do not make or even recognize marks 



could persist under low-density conditions. A similar result was 

generated from models developed by Roitberg and Mange1 ( 1  988) 

wherein they found that, in theory at least, a low frequency of 

non-marking R h a g o l e t i s  could persist within a population of 

marking individuals. Thus, the possibility that there is no 

"pure" oviposition strategy present in O r e l l i a  populations must 

be considered. 

Theoretical considerations of parasite clutch-size have 

consistently focussed on systems where estimation of host 

quality by the parasite is perfect (Charnov and Skinner 1984, 

Parker and Courtney 1984, Skinner 1985, Mange1 1987,1989, Mange1 

and Roitberg 1989). Fewer studies have addressed the situation 

where host quality (in terms of number of larvae able to fully 

mature in an encountered host) is only loosely correlated with 

host-associated traits that are perceivable at the time of 

oviposition. Host quality can be masked at such times if 

oviposition occurs early in the host's development and final 

host quality exhibits strong, unpredictable variation. Inasmuch 

as many insect-host plant systems display this characteristic 

(~ethier 1959a,b, Rausher 1 9 8 0 ) ~  my study should have some 

general applicability. Further theoretical development needs to 

be done, however. One feature common to many such systems, which 

is absent from the 0 .  r u f i c a u d a  - C .  a r v e n s e  sysem, is the 

option of offspring being able to fine-tune the parent's 

clutch-size decision by emigration from the host (~ethier 1959b, 

Wellington 1977). While larval mobility undoubtably reduces 



variance in larval success, it generates its own suite of 
\ 

problems, vis h vis clutch size. One such is the possible 

interaction between clutch size, the degrees of relatedness 

between offspring in a clutch and parent-offspring conflict 

(~oitberg and Mangel, in prep.). 

The last major take-home message from the present work is 

that the use of reductionism has strong limitations. In this 

case I found it difficult to extend theory developed to 

elucidate individual dynamics (host selection strategies), to 

help explain a population-level phenomenon (spatial distribution 

of eggs). Roitberg et al. (1990) make this point in their 

examination of a field test of oviposition theory attempted by 

Borowicz and Juliano (19861, wherein the latter failed to detect 

density-dependence in a population of dogwood maggot flies, 

whrch were probably behaving in a density-dependent fashion on 

an individual basis (~oitberg et al. 1982). Borowicz and 

Juliana's (1986) field set up controlled for host density, but 

the density of the parasite population was not known. Roitberg 

et al. (1990) were able to show that varying this factor could 

generate vastly different patterns of infestation in the field. 

By the same token, when interpreting field data in light of 

possible underlying individual behaviour, it is necessary to 

consider a range of reasonable alternative behaviours. When more 

than one alternative behaviour generates patterns which 

correspond to an observed pattern, it is difficult to come to 

very specific conclusions. In the present study none of the four 



strategies generated vastly different egg distribution patterns. 

All strategies could generate patterns that roughly corresponded 

with those observed in the field. Clearly, more 

tightly-controlled experimental work needs to be done before any 

unequivocal conclusions can be reached about how Orellia flies 

go about foraging for hosts. 

In conclusion, I should step back a bit from the 

pessimistic tone of the last paragraph. I set out to ask 

something about the value of information in a specific, variable 

system. In order to do this, it was necessary to develop a 

theory and to look for some consistent relationships within the 

context of that theory. Thus, I observed a field distribution of 

eggs and inferred some possible causative behaviours. I then 

measured a number of life-history and ecological parameters and 

used these data to generate hypothetical strategies, which I 

compared using simulation methods. Instead of finding one robust 

strategy which did best under all circumstances, I obtained 

results that indicated first, that different strategies did best 

depending upon what conditions prevailed, and second, that 

certain strategies could coexist. Inasmuch as both results are 

generated by the high degree of uncertainty associated with this 

system, they suggest something about what we can expect to find 

in nature. For natural selection to operate consistently, there 

has to be a similarly consistent relationship between variation 

in a trait and its effectiveness. Highly variable systems lack 

this consistency and thus may not select for one particular mode 



of dealing with the world. Thus, we frequently find differences 
\ 

between individuals in nature in their ability to perceive and 

process information.  his study suggests that such differences 

may not represent variation around a selected optimum, but 

rather that the diversity itself may be the end product of 

selection. 



