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Abstract

Maternal age effects are usually considered to be non-adaptive declines in 

maternal reproductive performance. However, a review of the literature reveals that, 

except for a widespread decline in clutch size, insect maternal age effects are quite 

variable around the generally accepted trends of declining egg size, embryonic 

development rates, hatch rate, and offspring fecundity. This variability suggests that 

maternal age effects are adaptive more often than is generally thought. To better 

understand this phenomenon I examined effects of maternal age on egg number, size, 

hatch rate, and contents and also on larval competitiveness and adult fluctuating 

asymmetry in house flies (Musca domestica L.).

Although egg size, number and hatch rate decreased with increasing maternal age, 

egg energy content was not related to maternal age or to egg size. In experiments in 

which early(-bom) and late(-born) offspring, from genetically marked strains, competed 

against each other late larvae were more competitive, at high density, than were early 

larvae. In most cases, maternal age was positively associated with larval viability, mass, 

and development rate. In a longitudinal study, maternal age, larval density, and sex had 

effects on house fly wing fluctuating asymmetry (FA, a putative estimator of organismal 

quality) but the response of size FA and shape FA differed. Therefore increasing maternal 

age appears to decreases developmental stability, at least in some traits, but FA may not 

be a useful indicator of individual quality in this system. By examining a subset of flies 

from the competition experiments, FA differences were used to develop further an 

adaptive hypothesis for maternal age effects in house flies.
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House flies may exhibit two alternate larval strategies, each successful under 

certain conditions. Under low larval densities, larvae with good medium conditioning 

ability and lower activity will be more successful, but at high larval densities, efficient 

scramble competitors, with high activity but poor medium conditioning ability, will be 

more successful. I f  old house fly females typically lay eggs into higher density situations 

and produce offspring with lower activity and higher medium-conditioning ability than 

predicted from their genetic make-up, then this is an adaptive maternal age effect. A 

program for testing this hypothesis is presented, as are implications of this study for 

further investigation of maternal age effects.
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I

Chapter 1: Are insect maternal age effects adaptive?

Introduction

Maternal effects, i.e., influences of maternal phenotype on offspring phenotype, 

have been viewed historically as sources of unwanted variation in population genetics 

studies, breeding programs, and selection experiments (Falconer 1981). This is because 

maternal effects 1) conflate genetic and environmental variance, 2) affect the degree of 

parent-offspring similarity, and 3) can affect the outcome of selection in unexpected ways 

(Falconer 1981; Kirkpatrick and Lande 1989). However, for precisely these reasons, 

maternal effects are of evolutionary interest. Given that individual phenotypes are the 

units upon which natural selection acts (Futuyma 1998), then the non-genetic 

contribution of parents to the phenotype of their offspring merits study. This is especially 

so if some maternal effects are adaptive, i.e., they are responses to predictive 

environmental cues that improve offspring fitness. There have been numerous 

demonstrations of the adaptive nature of some maternal effects, but although maternal 

age effects are often strong there has been little attempt to demonstrate that they are 

adaptive. Rather, they are assumed to be the result of age-related deterioration.

My objective in this thesis is to consider whether maternal age effects on 

offspring quality might be adaptive in more cases than is usually thought, by testing 

assumptions and patterns in a detailed case study of the house fly (Musca domestica L.). 

In this introduction I discuss the nature of maternal effects, particularly in insects, and 

how they can affect the fitness of parents and offspring. I focus on existing explanations 

for maternal age effects on offspring quality in insects, review the patterns found among 

empirical observations of maternal age effects in insects, and test the standard
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explanations against these patterns. I then consider some of the questions that the 

mismatch between observation and explanation raise and introduce my approach to the 

study of maternal age effects on offspring quality in house flies.

The nature of maternal effects

Definition and evolutionary importance

Simple models of inheritance or phenotype determination include only genetic 

and environmental effects (and their interaction) for the organism(s) under study: 

phenotype is the response of genotype to environment (e.g., Futuyma 1998). But in most 

organisms, parents, especially mothers, contribute more than just genetic material to their 

offspring. They usually contribute nutrients, cellular components and signaling molecules 

necessary for embryogenesis and sometimes for later development. They often choose the 

environment in which their offspring will develop and live. They may provide post-natal 

care and ‘education’. All of these contributions are part of the maternal phenotype and 

can directly affect the offspring phenotype, independent of (but sometimes interacting 

with) nuclear genes transmitted to the offspring. It is the maternal phenotype, i.e., the 

interaction of maternal genotype and maternal environment, that determines these 

contributions to offspring fitness. Therefore, maternal effects are sometimes defined as an 

effect of the mother’s phenotype on the phenotype of the offspring. A more inclusive 

term is “inherited environmental effects”, which includes all aspects of an offspring’s 

phenotype due to the parents, except those from the nuclear genes transmitted to the 

offspring. For a more extensive discussion of the nature, kinds, and definitions of 

maternal effects see Rossiter (1996) and references therein.
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3

Maternal, or inherited environmental, effects have important evolutionary 

consequences that are described in several quantitative genetic models (Riska 1991; 

Cheverud and Moore 1994). Theoretical and empirical work has shown that maternal 

effects can influence the outcome of selection in several ways. They can reinforce, 

reverse, or induce cycles in the selected traits and because of maternal effects the effects 

of selection can continue after the selective force has ceased to act (Kirkpatrick and 

Lande 1989). Maternal effects extend also to non-parental kin (Cheverud and Moore 

1994; Wolf et al. 1998), are important in cyclical dynamics of some populations 

(Ginzburg and Taneyhill 1994,1995; Rossiter 1994), and influence the evolution of 

sexually selected traits (Wolf et al. 1997,1999).

Inherited environmental effects include paternal and maternal effects, both of 

which can be important. Paternal effects are less studied and are probably smaller than 

maternal effects in most cases (Mousseau and Dingle 1991a,b). In insects, egg materials 

come disproportionately from the mother, although non-genetic male contributions can 

come through nuptial feeding, including food gifts, spermatophores and accessory fluids 

(reviewed in Vahed 1998). Although there are some well documented cases of non-age- 

related paternal effects on insect offspring quality (Fox et al. 1995a, 1995b; Crill et al. 

1996; Weigensberg et al. 1998) there are many other examples where there is no such 

effect (e.g., Wedell 1993; Oberhauser 1997). Females of some insect species prefer to 

mate with males of a particular age class; usually older males are preferred (e.g., Zuk 

1987,1988; Simmons 1995; Conner 1989; Simmons and Zuk 1992), but sometimes 

younger or intermediate aged males are preferred (Ritchie et al. 1995; Jones et al. 2000). 

However, few studies relate paternal age to offspring traits and the results are somewhat
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contradictory (Rogers and Marti 1997; Price and Hansen 1998; Jones et al. 2000). In the 

following I consider only maternal age effects, while acknowledging that paternal age 

effects are likely to play a role in at least some cases.

Since the maternal phenotype can affect almost every aspect of offspring biology, 

the discussion of maternal effects must be limited to those induced by maternal age.

Since maternal age effects differ widely among taxa, depending upon modes of 

development, post-maturity growth patterns, parental behaviours etc., I have further 

limited my study to insect maternal age effects. I consider primarily metric variation in 

offspring fitness traits induced by maternal age, rather than all or nothing developmental 

switches between types of offspring, because it is such metric variation that is usually 

considered non-adaptive. This means I have excluded maternal age effects on diapause 

incidence, perhaps the most well studied insect maternal age effect (reviewed in 

Mousseau and Dingle I99la,b; Denlinger 1998).