Literature Cited k 

Amor, R.L. and R.V. Harris. 1974. Distribution and seed 
production of C i r s i u m  a r v e n s e  (L.) Scop. in victoria, 
Australia. Weed Res. 14: 317-323. 

Amor, R.L. and R.v. Harris. 1975. Seedling establishment and 
vegetative spread of C i r s i u m  a r v e n s e  in Victoria, 
Australia. Weed Res. 15: 407-411. 

Angermann, H.J. 1986. Okologische Differenzierung der 
Bohrfliegen X y p h o s i a  m i l a r i a  und O r e l l i a  r u f i c a u d a  
(Diptera: Tephritidae) in den Blutenkopfen der 
Ackerdistel ( C i r s i u m  a r v e n s e )  Entomol. Gener. 1 1 :  
249-261. 

Atkinson, W.D. and B. Shorrocks, 1984. Aggregation of larval 
diptera over discrete and ephemeral breeding sites: the 
implications for coexistence. Am. Nat. 124: 336-351. 

Averill, A. and R.J. Prokopy. 1987. ~ntraspecific 
competition in the tephritid fruit fly R h a g o l e t i s  
p o m o n e l l a .  Ecology 68: 878-886. 

Averill, A. and R.J. Prokopy. 1989. Distribution patterns of 
R h a g o l e t i s  p o m o n e l l a  (~iptera: ~ephritidae) eggs in 
hawthorn. Ann. Ent. Soc. Am. 82: 38-44. 

Bai, B. and M. Mackauer. 1990. Host discrimination by the 
aphid parasitoid A p h e l  i  n u s  a s  y c h i  s  (Hymenoptera: 
~phelinidae): when superparasitism is not adaptive. 
Can. Ent. 122: 363-372. 

Bakker, D. 1960. A comparative life-history study of C i r s i u m  
a r v e n s e  L. (scope) and T u s s i l a g o  f a r f a r a  L., the most 
troublesome weeds on the newly reclaimed polders of the 
former Zuiderzee. pp. 205-222 i n  J.L. Harper ed., The 
Biology of Weeds. Blackwell, Oxford. 

Barrett, S.C. and J.D. Thomson. 1982. Spatial pattern, 
floral sex ratios, and fecudnity in dioecious A r a l i a  
n u d i c a u l i s  (~raliaceae). Can. J. Bot. 60: 1662-1670. 

Bauer, G. 1986. Life-history strategy of R h a g o l e t i s  
a l t e r n a t a  (~iptera: Tephritidae), a fruit fly operating 
in a 'non-interactive' system. J. Anim. Ecol. 55: 
785-794. 



Bierzychudek, P. 1981. pollinator limitation of plant 
reproductive effort. Am. Nat. 117: 838-840. 

Borowicz, V.A. and S.A. juliano. 1986. Inverse 
density-dependent parasitism of C o r n u s  amomum by 
R h a g o l  e t  i s  c o r  n i  v o r a .  Ecology 67: 639-643. 

Charnov, E.L. 1976. optimal foraging, the marginal value 
theorem. Theor. Popul. Biol. 9: 129-136. 

Charnov, E.L. 1982. Sex Allocation. Princeton University 
Press, Princeton, New Jersey. 

Charnov, E.L. and S.W. Skinner. 1984. ~volution of host 
selection and clutch size in parasitic wasps. Fla. 
Entomol. 67: 5-21. 

Charnov, E.L. and S.W. Skinner. 1985. Complementary 
approaches to the understanding of parasitoid 
oviposition decisions. Environ. Ent. 14: 383-391. 