Adaptive or non-adaptive nature o f maternal age effects

The study of maternal effects has recently shifted to demonstrations that they are, 

or can be, adaptive and that they can act as a form of transgenerational phenotypic 

plasticity (Mousseau and Fox 1998a, b). If a female responds to changes in an 

environmental parameter, which is predictive of future conditions, by producing offspring 

that are better suited to the predicted conditions, this is an adaptive maternal effect 

(Mousseau and Fox 1998a, b). Minimum conditions for the demonstration of adaptive 

maternal effects are that the environmental cue be a reliable predictor of future 

conditions, the cue consistently elicits a specific change in the kind of offspring
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produced, and the ‘changed’ offspring outperform ‘normal’ offspring in the predicted 

environment (Mousseau and Fox 1998a, b).

Several published examples of other adaptive maternal effects exist (Mousseau 

and Fox 1998a,b), but most maternal age effects are considered non-adaptive because 

they are thought to result from physiological constraints and deterioration (e.g., inability 

to adequately provision eggs at advanced ages [Murphy et al. 1983]). Support for this 

comes from the frequently observed decrease in reproductive output of older females 

(Mousseau and Dingle 1991a, b) and from the consequences of life-history models (e.g., 

Roff 1992). Variation in offspring quality (= maternal investment) has been modeled 

extensively within the framework of clutch size/egg size models. These models were 

reviewed elsewhere (Congdon and Gibbons 1990; Wilson and Lessells 1994) and I will 

limit this to a brief outline of the models’ assumptions and a consideration of how these 

models impact thinking on maternal age effects.

Most clutch size/egg size models are based on a graphical demonstration by Smith 

and Fretwell (1974) that there is a population-wide optimum investment per offspring, 

assuming a positive maternal investment/offspring fitness relation and an even 

distribution of investment between offspring from a limited resource pool. Egg or 

offspring size is the usual surrogate for maternal investment in empirical studies and in 

many theoretical treatments as well (a logical recourse since maternal investment is 

difficult to define or measure precisely and egg size is often positively related to 

offspring fitness [reviewed in Azevedo et al. 1997]). The primary assumptions of 

uniform, optimal egg size within clutches (or females) and positive egg size - offspring 

fitness relations have several extensions and corollaries, including the existence of an egg
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size/number trade-off. Assumptions of these models receive detailed consideration 

elsewhere [Wilson and Lessells 1994; Bernardo 1996].

Decline in resources available for egg production has been invoked to explain 

age-related declines in egg size and number. An adaptive explanation, from the viewpoint 

of maternal fitness, has been supplied in cases where females have a resource acquisition 

phase, followed by an egg production phase (Begon and Parker 1986). When non- 

oviposition related mortality is high, and egg size is positively related to offspring fitness, 

then maternal fitness is maximized by the early production of large eggs followed later by 

smaller eggs. This strategy is adaptive because it improves maternal fitness, but it is a 

maladaptive maternal effect, from the perspective of the offspring, because later offspring 

are smaller and therefore of lower fitness, given the model’s assumptions. Even though 

this model does not apply directly to species with iteroparous adults that accumulate egg 

resources both before and during the oviposition phase, it has been used as general 

support for the view that maternal age effects on the offspring are maladaptive results of 

declining resources (Mousseau and Dingle 1991a, b).

However adaptive maternal age effects do exist in insects. For example, the 

maternal age-related increase in the incidence of diapause in many seasonal populations 

corresponds well with the increasing need for offspring to enter diapause as the season 

advances (Mousseau and Dingle 1991a,b; Denlinger 1998). In Stator limbatus 

(Coleoptera: Bruchidae), adaptive egg size plasticity indicates differences in maternal age 

effects on egg size, in response to quality of oviposition sites (Fox et al. 1997). Increased 

development rates in late offspring of temperate Oncopeltus fasciatus (Heteroptera: 

Lygaeidae), may be an adaptation to reach maturity and lay diapausing eggs prior to
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winter (Phelan and Frumhoff 1991). Such examples suggest that adaptive maternal age 

effects exist in some species that experience consistent environmental changes during the 

life of individuals, or in species in which females can, over time, respond to the specific 

environment in which they live, by altering the kind of offspring they produce. For 

example, if, due to seasonal changes or resource depletion, density consistently becomes 

challenging to their offspring as females age, maternal effects could evolve to avoid or 

otherwise cope with higher larval density.

Given the existence of adaptive maternal age effects, then either the assumptions 

or the superstructure of the models suggesting maternal age effects are maladaptive for 

the offspring are incorrect, at least some of the time. A uniform optimal egg size is not 

observed for most populations and some workers argue that the notion of optimal egg 

size should be discarded since it depends on environment and maternal phenotype (e.g.. 

Weatherhead et al. 1999). There is, on the other hand, substantial support for the 

assumption that egg size is positively related to offspring fitness: 63% of 137 studies 

reported positive associations between egg size and one or more offspring fitness 

components) (Azevedo et al. 1997). However, the absence of such corrrelations in 37% of 

the studies reveals that egg size does not fully explain offspring fitness. Failure to find 

positive egg size/fitness correlations is often explained away by suggesting that the fitness 

effects may only manifest themselves under adverse conditions (e.g., Parsons 1994; Fox 

1997), but eggs can differ in more than size. Other factors sometimes contribute to fitness 

variation among eggs, for example, egg content does not always accurately track egg size 

(Williams 1994; Jaeckle 1995; Bernardo 1996). The theoretical support for the notion that 

maternal age effects are generally non- or maladaptive results of age related female
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deterioration is considerably weakened, since there are numerous exceptions to the primary 

assumptions of optimal egg size within clutches (or females) and positive egg size - 

offspring fitness used to construct egg size/maternal investment models.

A positive maternal age effect that is accompanied by declining egg size implies 

that some other change in the eggs/offspring improves fitness. Diapause is one example: 

in those situations in which fitness of non-diapausing insects is zero, diapausing insects 

will have the advantage, regardless of egg size. Similarly if behaviour of offspring 

differs, then late offspring may not have such a disadvantage as it seems from 

consideration of egg size alone. In addition, if small eggs have equivalent energy content 

then they may produce smaller hatchlings with higher energy content and, in times of 

environmental challenge or nutrient stress, these hatchlings may outlast early offspring, 

with lower reserves. Future research should consider cases of variable maternal age 

effects, within and between species, and search for adaptive explanations; this has been 

done only occasionally (e.g., Mousseau 1991; Phelan and Frumhoff 1991; Braby and 

Jones 1995; Carriere and Rofif 1995; Fox et al. 1997). This approach would be a 

departure from earlier attempts so understand maternal age effects.

Research on maternal age effects

An early focus of research on maternal age effects was stimulated by the finding 

that rotifer lines propagated from old females at each generation exhibited decreasing 

life-spans and eventually died out (Lansing 1947,1948). This phenomenon, the Lansing 

Effect, apparently also occurred in other organisms including Drosophila and house flies 

(e.g., Callahan 1962; Wattiaux 1968). However the initial rotifer experiments could not 

be duplicated (Meadow and Barrows 1971) and most other studies are flawed in one
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manner or another (reviewed in Rose 1991). Many of these results may have been due to 

poor culture techniques rather than maternal age effects. Little recent work has examined 

this aspect of maternal age effects, although maternal age can lead to decreased fecundity 

(see below).

More recently a series of large, well-replicated selection experiments for early and 

late reproduction in Drosophila melanogaster have provided considerable insight into the 

biology of aging (most recently reviewed in Rose 1999). Reproductive schedule responds 

well to selection, and there is a large correlated response of longevity, with late 

reproducing lines increasing mean life span by as much as 20% in 25 generations (Rose 

1984). Unfortunately for the study of maternal age there has been little study of the 

differences in maternal age effects between long- and short-lived lines.