Charnov, E.L. and S.W. Skinner. 1988. Clutch size in 
parasitoids: the egg production rate as a constant. 
Evol. Ecol. 2: 167-179. 

Christenson, L.D. and R.H. Foote. 1960. ~iology of fruit 
flies. Ann. Rev. Ent. 5: 171-192. 

Cornell, H.V. 1982. The notion of minimum distance or why 
rare species are clumped. Oecologia (Berl.) 52: 
278-280. 

Correns, C. 1916. Untersuchungen uber Geschlechts bestimmung 
bei Distelarten. Preussiche akademie der Wissenschaften 
ze Berlin 20: 448-477. 

Derscheid, L.A. and R.E. Schultz. 1960. Achene development 
of Canada thistle and perennial sowthistle. Weeds 8: 
55-62. 

Dethier, V.G. 1959a. Egglaying habits of lepidoptera in 
relation to available food. Can. Ent. 41: 554-561. 

Dethier, V.G. 1959b. Food plant distribution and density and 
larval dispersal as factors affecting insect 
populations. Can. Ent. 41: 581-596. 

Detmers, F. 1927. Canada thistle, C i r s i u m  a r v e n s e  Tourn. 
field thistle, creeping thistle. Bull. Ohio Agr. Exp. 



Stn. 414: 1-45. b 

Fisher, R.A. 1930.  The ~enetical Theory of Natural 
Selection. Clarendon Press, Oxford. 

Fisher, R.C. 1971.  Aspects of the physiology of 
endoparasitic hymenoptera. Biol. Rev. 46: 243-278.  

Forsyth, S.F. and A.K. Watson. 1985.  Predispersal seed 
predation of Canada thistle. Can. Ent. 117: 1075-1081.  

Gillis, D., D. Kramer, and G. Bell. 1986.  Taylor's power law 
as a consequence of ~retwell's ideal free distribution. 
J. Theor. Biol. 123: 281-287.  

Godfray, H.C.J. 1986. Clutch size in a leaf-mining fly 
( P e g o m y a  ni gri t a r s u s :  ~nthomyiidae). Ecol. Ent. 1 1  : 
75-81,  

Godfray, H.C.J. 1987.  The evolution of clutch size in 
parasitic wasps. Am. Nat. 129: 221-233.  

Hainsworth, F.R., L.L. Wolf, and T. Mercier. 1984.  
Pollination and predispersal seed predation: net 
effects on reproduction and inflorescence 
characteristics in I p o m o p s i s  a g g r e g a t a .  Oecologia 
(Berl.) 63: 405-409.  

Hainsworth, F.R.! L.L. Wolf, and T. Mercier. 1985.  Pollen 
limitation in a monocarpic species, I p o m o p s i s  a g g r e g a t a  
J. Ecol. 73: 263-270.  

Hare, J.D. 1980.  Variation in fruit size and susceptibility 
to seed predation among and within populations of the 
cockelbur, X a n t  hi u m  st r u m a r i  u m  Oecologia (~erl. ) 46: 
217-222.  

Hare, J.D. and D.J. Futuyma. 1978.  Different effects of 
variation in X a n t  hi u m  st r u m a r i  u m  L. (~ompositae) on two 
insect ;:eed predators. Oecologia (Berl.) 37:  109-120.  

Harper, J.L. and H.L. Wallace. 1987.  Control of fecundity 
through abortion in E p i l o b i u m  m o n t a n u m  L. Oecologia 
(Berl.) 74: 31-38.  

Harper, J.L., P.H. Love11 and K.G. Moore. 1970.  The shapes 
and sizes of seeds. Ann. Rev. Ecol. Syst. 1 :  327-356.  

Hawthorne, W.R. and P.D. Hayne. 1978.  Seed production and 



predispersal seed predation in the biennial composite 
species, A r c t i u m  m i n u s  ar ill) Bernh. and A.  l a p p a  L. 
Oecologia (~erl.) 34: 283-295.  

Hayden, A. 1934.  ~istribution and reproduction of Canada 
thistle in Iowa. Amer. J. Bot. 21: 355-373.  

Hendrix, S.D. 1979.  Compensatory reproduction in a biennial 
herb following insect defloration. Oecologia (~erl.) 
42: 107-118.  

Hendrix, S.D. 1984.  Variation in seed weight and its effect 
on germination in P a s t i n a c a  s a t i v a  (~mbelliferae). 
Amer. J. Bot. 71: 795-802.  

Herrera, C.M. 1984. Selective pressures of fruit seediness: 
differential predation of fly larvae on the fruits of 
B e r b e r i s  h i s ~ a n i c a .  Oikos 42: 166-170.  

Hodgson, J.M. 1964.  Variation in ecotypes of Canada thistle. 
Weeds 12: 167-171.  

Hodgson, J.M. 1968.  The nature, ecology, and control of 
Canada thistle. USDA Tech. Bull. 1386,  32 pages. 

Hubbard, S.F., G. Marris, A. Renolds and G.W. Rowe. 1987.  
Adaptive patterns in the avoidance of superparasitism 
by solitary parasitic wasps. J. Anim. Ecol. 56: 
387-401.  

Hurlbert, S.H. 1990.  Spatial distribution of the montane 
unicorn. Oikos 58:  257-271.  

Ives, A.R. 1989.  The optimal clutch size of insects when 
many females oviposit per patch. Am. Nat. 133:  671-687.  

Kandybina, M.N. 1970.  On the larvae of fruit flies of the 
family Tephritidae (~iptera) inhabiting the heads of 
compositae. Ent. Rev. 49: 430-434.  

Lack, D. 1947.  The significance of clutch size. Ibis 89:  
309-352.  

Lalonde, R.G. 1990.  Optimal offspring provisioning when 
resources are not predictable. Am. Nat. (in press) 

Lalonde, R.G. and B.D. Roitberg. 1989.  Resource limitation 
and offspring size and number trade-offs in C i r s i u m  
a r v e n s e  (~steraceae). Amer. J. Bot. 76:  1107-1113.  



Lalonde, R.G. and B.D. Roitberg. Pollen density and donor 
effects on seed weight, seed abortion, and offspring 
sex ratio of C i r s i u m  a r v e n s e  (in prep.) 

Lee, T.D. and F.A. Bazzaz. 1986. Maternal regulation of 
fecudity: non-random ovule abortion in C a s s i a  
f a s c i  c u l  a t  a  Michx. Oecologia (Berl.) 68: 459-465. 

Lloyd, D. and A.J. Myall. 1976. Sexual dimorphism in C i r s i u m  
a r v e n s e  (L.) Scop. Ann. Bot. 40: 775-123. 

Louda, S.M. 1982. Limitation of the recruitment of the shrub 
Hap1  o p a p p u s  s  q u a r  r  o s  us  (~steraceae) by flower and 
seed-feeding insects. J. Ecol. 70: 43-53. 

Mangel, M. 1987. Oviposition site selection and clutch size 
in insects. J. Math. Biol. 25: 1-22. 

Mangel, M. 1989. Evolution of host selection in parasitoids: 
does the state of the parasitoid matter? Am. Nat. 133: 
688-705. 

Mangel, M. and C.W. Clark. 1988. Dynamic Modelling in 
~ehavioral Ecology. Princeton University Press, 
princeton, New Jersey. 308 pages. 

Mangel, M. and B.D. Roitberg. 1989. Dynamic information and 
host acceptance by a tephritid fruit fly. Ecol. Ent. 
14: 181-189. 

Maw, M.G. 1976. An annotated list of insects associated with 
Canada thistle ( C i r s i  um a r v e n s e )  in Canada. Can. Ent. 
108 : 235-244. 

Messina, F. J. 1989. Host plant variables in•’ luencing the 
spatial distribution of a f rugivorous fly, R h a g o l  e t  i s  
i n d i  f f e r e n s  Ent. Exp. et Appl. 50: 287-294. 