Most information about insect maternal age effects is a byproduct of investigation 

of other factors affecting reproduction, such as maternal size, seasonal effects, quality 

control in mass rearing programs, etc. Little concerted effort has been directed to 

understanding maternal age effects in and of themselves. To remedy this, I conducted an 

extensive review of the literature to identify patterns of insect maternal age effects, which 

I then discuss in relation to the assumption that maternal age effects are non-adaptive.

Review of insect maternal age effects:

Methods

To clarify our understanding of existing patterns of maternal age effects in 

insects, I compiled data from 89 reports of maternal age effects. Many of these reports 

mention maternal age only in passing, having been intended as investigations of other 

sources of variation in offspring traits. Although I believe this review is a relatively
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complete capture of the relevant papers, there are doubtless papers containing maternal 

age effect data that are not included, since investigations of other sources of offspring 

variation with some mention of maternal age effects do not show up in standard searches 

for maternal age effects. There is, however, no reason to think that the reports presented 

here are not a representative sample.

I compiled information on maternal age effects on egg size, development rate, 

survival, offspring size, offspring fecundity and maternal fecundity (Table 1.1). For 

development rate, survival (including adult longevity) and offspring size I specified the 

developmental stage reported. The effects of multiple mating and/or improved nutrition 

on maternal age effects are also included. In many papers, maternal age-related egg size 

changes were demonstrated and comparisons were then made between large and small 

eggs and among the resulting juveniles. Since egg size varies among females and among 

ages, the maternal age and other maternal sources of egg size variation were confounded 

and I excluded such reports from the review.

I summarized trends with counts of the number of species with negative, positive, 

variable, or no maternal age effects on these parameters (Table 1.2). Variable responses 

are divided into two groups: responses for which a reasonable explanation has been 

provided and variable responses that are unexplained. The latter group includes species 

for which the response differs among reports or among developmental stages. Several 

older reports describe maternal age effects that cause a decrease followed by an increase, 

or vice versa, in some offspring trait These are presented as reported in the detailed 

review (Table l.l). There is no straightforward way of converting those responses that 

involve a change in direction, of maternal age effects, to a common measure for
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comparison with reports of responses that do not change direction. Therefore, the 

responses with direction changes are excluded from the summary table if they are the 

only report for a species. However, if there is another dissimilar report for the species, it 

is added to the count of those with unexplained variability. Species counts are divided by 

order and by type of metamorphosis, although there are too few apterygotes to discern 

any maternal age effect patterns. I compared maternal age effect patterns between groups 

using continuity adjusted chi-square tests. Since there were several empty cells in some 

of these comparisons I reduced the data to 2 x 2 tables by pooling the data into species 

exhibiting negative maternal age effects and species exhibiting some other effect.

Review: Results

The most unambiguous effect of maternal age is that the fecundity of females 

declines as they age. All 39 species for which this information was tabulated exhibit this 

decline. Similarly offspring fecundity declines with increasing maternal age in three 

species, increases in one, and is unaffected in one.

Maternal age effects on egg size differ dramatically between endo- and 

exopterygotes. Among 33 endopterygote species, 73% exhibit a decline in egg size, 9% 

show no effect, 6% show variable responses between reports, and 12% exhibited variable 

responses among seasonal morphs and maternal diets, or in response to maternal egg size 

plasticity. Among 20 exopterygote species, 30% show a decline in egg size, 15% show 

no response, 40% show an increase in egg size, 5% show unexplained variability in 

response and 10% vary (between increase and no change) in response to morph 

differences or to grand-maternal effects. These trends are significantly different (chi- 

square = 7.6, d f = 1, P = 0.0058) and are also reflected at the ordinal level (Table 1.2).

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



12

Thus egg size decreases with maternal age in most endopterygotes but in half of the 

exopterygote species egg size increases or varies between increase and no effect

Summaries of maternal age effects on survival and development rate are 

complicated by effect differences between developmental stages. Ignoring stage 

differences, of 24 species for which I found data, 50% have decreased survival, 25% 

show no effect, 8.3% show increased survival, and 16.7% show unexplained variability 

(Table 1.2). The pattern does not differ between endo- and exopterygotes (chi-square = 

0.2, df = 1, P = 0.68), nor does it differ between life stages (chi-square = 1.04, df = 2, P = 

0.59). Thus, insects generally show decreased or unchanged survival with increasing 

maternal age. This effect may be strongest during embryogenesis since, of the species 

with reports separated into developmental stages, 11 have negative effects on egg hatch, 

and only 4 have effects on juvenile survival (Table 1.1).

The development rate of offspring generally decreases with or is unaffected by 

maternal age in insects. Ignoring stage differences, 10 species exhibited decreased 

development rates at advanced maternal ages, 7 exhibited no effect, 1 exhibited increased 

development rates, 3 exhibited variable effects explained/confounded by sex or grand- 

maternal effects, and 4 exhibited unexplained variability (Table 1.2). This pattern does 

not differ substantially between endo- and exopterygotes (chi-square = 1.7, df = 1, P = 

0.20). When reports separated survival from different developmental stages, two of two 

exopterygote species show increased embryonic development rates and both of these 

have positive maternal age/egg size relationships. But five of six endopterygote species 

show decreased embryonic development rates and four of these produce smaller eggs at 

later ages (chi-square = 1.6, df = 1, P = 0.21 Table 1.1). There were few reports of
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juvenile development rates and for egg to adult development rates, the pattern does not 

differ from that of all stages pooled.

The pattern of maternal age effects on body size is much more scattered. Of 23 

species, 13% show decreased body size at some stage, 26% show no change, 22% show 

increased size, 13% have variable effects due to morph differences or density effects and 

17% exhibit unexplained variability (Table 1.2). This scatter does not differ between 

endo- and exopterygotes (chi-square = 0.0, df = 1, P = 1.0) and is approximately evenly 

distributed between measurement of juveniles, pupae and adults (Table 1.1).

In both endo- and exopterygotes improved nutrition of females, or increased 

contributions from males (e.g., nuptial gifts and larger or more spermatophores) 

sometimes reduce or eliminate the egg size decline. Of 12 species tested, 58% show 

amelioration of maternal age effects, 33% show no effect and 8% have a variable 

response (Table 1.1). Both of the exopterygotes species tested show increased, or 

unchanged egg size and the amelioration of maternal age effects due to improved 

nutrition is manifested primarily as reduced clutch size declines (Table 1.1).

There are several maternal age effects that may or may not be related to offspring 

performance described in the literature. Fluctuating asymmetry increases (Drosophila 

melanogaster (Diptera: Drosophilidae) Parsons, 1962), does not change (D. 

melanogaster, Wakefield et al. 1994), or decreases with increasing maternal age 

(Glossina palpalis gambiensis (Diptera: Glossinidae), McIntyre and Gooding 1998) and 

there are strain specific effects on stemopleural chaetae number (D. melanogaster, 

Durrant 1955). Starvation resistance decreases (Musca domestica (Diptera: Muscidae), 

Callahan 1962), as does desiccation resistance (Eretmapodites chrysogaster (Diptera:
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Culicidae), Hylton 1967). Late Malacosoma pluviale (Lepidoptera: Lasiocampidae) 

larvae are less active (Wellington, 1965). There is variation in egg RNA and DNA 

content with increasing maternal age (D. melanogaster, Tsien and Wattiaux 1971), 

decreases in yolk protein content (Hyalaphora cecropia (Lepidoptera: Satumidae), Tefler 

and Rutberg 1960; Lymantria dispar (Lepidoptera: Lymantriidae), Rossiter 1991) and 

decreases in trehalose concentration (Aulocara elliotti (Orthoptera: Acrididae), 

Quickenden and Roemhild 1969). Late female offspring have later onset of pheromone 

production (Caryedon serratus (Coleoptera: Bruchidae), Chaibou et al. 1994) and there 

are variable effects on recombination frequency (D. melanogaster, Valentin 1973). Late 

Tribolium castaneum (Coleoptera: Tenebrionidae) larvae show an increased response to 

selection for total merit (a combination of pupal and larval weight [Patterson et al.