McFadden, M.W. and R.H. Foote. 1960. The genus O r e l l i a  R.-D. 
in ~ m e r i c a  north of Mexico. Proc. Ent. Soc. Wash. 62: 
253-261. 

Monro, J. 1967. The exploitation and conservation of 
resources by populations of insects. J. Anim. Ecol. 36: 
531-547. 

Myers, J.H. 1978. Selecting a measure of dispersion. Env. 
Ent. 7: 619-621. 



Myers, J.H. 1985. Effect of physiological condition of the 
host plant on the ovipositional choice of the cabbage 
white butterfly, P i e r i s  r a p a e .  J. Anim. Ecol. 54: 
193-204. 

Myers, J.H. and P. Harris. 1980. Distribution of U r o p h o r a  
galls in flower heads of diffuse and spotted knapweed 
in British Columbia. J. Appl. Ecol. 17: 359-367. 

Parker, G.A. and S.P. Courtney. 1984. Models of clutch size 
in insect oviposition. Theor. Popul. Biol. 26: 27-48. 

Parker, G.A. and R.A. Stuart. 1976. Animal behavior as a 
strategy optimizer: evolution of resource assessment 
strategies and optimal emigration thresholds. Am. Nat. 
110: 1055-1076. 

Peschken, D.P. 1984. Host range of L e m a  c y a n e l l a  
(Coleoptera: ~hrysomelidae), a candidate for biocontrol 
of Canada thistle, and of four stenophagous, foreign 
thistle insects in North ~merica. Can. Ent. 116: 
1377-1384. 

Pittara, I.S. and B.I. Katsoyannos. 1990. Evidence for a 
host-marking pheromone in C h a e t o r e l l i a  a u s t r a l i s .  Ent. 
Exp. et Appl. 54: 287-295. 

Price, P.W. 1980. Evolutionary Biology of Parasites. 
Princeton University Press, Princeton, N.J. 237 pages. 

Prokopy, R.J. 1975. Oviposition-deterring fruit marking 
pheromone in R h a g o l  et i s  f a u s t  a. Envir. Ent. 4: 298-300. 

Prokopy, R.J. 1977. Stimuli influencing trophic relations in 
Tephritidae. Colloques Int. de C.N.R.S. ~'265 - 
Comportment des Insectes et Milieu Trophique. 

Prokopy, R.J. and E.F. Boller. 1971. Artificial egging 
system for the European cherry fruit fly. Econ. Ent. 
63: 1413-1417. 

Prokopy, R.J.! A. ~alavasi and J.S. Morgante. 1982. 
~viposition-deterring pheromone in A n a s t r e p h a  
f r a t e r c u l u s  flies. J. Chem. Ecol. 8: 763-771. 

Quiring, D.T. and J.N. McNeil. 1984. Intraspecific 
competition between different aged larvae of A g r o m y z a  
f r o n t e l l a  (~hondani)(~ipera: Agromyzidae): advantages 
of an oviposition-deterring pheromone. Can. J. Zool. 



Rausher, M.D. 1980. ~ o s t  abundance, juvenile survival, and 
oviposition preference in Battus philenor. Evolution 
34: 342-355. 

Redfern, M. 1968. The natural history of spear thistle 
heads. Field Studies 2: 670-717. 

Rhomberg, L. 1984, ~nferring habitat selection by aphids 
from the dispersion of their galls over the tree. Am. 
Nat. 124: 751-756. 

Roitberg, B.D. and M. Mangel. 1988. On the evolutionary 
ecology of marking pheromones. Evol. Ecol. 2: 289-315. 

Roitberg, B.D. and M. Mangel. Clutch size in herbivorous 
insects: parent-offspring agendas and life-history 
consequences. (in prep.). 

Roitberg, B.D. and R.J. Prokopy. 1983. Host deprivation 
influence on the response of Rhagoletis pornonella to 
its oviposition dete;ring pheromone. ~hysiol. Ent. 8: 
69-72. 

Roitberg, B.D. and R.J. Prokopy. 1987. Insects that mark 
host plants. Bioscience 37: 400-406. 

Roitberg, B.D., J.C. van Lenteren, J.J.M. van Alphen, F. 
Galis and R.J. Prokopy. 1982. Foraging behaviour of 
Rhagol et i s pornonell a-, a parasite of hawthorn 
(Crataegus viridus), in nature. J. Anim. Ecol. 51 : 
307-325. 

Roitberg, B.D:, R.S. Cairl and R.J. Prokopy. 1984. 
Oviposition deterring pheromone influences dispersal 
distance in tephritid flies. Ent. Exp. et Appl. 35: 
217-220. 

Roitberg, B.D., M. Mange1 and G. Tourigny. 1990. The density 
dependence of parasitism by tephritid fruit flies. 
Ecology 71: 1171-1185. 

Romstock-Volkl, M. 1990. Population dynamics of Tephritis 
conura Loew. (~iptera: Tephritidae): determinants of 
density from three trophic levels. J. Anim. Ecol. 59: 
251-268. 

 oms stock-Volkl, M. and C. Wissel. 1989. Spatial and seasonal 



patterns in the egg distribution of Tephritis conura 
(Diptera: Tephritidae). Oikos 55: 165-174. 

Root, R.B. and P.M. Kareiva. 1984. The search for resources 
by cabbage butterflies (Pieris rapae): ecological 
consequences and adaptive significance of Markovian 
movements in a patchy environment. Ecology 65: 147-165. 

Seitz, A. and M, Komma. 1984. ~enetic polymorphism and its 
ecological background in Tephritid populations 
(~iptera: Tepritidae) pp 143-158 i n  K. Wohrmann and V. 
Loeschcke eds., Population Biology and Evolution. 
Springer-~erlag, Berlin. 

Sheldon, J.C. and F.M. Burrows. 1973. The dispersal 
effectiveness of the achene-pappus units of selected 
compositae in steady winds with convection. New Phytol. 
72: 665-675. 

Shorthouse, J.D. 1977.  evel lop mental morphology of Urophora 
affi ni s galls. pp 188-195 in proceedings of the 
Knapweed Symposium, Kamloops, B.C. 

Simberloff, D. and P. Stiling. 1987. Larval dispersion and 
survivorship in a leaf-mining moth. Ecology 68: 
1647-1657. 

Skinner, S.W. 1985. Clutch size as an optimal foraging 
problem for insects. Behav. Ecol. Sociobiol. 17: 
231-238. 

Smith, R.H. and C.M. Lessells. 1984. Oviposition, ovicide 
and larval competition in granivorous insects. pp 
423-448 in R.M. Sibley and R.H. Smith eds., Behavioural 
Ecology: Ecological Consequences of Adaptive ~ehaviour. 
Blackwell, Oxford. 

soberbn, M.J. and M. Loevinsohn. 1987. Patterns of variation 
in the numbers of animal populations and the biological 
foundations of Taylor's law of the mean. Oikos 48: 
249-252. 

Sokal, R.R. and F.J. Rolhf. 1981. Biometry. 2nd edition, 
W.H. Freeman and Co., San Francisco, 859 pages. 

Solbreck, C. and B. Sill4n-Tullberg. 1986. Seed production 
and predation in a patchy and time-varying environment. 
Dynamics of a milkweed-tephritid fly system. oecologia 
(~erl.) 71: 51-58. 



Stephens, D.W. 1989. Variance and the value of information. 
Am. Nat. 134: 128-140. 

Stephens, D.W. and J.R. Krebs. 1986. Foraging Theory. 
Princeton University Press, Princeton, N.J. 

Stephenson, A.G. 1981. Flower and fruit abortion: proximate 
causes and ultimate functions. Ann. Rev. Ecol. Syst. 
12: 253-259. 

Straw, N.A. 198%. Taxonomy, attack strategies and host 
relations in flowerhead ~ephritidae: a review. Ecol. 
Ent. 14: 455-462. 