1983]). In Tenebrio molitor (Coleoptera: Tenebrionidae), increased maternal age leads to 

more rapid decrease in the four of ten amino acids (Ludwig and Jones 1964). Late 

offspring in this species also exhibit unchanged oxygen consumption, earlier decrease in 

cytochrome oxidase activity, but higher combined activity of cytochrome oxidase, acid 

phosphatase and alkaline phosphatase than do early offspring (Ludwig et al. 1962).

Review: Discussion

The most consistent effect of increasing maternal age is a decrease in maternal 

fecundity (Table 1.2). This observation (coupled with declines in egg size and hatch rate 

observed in some insects) is the primary basis for the assumption that maternal age 

effects are non-adaptive results of general physical deterioration and exhaustion of 

resources, although this strategy can be adaptive for the mother (Begon and Parker 1986).

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



15

This explanation is only valid if the eggs differ in size only and if size fully explains 

offspring fitness (see pages 5-6).

Offspring fecundity also declines with increasing maternal age in most species 

(Table 1.1). Other maternal age effects can mediate offspring fecundity changes. For 

example, later offspring of the aphid Cavariella aegopodii (Homoptera: Aphiidae) have 

higher fecundity because they are larger and larger females have higher fecundity (Dixon 

et al. 1993). The data are insufficient to confirm or reject the Lansing Effect, which is 

generally discounted (see pages 8-9), but they do suggest that maternal age effects on 

offspring fecundity should be investigated further.

The most notable variation in maternal age effects on egg size is that 

endopterygotes usually show decreases in egg size with increasing maternal age, but 

exopterygotes often produce larger eggs at advanced ages (Table 1.2). Two explanations 

have been proposed for this difference (Murphy et al. 1983; Solbreck 1986). 

Degeneration of flight muscles in exopterygotes may free resources for egg development, 

or adult feeding in exopterygotes provides a continuous source of egg materials which 

may then become larger as clutch size decreases. Of the endopterygotes examined for egg 

size response to maternal age, most fly throughout adult life and produce their eggs 

primarily from resources acquired as larvae. That cessation of flight and muscle 

degeneration contribute to egg size increases is supported by comparisons of 

macropterous with brachy- or apterous forms: increase in egg size is only exhibited in the 

flighted forms (Solbreck 1986). Similarly, in viviparous aphids, alate forms exhibit an 

increase in progeny size over the first few days of adult life while apterate individuals 

show no change (Dixon and Wratten 1971; Newton and Dixon 1990). Furthermore,
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muscle material contributes to reproduction, not only in exopterygotes (Kobayashi and 

Ishikawa 1993; Tanaka 1993), but also in endopterygotes (Stjemholm and Karlsson 

2000). However, some species retain flight capabilities and exhibit increased egg size as 

adults (Table 1.1) so flight muscle degeneration is not a complete explanation.

Maternal nutrition is intimately linked to egg production so patterns of egg 

material accumulation might explain variation in maternal age effect on egg size. In 

insects, slightly more than half of the species tested show an amelioration of egg size 

decline with increased access to nutrients. Others however, are better able to maintain 

egg number while maternal age effects on egg size are unchanged. Further tests of this 

would be useful, preferably using a variety of species with different feeding and 

reproductive patterns, and in both stressful and benign conditions (Murphy et al. 1983; 

Moore and Singer 1987; Karlsson 1987).

If maternal age effects are generally maladaptive then maternal age effects should 

be correlated within and across life stages, unless maternal age effects disappear early 

during development. The correlations between maternal age effects are quite scattered 

(Table 1.1). One exception is that those insects with declining egg size also have 

declining development rates and vice versa (Table i.l) . This is consistent with the 

frequently observed positive correlation o f egg size with development rate in insects 

(Azevedo et al. 1997).

This review shows that maternal age effects need not decrease in strength as the 

offspring develop, as is usually assumed for maternal effects (Mousseau and Dingle 

1991a, b; Bernardo 1996). This assumption is made for two reasons: after hatching the 

role of the offspring’s (non-matemal) environment increases and should reduce
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differences between larvae, and maternal effects are more often found in eggs and 

immature stages than in adults. The strongest evidence that maternal age effects decrease 

with age would be identification o f species in which maternal age affects eggs or early 

immature stages, but not late immature stages or adults. I found no such cases for 

survival or development rate, possibly because values for these traits are usually not 

reported separately for different developmental stages, obscuring stage differences that 

might be present For egg size 4 species exhibited negative maternal age effects on egg 

size but no effect on adult or late immature size, but 3 species exhibited effects on size of 

eggs and of later stages. There are however more reports of maternal age effects on eggs 

and early immature stages than there are on late immature stages or adults. Whether this 

is because maternal age effects are truly more common in immature stages or because 

these stages are examined for such effects more often is unclear. Thus, the literature 

provides only weak support for the idea that maternal age effects decrease in strength 

with increasing progeny age.

The main conclusion derivable from this review is that, except for a widespread 

decline in clutch size, maternal age effects are quite variable around the generally 

accepted trends of declining egg size, embryonic development rates, hatch rate, and 

offspring fecundity. This variability, coupled with the cases of variable maternal age 

effects that can be explained through morph, strain, host or other differences, suggests 

that maternal age effects are adaptive more often than is generally thought

Program of Study

One way to gain further insight into maternal age effects is to make a detailed 

comparison of offspring of young and old females from a single species at several stages
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of development and at each stage, to examine appropriate fitness related traits. I have 

conducted such a study of house flies (Musca domestica L.) testing for maternal age 

effects on egg number, size, hatch rate, and contents and also on larval competitiveness 

and adult fluctuating asymmetry. I use these data to reexamine assumptions about the 

non-adaptive nature o f maternal age effects.

House flies are excellent organisms for studies of aging and maternal age effects. 

They are a common cosmopolitan species that is easily maintained in the laboratory.

Their life-span of 2-8 weeks varies with environmental conditions and is short enough to 

allow longitudinal studies of maternal age effects. The general biology, including larval 

and population biology, is well described (see subsequent chapters for descriptions and 

references). There are existing age determination methods that allow extension of 

laboratory work into field situations (Lehane 1985; McIntyre and Gooding 1995).

Because they exploit ephemeral resource patches and exhibit seasonal increases in 

density, offspring of old females will generally experience different conditions than those 

o f young females. Thus it is possible that they will show adaptive maternal age effects, 

although they fit the pattern of many insects assumed to have only non-adaptive maternal 

age effects. Below I outline those aspects of the program that are described in Chapters 2 

to 5.

Maternal age effect on house fly  eggs. Chapter 2

The most important assumption, in the study of patterns o f maternal investment, is 

that egg size is a good estimator of maternal investment and egg quality. In a recent 

review, egg size was found to be unrelated to offspring fitness in 37% o f cases (Azevedo et 

al. 1997). In many organisms there is significant variation in yolk contents at the population,
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individual, and intra-clutch levels, and it has been suggested that yolk provisioning may be a 

more accurate measure of maternal investment than egg size (reviews in Williams 1994; 

Jaeckle 1995; Bernardo 1996). Intraspecific variation in insect egg content has only rarely 

been related to egg quality. In the grasshopper, Aulocara elliotti, egg mortality increases 

with maternal age and trehalose concentration decreases (Quickenden and Roemhild 1969). 

In the gypsy moth, Lymantria dispar, large eggs contain proportionately more yolk protein 

than do small eggs and large eggs, and the resulting larvae, could be more resistant to 

environmental stress than are small eggs (Capinera et al. 1977). However, survival of 

starved gypsy moth hatchlings is correlated with levels of two yolk proteins (vitellin and 

glycine rich protein) but not with egg weight (Diss et al. 1996). Overall, these studies 

indicate that egg content may be more important than egg size in insects.

The first step in my study of maternal age effects on offspring quality in house flies 

was to examine the relationship of egg size and egg content. If egg size is not closely related 

to egg content then the negative effects of maternal age on offspring quality is called into 

question.

Maternal age effect on house fly  larvae. Chapter 3

When larval competition is important to success, as it is for house flies (Sullivan 

and Sokal 1963; Bryant and Sokal 1967,1968; Kence and Jdeidi 1997), one critical test 

o f maternal age effects on larvae is to compare competitive ability of offspring from 

different maternal age classes. Maternal age related differences between immature 

individuals are usually measured as performance or fitness components of isolated groups 

or individuals. There have been few studies of maternal age effects in which offspring of 

young and old females interact Therefore the intraspecific competitive fitness of
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offspring of different maternal ages is essentially unknown in insects, in spite of the 

considerable body o f research seeming to address this. I tested early and late offspring 

from genetically marked strains against each other to determine if there are maternal age 

effects on competitive ability in house flies and used the results to develop an adaptive 

hypothesis for maternal age effects on house fly offspring.

Maternal age effect on house fly  adults, Chapters 4 and 5

The ultimate test that maternal age effects impact surviving adults is that their 

fitness differs. Testing this proved to be beyond the scope of this study. Instead I used FA 

as an estimator of fitness/quality differences between offspring of young and old house 

flies. Fluctuating asymmetry (FA, small random departures from bilateral asymmetry) 

has been proposed as a sensitive indicator of developmental stability (DS) and organismal 

quality that may reveal quality differences between groups of organisms, before such 

differences are detectable using conventional fitness measures (Leary and Allendorf 

1989; Graham et al. 1993). Altered FA levels may thus provide indications of maternal 

age effects on adult offspring quality. Empirical studies provide equivocal evidence for 

maternal age effects on FA in insects. For example, FA o f sternopleural bristle number 

increased with maternal age in one Drosophila melanogaster population (Parsons 1962). 

However, in another population, maternal age did not affect FA of sternopleural bristle 

number, wing length or wing area (Wakefield et al. 1994). In tsetse (Glossina palpalis 

gambiensis) wing FA decreased slightly with maternal age (McIntyre and Gooding 1998; 

Klingenberg and McIntyre 1998). These divergent results suggest that maternal age 

effects on FA vary among species and populations. This variation may be related to the 

adaptive nature of some maternal age effects since it seems to depend upon the life
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history, particularly the relative contribution of late-bom offspring to female fitness 

(McIntyre and Gooding 1998).

Here I used Procrustes techniques (Klingenberg and McIntyre 1998) to determine 

the effects of maternal age and larval density upon house fly wing FA, in a longitudinal 

study and then compared the responses of shape FA and size FA to these stresses. I also 

compared FA among a subset of survivors of the competition experiments and used FA to 

gain additional insight into the nature of larval competition in this species.

An adaptive hypothesis for house fly  maternal age effects, Chapter 6

By combining the results o f these investigations into maternal age effects on eggs, 

larvae, and adults, I was able to develop a testable hypothesis about the nature of 

maternal age effects in house flies. A program for testing this hypothesis is presented, as 

are proposals for how similar studies in other species should be conducted.
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Table I . I . Maternal age effects on fecundity, egg size, survival, development rate, and body size in insects. Unless marked otherwise fecundity is that of the mother, development rate 

and survival are from egg to adult, and body size is that of the adult progeny. Adult longevity is included under survival, although it is not exactly equivalent to measures of egg and 

juvenile survival. Mediating factors include the effects of diet and mating on the extent of maternal age effects on offspring characters or maternal fecundity. Symbols: a: egg to adult; 

al: adult longevity; as: adult size; D: improved diet; e: egg; h: hatchling; j: juvenile (larvae or nymph); p: pupae; m: mother, M; multiple matings; o: offspring; +: increases with 

maternal age (or increases maternal age related declines for D and M); •: decreases with maternal age (or reduces maternal age related declines for D and M); x: no maternal age effect 

detected; u : decrease followed by increase; o : increase followed by decrease.________________________________________________________________________________

Taxon Fecundity egg size survival development rate body size mediating factors References

Aplcrygota

Collembola 

Orchesella cincta (Entomobryidac) 

Exoplerygota 

Hctcroptcra 

Horvathiolus glbbicolUs (Lygaeidae) 

Lygaeus equestris (Lygaeidae) 

Oncopellus clngulifer (Lygaeidae) 

Oncapeltus fasciaius (Lygaeidae) 

Graphosoma linealum (Pcnlatomidac) 

N oam  virldula (Pcnlatomidac) 

Podisus maculiventris (Pcnlatomidac) 

Podlsus nigrispinus (Pcnlatomidac) 

Dysdercus spp. (Pyrrhocoridac) 

Pyhhrocuris aptvms (Pyrrhocoridac)

-(m,o)

+.X
x

-(5), 0 (6 )

r,x

t
t

■ (5), n  (c,6) 

• (*.j. al)

x(c.j)

x(c.j)
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+ (e).-0 )
x

x
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1-2

3

4
5

5-7

7
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13
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Taxon___________________Fecundity egg size________ survival

Homoptcra 

Acyrthoslphon pisum (Homoptcra)

Aphis fabae (Homoptcra)

Cavarlella aegopodll (Homoptcra) -(m), t(o)

Siloblon avenue (Homoptcra)

Orthoptere 

Arphla sulphurea (Acrididac)

Aulocara elliolll (Acrididac)

Chorlhlppus brunneus (Acrididac)

Chortophaga viridlfasclata (Acrididac)

Dlssosieira Carolina (Acrididae)

Locusta mlgralorla (Acrididae) • - (al)

Schlslocerca gregarla (Acrididae - (e)

Gryllusflrmus (Gryllidae) x x (e)

Gryllus veletis (Gryllidae) x x (c)

Gryllus pennsylvanicus (Gryllidae) - * (e)

Scapierlscus acletus (Grylloutlpidae) • - -(e)

Scapteriscus vlclnus (Gryllotalpidae) - - -(c)

Endoptcrygola 

Coleoptera

Table 1.1: Page 2 of 5

development rate______ body size mediating factors References

c: i  (21), o (2 2 )

+ (j,as) 

+, x (j, as)a 

+ (j,«s) 

+, x (j, as)a

15
16

17

18

19 

20-22 

D: -, M: - 23

19 

19

24

25

26 

26 

26 

27 

27
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Taxon___________________ Fecundity

Callosobruchus chinensis (Bruchidac) - (m, o)

Callosobruchus maculatus (Bruchidac)

Caryedon serratus (Bruchidac)

Stator limbatus (Bruchidac)

SUophilus granarius (Curculionidac)

Luciola cruciata (Uunpyddae)

Tenebrio molitor (Tenebrionidae)

Tenebrio abscurux (Tenebrionidae)

Tribollom coirfusum (Tenebrionidae)