Straw, N.A. 1989b. Evidence for an oviposition-deterring 
pheromone in T e p h r i t c s  b a r d a n a e  (Schrank) (~iptera: 
Tephritidae). Oecologia (~erl.) 78: 121-130. 

Straw, N.A. 1989c. The timing of oviposition and larval 
growth by two tephritid fly species in relation to host 
plant development. Ecol. Ent. 14: 443-454. 

Taylor, L.R. 1961. Aggregation, variance and the mean. 
Nature 189: 732-735. 

Taylor, L.R. 1984. Assessing and interpreting the spatial 
distribution of insect populations. Ann. Rev. Entomol. 
24: 321-357. 

Thompson, J.N. 1987. Variance in number of eggs per patch: 
oviposition behaviour and population dispersion in a 
seed parasitic moth. Ecol. Ent. 12: 311-320. 

Varley, G.G. 1941. On the search for hosts and the egg 
distribution of some chalcid parasites of the knapweed 
gall-fly. Parasitology 33: 46-66. 

Waage, J.K. and H.C.J. Godfray. 1984. Reproductive stategies 
and population ecology of insect parasitoids. pp 
449-470 in R.M. Sibley and R.H. Smith eds:, Behavioural 
Ecology: Ecological Consequences of Adaptive Behaviour. 
Blackwell, Oxford. 

weis, A.E., P.W. Price, and M. Lynch. 1983. Selective 
pressures on clutch size in the gall maker A s t e r o m y i a  
c a r b o n i f e r a .  Ecology 64: 688-695. 

Wellington, W.G. 1977. Returning the insect to insect 
ecology: some consequences for pest management. Envir. 



Ent. 6: 1-8. \ 

Wheeler, A.G., Jr. and D.R. whitehead. 1985. Larinus planus 
(I?.) in North America (Coleoptera: Curculeonidae: 
Cleoninae) and comments on biological control of Canada 
thistle. Proc. Ent. Soc. Wash. 87: 751-758. 

Whitham, T.G. 1978. Habitat selection by Pemphigus aphids in 
response to resource limitation and competition. 
Ecology 59: 1164-1176. 

Whitham, T.G. 1980. The theory of habitat selection: 
examined and extended using Pemphigus aphids. Am. Nat. 
115: 449-466. 

Wiens, D. 1984. Ovule survivorship, brood size, life 
history, breeding systems, and reproductive success in 
plants. Oecologia (Berl.) 64: 47-53. 

Wiens, D. C.L. Calvin, C.I. Davern, D. Frank, and S.R. 
Seavey. 1987. ~eproductive success, spontaneous embryo 
abortion, and genetic load in flowering plants. 
Oecologia (~erl.) 71: 501-509. 

Yoshimura, J. 1990. On the effects of uncertainty on clutch 
size optimization. (m.s.) 

Yoshimura, J. and W.M. Shields. 1987. Probabilistic 
optimization of phenotype distributions: a general 
solution for the effects of uncertainty on natural 
selection? Evol. Ecol. 1: 125-138. 

Zimmerman, M. 1979. Oviposition behavior and the existence 
of an oviposition deterring pheromone in Hylemya. Env. 
Ent. 8: 277-279. 

Zimmerman, M. 1980. Reproduction in Polemonium: 
pre-dispersal seed predation. Ecology 61: 502-506. 

~immerman, M. and G.H. Pyke. 1988. ~eproduction in 
Polemonium: assessing the factors limiting seed set. 
Am. Nat. 131: 723-738. 

zwolfer, H. 1965. Preliminary list of phytophagous insects 
attacking wild cynareae (~ompositae) in Europe. Comm. 
Inst. Biol. Contr. Tech. Bull. 6: 81-154. 

zwolfer, H. 1983. ~ i f e  systems and strategies of resource 
exploitation in tephritids. pp 16-30 in  R. Cavalloro 



ed., Fruit Flies of ~ c o n o m i c  Importanae. A.A. Balkema, 
Rotterdam. 