7Yibaliom castaneum (Tenebrionidae)

Zophobas atratus (Tenebrionidae) • (o)

Diptera

Eretmapodites chrysogaster (Culicidae)

Drosophila melanogaster (Drosophilidae)

Olossina morsitans morsitans (Glossinidae)

Glosslnu palpalis gambiensls (Glossinidae)

Glosslna palpalis palpalis (Glossinidae)

Musca domestica (Muscidae)

Scalhophaga stercoraria (Scathophagidac)

Lepidoptera

egg size________ survival________ development rate______ body size mediating factors References

-(e,j) u (e),-(a ) 28
-(a), e :-(30),x

- (31) - (e, a) - D: -, M: - 29-31

- 32

%x,t‘ 33

u 34-35

. x(c) 36
- (c, j); al: - (39), x

X (40) i 37-42

X + 43

- (j). + al -(e) 44

+(j) 45

- (a,al) -0) -.+ 0)" 46

-(c) 47
-/x‘ (48,49),-
(50), 0(53) -(c) o (c) 0(52), x (56) 48-57

pi+.x*-' -.*'<*) 58

p.x x(rf) 58

p: ♦,x f x(rf) 58

-(al) X 59

. D:- 60

Table 1.1: Page 3 of 5



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Taxon___________________ Fecundity

TyriaJacoblae (Arctiidae)

Danaus plexippus (Daruddae)

Epirrllo autumnaia (Geomctridae) x (o)

Maiacosoma pluviale (Lasiocampidae)*

Jaimenus evagoras (Lycacnidac)

Lymaniria dispar (Lymantriidae)*

Panolisftammea (Noctuidac)

Euphydryas ediiha (Nymphalidac)

Euploea core carinna (Nymphalidac)

Hipparchia semele (Nymphalidac)

Speyerla mormonia (Nymphalidac)

Papilio machaon ^^ilionidac)

Pieris rapae (Picridac)

Chilo partettus (Pyialidae)

Paraprdiasia Merrellu (Pyialidae)

Hyafaphora cecropia (Satumidac)*

Coenonympha pamphilus (Satyridae)

Lasiammala maera (Satyridae)

Lasiammala megara (Satyridae)

Lasiammala pelrapaliiana (Satyridae)

egg size________ survival________ development rate______ body size mediating factors References

-(c) x (j) 61

M: x 62-63

- (c) x (p) 64

-0 ) 65

D: x 66

-(c,j) - 67-68

69

• (70), x (7l) D: -(70), x(7l) 70-71

x, D: - 72

73

74

75

M: - 76-78

x 79

x 80

81

x(e) 82

75

75,83-84 

75
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Taxon Fecundity egg size survival development rate body size mediating factors References

Lopinga achine (Satyridae) * 75

Mycalesis perseus (Satyridae) 85

Mycalesis sirtus (Satyridae) - D: x 85

Mycalesis terminus (Satyridae) -,x» D:- 85

Pararge aegeria (Satyridae) - -(e) M: x 75,86-87

Choristoneurajitmiferana (Tortricidae) - -(e) 88-89

Notes: varies with a) morph; b) grand-maternal effects; c) oviposition host; d) density; c) strain; 0  sex; g) diet

♦ eggs are produced sequentially during pupal period; maternal age refers to the age of the pupa__________________________________________________________________
References: I) Janssen etal l988;2)Stamctal 1998; 3) Solbreck 1986; 4) Solbreck et al 1989; 3) Phelan and Fnrmhoff 1991; 6) Richards and Koldcrie 1957; 7) Larsson 1989; 8) 
KiritaniandKimura 1967; 9) McLain and Mallard 1991; 10) Ugaspi and O'Neil 1994; II) Mohaghegh etal 1998a; l2)Mohagheghetal 1998b; l3)Kasule 1991; l4)Honek 1992; 
l5)Murdie 1969; 16) Dixon and Wratten 1971; 17) Dixon etal 1993; 18) Newton and Dixon 1990; l9)Landa 1992; 20) Van Horn 1966; 2l)Quickendcnand Rocmhild 1969; 22) 
Visscher 1971; 23) Butlin et al 1987; 24) Cassicr 1967; 25) Injeyan et al 1981; 26) Carricre and Rolf 1995; 27) Fonest 1986; 28) Hussain 1994; 29) Wasscrman and Asami 1985; 
30) Fox 1993; 31) Fox and Dingle 1994; 32) Chaibou etal 1994; 33) Fox etal 1997; 34) Howe 1967; 35) Howe and Hole 1967; 36) Yuma 1984; 37) Ludwig 1956; 38) Tracey 
1958; 39) Ludwig and Fiore I960; 40) Ludwig and Fiore 1961; 41) Ludwig etal 1962; 42) Ludwig and Jones 1964; 43) Fiore I960; 44) Schneider 1941; 45) Patterson etal 1983; 
46) Tschinkel 1993; 47) Hylton 1967; 48) Wanen 1924; 49) David 1959; 50) Parsons 1962; 51) Delcour 1968; 52) Delcour and Heuts 1968; 53) Delcour 1969; 54)Tsienand 
Wattiaux 1971; 55) Valentin 1973; 56) Wakefield et al 1994,57) Crilletal 1996; 58) McIntyre and Gooding 1998; 59) Callahan 1962; 60) Jann and Ward 1999; 61) Richards and 
Myers 1980; 62) Svard and Wiklund 1988; 63) Oberhauser 1997; 64) Ruohomaki et al 1993; 65) Wellington 1965; 66) Hill and Pierce 1989; 67) Leonard 1970; 68) Rossiter 1991; 
69) Leather and Bumand 1989; 70) Murphy etal 1983; 71) Moore and Singer 1987; 72) Hill 1989; 73) Garcia-Barros 1992; 74) Boggs 1986; 75) Karlsson and Wiklund 1985; 76) 
Jones etal l982;77)KimuraandTsubaki 1985; 78) Watanabe and Ando 1994 ; 79) Berger 1989; 80) Marshall l990;8l)TeflerandRutberg I960; 82) Wickman and Karlsson 
1987; 83) Wiklund and Karlsson 1984; 84) Karlsson and Wiklund 1984; 85) Braby and Jones 1995; 86) Wiklund and Pctsson 1983; 87) Karlsson 1987; 88) Harvey 1977; 89) 
Campbell 1962.
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Table 1.2. Numbers of apterygote, exopterygote, and endoptcrygotc insect species exhibiting negative (-), absence of (x), positive (+), or variable • and unexplained (V,) or explained by some 

measured factor - (V,J maternal age effects on egg size, development rate, survival, body size, and offspring fecundity. Maternal fecundity is also included although it is not a maternal effect per 

se , Totals for apterygote, exopterygote, and cndoplerygotc arc further divided into totals for insect orders. Full details and references in Table I. I ■__________________________________

Taxon Bex size Developomcnt rate Survival Body Size Fecundity (ofTsprinsI Fecundity (mother}
- X v „ V, X + V„ V, - X + v„ V, - X + v„ V, • x + V„ V, '  * + V„ V,

AplerygoU (Collembola) 1

Exopterygota 6 3 8 2 1 1 3 1 2 5 S 1 1 1 2 3 2 2 2 IS

Hctcroptcra 3 1 3 2 1 3 1 1 1 3 1 1 2 2 1 6

Homoptcra 2 2 1 4

Orthoptera 3 2 5 1 1 4 2 1 1 5

Endopterygota 24 3 4 2 9 4 3 1 7 I I 3 2 4 2 1 2 2 1 24

Coleoptera 3 1 1 4 1 1 1 2 1 3 1 2 1 2 3

Diptera 1 1 1 2 2 3 2 2 1

Lepidoptera 20 2 3 1 4 1 2 1 1 2 1 20

Total 30 6 8 6 3 10 7 3 1 3 12 6 2 4 3 6 5 3 4 4 1 39
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Chapter 2: Egg size, contents, and quality: Maternal age and size 
effects on house fly eggs1

Introduction

A mother’s contribution to her offspring is extremely important to the fitness of 

both offspring and mother (Roff 1992; Steams 1992). For oviparous animals, most 

theories addressing variation in maternal investment deal with the egg size/number trade­

off, and model females’ optimal egg size without considering variation in investment 

between or within females (reviewed in Bernardo 1996; but see McGinley and Chamov 

1988). The most widely used estimator of egg quality, and thus maternal investment, is 

egg size, under the assumptions that large eggs produce offspring with higher fitness and 

that large eggs are more expensive to produce. There is substantial support for the first 

assumption: 63% of 137 studies reported positive associations between egg size and 

offspring fitness component(s) (Azevedo et al. 1997). However, the absence of a 

correlation in 37% of the studies reveals that egg size does not fully predict offspring 

fitness. Failure to find egg size/fitness correlations is often explained away by suggesting 

that the fitness effects may only manifest themselves under adverse conditions (e.g. 

Parsons 1994; Fox 1997). It is likely also that other factors contribute to fitness variation 

among eggs. For example, if  egg contents do not accurately track egg size then both of 

the above assumptions may be violated.

hi many organisms there is significant variation in yolk contents at the population, 

individual, and intra-clutch levels, and it has been suggested that yolk provisioning may 

be a more accurate measure o f maternal investment than egg size (reviews in Williams

1A version of this chapter has been accepted for publication. McIntyre, G. S. and Gooding, R. H. In press. 
Egg size, contents, and quality: Maternal age and size effects on house fly eggs. Can. J. Zool.
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1994; Jaeckle 1995; Bernardo 1996). Egg contents and size can vary independently. In 

echinoderms, egg size can be uncorrelated with energy content among species, between 

populations, between individuals, and between eggs within single broods (reviewed in 

Jaeckle 1995). In birds, large eggs can contain disproportionately more albumin or yolk 

than do small eggs (reviewed in Williams 1994). In the snail Arianta arbustorum, egg 

nitrogen and carbon concentrations vary independently, and the pattern of variation 

differs among populations and is not related to egg size in successive egg batches (Baur 

and Baur 1997).

Intraspecific variation in insect egg content has only rarely been related to egg 

quality. In the grasshopper Aulocara elliotti, egg mortality increases with maternal age 

and trehalose concentration decreases (Quickenden and Roemhild 1969). In the gypsy 

moth, Lymantria dispar, heavy eggs contain disproportionately more yolk protein than do 

light eggs; heavy eggs, and the resulting larvae, could be more resistant to environmental 

stress than are light eggs (Capinera et al. 1977). However, survival of starved gypsy moth 

hatchlings is correlated with levels of two yolk proteins (vitellin and glycine rich protein) 

but not with egg weight (Diss et al. 1996). Overall, these studies indicate that egg 

contents may be more important than egg size in insects.

As part o f a larger study on maternal effects on offspring quality in house flies, 

Musca domestica L., I examined the relationship of egg size and egg contents. Egg size 

was positively correlated with maternal size and negatively correlated with maternal age 

in house flies. I collected large eggs laid by large young females and compared them to 

small eggs laid by small young females and by large old females. By comparing egg size, 

contents and hatch rate between egg sizes and maternal phenotypes I addressed two main
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questions: 1) Do large and small house fly eggs differ in more than size? and 2) Are small 

eggs produced by different maternal phenotypes similar in more than size?

Materials and methods

Insects and their maintenance

The culturing methods and early history of my house fly, Musca domestica L., 

colony were described previously (McIntyre and Gooding 1995). Approximately 60 wild 

caught flies from the original collection site were added to the colony (then at ~500 

individuals) in March 1996. The experiments reported here were conducted between 

March 1996 and February 1998 using flies reared from eggs produced by 10 day old 

females that were maintained in 8.0 L cages containing 80 females and 40 males at 25C 

with a 16L:8D photoperiod, referred to below as standard conditions.

Maternal age effects: individual females

Flies were separated from the opposite sex within 12 hours of eclosion to ensure 

virginity (Keiding and Rosenkilde 1990). Fifteen one-day-old females were randomly 

paired with two-day-old males from the same rearing container, to ensure earliest 

possible mating. Each pair was placed in a 250 ml container and provided with food and 

water ad lib; water was changed every 3 days to avoid oviposition on the moistened 

cotton wick, and food was added every 7 days. Eggs were collected, between 09:00-14:00 

on filter paper soaked with 2.5 % ammonium bicarbonate, every three days beginning 

when females were four-days-old; egg batches were numbered sequentially for each 

female.
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Clutch size was recorded for each egg batch and 10 eggs were measured for 

length and width (at the mid-length) using a dissecting scope with camera lucida and an 

FX graphics tablet (Summasketch, Seymour, CT, USA). House fly eggs are 

approximately ellipsoid and egg volume was estimated as V = (71 * length * width2)/6. A 

separate sample o f 10 eggs was sealed in a 1ml microcentrifuge tube at 2SC for 24 hours 

to determine hatch rate. It was not always possible to measure all eggs on the day they 

were laid, and some were frozen at -20C in 0.85% saline. House fly eggs can be stored in 

this way with no change in egg length, width, or protein, carbohydrate or lipid content, 

and house fly eggs do not change size during development (Appendices I and 2). After 

death, wings of males and females were mounted in Euparol and measured to estimate 

teneral dry mass. I used regressions of daily means (across all females) to relate egg 

parameters to maternal age, using common data transformations where they were 

indicated by decreased dependence o f residuals on maternal age. Because there were 

many missing data points (i.e., egg collections during which one or more females did not 

oviposit) I was unable to use repeated measures analysis of variance. Thus I analyzed 

average changes across female life span but not individual differences in maternal age 

effects.

Maternal age effects: population cages

To examine further the effects of maternal age on eggs and to control for possible 

effects of aging males, four cages were set up under standard conditions. Mortality was 

recorded at least every three days and dead flies were removed. Cages were maintained 

until oviposition ceased. In two cages, termed replacement cages (R), 25% of the males 

were replaced with 3-4-day old males on day 14 and 21, while maintaining the initial 2:1
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sex ratio. I chose to replace 25% of the males because the average male can inseminate a 

minimum of 5 females in a week (McIntyre, unpublished data), thus most receptive 

females would have been able to mate with a young male. Adding too many males causes 

negative effects on females, since young males will harass females through frequent 

mating attempts (Ragland and Sohal 1973). The remaining two cages (N) contained 

females with only the original males. Eggs were collected twice per week beginning 

when females were four days old. Egg hatch was checked on days 10 and 24. Eggs were 

frozen in 0.85% saline for size measurements and biochemical determinations. Since the 

treatments did not differ until after the first set of analyses (day 10) a comparison of 

treatment means does not adequately test for effects of young males on eggs produced by 

old females. I used a two-way analysis of variance (ANOVA) with maternal age and 

male replacement as main terms. In this analysis the presence of a significant age X 

replacement interaction indicates an effect of male replacement on female maternal age 

effects.

Maternal size effects: individual females

Eggs from a single egg collection were seeded into larval medium at 2 ,6,12,18, 

and 24 eggs/g. Six eggs/g is near optimal for houseflies (Sullivan and Sokal 1963; 

McIntyre and Gooding 1995). For each density, on the first day that seven flies of each 

sex emerged, seven randomly chosen pairs were isolated at 25C with food and water ad 

lib. Daily egg collections were made beginning on day four and continuing until all 

females had deposited their first egg batch. Clutch size, egg size, and hatch rate were 

determined for the first egg batch. Females* wings were mounted in Euparol.
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Maternal size effects: population cages

Eggs were seeded into two replicate cups at 0.03 and 0.09 ml eggs/30g medium. 

These densities approximate 10 and 30 eggs/g. Emergents from replicates were pooled 

and placed in cages under standard conditions. Flies were provided with oviposition 

medium daily, beginning on day 4 of adult life and continuing until the first day on which 

enough eggs were laid to indicate that more than a few fries had oviposited. Hatch rate 

was determined using SO eggs from the first large batch. Size and biochemical 

determinations were done on eggs that were stored frozen in 0.85% saline. After the eggs 

were collected, the wings of several females were slide mounted to estimate teneral mass.

Estimation o f teneral dry mass

Four unfed teneral flies of each sex, from each larval density in the experiment on 

maternal size effects (individual females), were killed by freezing, oven dried at 60C for 

72 hrs, and weighed to the nearest 0.1 mg. The right wing of each fly was slide-mounted 

and the locations of 13 vein intersections were digitized with the equipment used for egg 

measurements. All possible interlandmark distances were calculated and log log 

regressions were computed for each sex. The distance between the intersection of vein 

R4+5 with the wing margin and the intersection of the medial vein with the posterior 

(discal medial-cubital) crossvein (Landmarks 1 1 and 13, Figure 4.1), gave the most 

accurate regression for females (data and analyses not presented); teneral mass was 

estimated according to the formula mass = exp((ln(length) -1 .887)/0.224), (R2 =0.957, p 

< 0.0001, n -  20). This regression was used to estimate teneral dry weight of the flies 

from all experiments.
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Egg content determinations

Carbohydrate and lipid content were determined by modifications of the methods 

of Van Handel (1985a, 1985b), and protein content by a modification of the method of 

Bradford (1976), as follows. Carbohydrate and protein determinations were made on the 

same eggs. Samples of five eggs were homogenized in lOOpl 0.0 IN NaOH and 

centrifuged at 5000g for 10 minutes. For protein determination, 50pl of supernatant was 

added to 1ml of Bradford reagent (lOOmg Coomassie Blue G-250,50ml 95% ethanol, 

100ml 85% phosphoric acid, H2O to make IL). Five minutes after mixing, A595 was read. 

Insect egg proteins are often extracted in strong saline solutions, but the quantity of 

protein extracted from house fly eggs by NaOH was not significantly different from that 

extracted by 0.5 N NaCl (0.01 N NaOH: 5.3 ± 0.23 pg/egg; 0.5 N NaCl: 5.4 ±0.17 

pg/egg; tts = 0.60, P = 0.56). For carbohydrate determination 1ml of anthrone reagent 

(750mg anthrone, 380ml concentrated H2SO4,150ml H2O) was mixed with the remaining 

sample and heated at 100C for 17 minutes. After five minutes at room temperature, A625 

was read. For lipid determination, a separate sample of 5 eggs was homogenized in iOOpi 

1:1 chloroform:methanol. The solvent was evaporated and the residue was heated for 10 

minutes at 100C with 40pl of concentrated H2SO4 . After removal from heat, 1ml vanillin 

reagent (600mg vanillin, 100ml H2 0 ,400ml 85% phosphoric acid) was added to the 

mixture. After developing for 25 minutes at room temperature, A525 was read. Contents, 

in pg, were calculated from standard curves for protein, carbohydrate, and lipid derived 

from solutions of BSA or oyster glycogen in 0.01 N NaOH, and a chloroform solution of 

olive oil. Biochemical contents were converted to energy content using the following
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conversion for metabolizable energy: protein=16.0 kJ/g, carbohydrate=16.0 kJ/g and 

lipid=37.5 kJ/g (Adrian et al. 1988).

Results:

Maternal age effects: individual females

Maternal age was negatively correlated with egg volume, hatch rate and clutch size for 

individually housed females (Figure 2.1). Batch number (i.e., the number of clutches laid) 

was highly correlated with maternal age (Figure 2.ID) but females did not oviposit every 

time ammonium bicarbonate was presented to them, and oviposition became less frequent 

as females aged. In general maternal age was a better predictor of clutch size, volume, 

and hatch rate than was batch number so I present only the maternal age analyses. 

Untransformed standard errors of egg volume, hatch rate, and clutch size, were generally 

positively correlated with maternal age (Pearson Correlation Coefficients [n = 103]: 

clutch: r = 0.80 p < 0.001; egg volume: r = 0.48 p = 0.07; hatch rate: r = 0.63 p = 0.02). 

Visual examination of plotted data (not shown) revealed that these results were due to an 

increase in the number of small clutches and clutches with small eggs and/or low hatch 

rates produced by old females. Teneral weight of females (mean ± SE: 4.87 ±0.174 mg) 

was not correlated with other variables, including total number of eggs laid and female 

lifespan (42.9 ± 4.37 days). Male lifespan (28.9 ± 4.72 days) was not correlated with 

other variables.

To examine for relationships between egg volume, hatch rate and clutch size, 

partial correlations were calculated with maternal age held constant Angular 

transformed values of hatch rate were positively correlated with clutch size ( r=0.44, p <
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0.0001, n = 103) but egg volume was not correlated with clutch size or hatch rate (clutch 

size: r = -0.18, p = 0.07, n = 103; hatch rate: r = -0.13, p = 0.19, n = 103).

Maternal age effects: population cages

Comparing 10 and 24-day-old females, younger flies produced larger eggs with 

higher hatch rate and lipid content; however, protein, carbohydrate and energy content 

were unaffected by maternal age (Table 2.1). Females in the N and R cages produced 

eggs that differed significantly in several parameters, even though females were from the 

same egg mass, and male replacement did not begin until after deposition of the first 

group of eggs examined. Females in the R cages produced larger eggs with significantly 

higher protein content but lower lipid content, before and after addition of young, 

replacement males. However, there were no significant interactions between treatment 

and maternal age, and thus no effects of male replacement, although the power of this test 

is relatively low. Additionally, all changes were in the same direction for both treatments; 

for protein (the only case in which the percent change differed between treatments by 

more than 5 %) the increase in protein was less with male replacement than without 

(analyses not shown but based on Table 2.1). On days 10 and 23, mean female 

survivorship was 96 and 90% respectively and did not differ between treatments (not 

shown). Male survivorship in the N populations was 98 and 47% on days 10 and 23 

respectively. Mating was observed in all cages throughout the experiment

Maternal sue effects: individual females

Maternal size was not significantly related to egg hatch rate, but was positively 

correlated with clutch size and egg volume, and negatively correlated with age at first 

opposition (Figure 2.2). To examine the relationship between egg parameters, partial
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correlations were calculated with maternal size held constant Angular transformed 

values of hatch rate were negatively correlated with egg volume (r = -0.447, p < 0.029, n 

= 25) but no other significant correlations were found (analyses not presented). This 

unexpected relationship appeared to be due to a single, otherwise unremarkable, fiy from 

the 6 eggs/g treatment that produced the largest eggs (59.7 ± 1.35 nanolitres) and those 

with the lowest hatch rate (0%). Dropping this fly from the analysis changed the partial 

correlation of hatch rate and egg volume to -0.354 (n = 24, p = 0.0975). Removing this 

fly did not significantly alter any other relationship.

Maternal size effects: population cages

Eggs from large and small females (144% difference in dry mass) did not differ in 

hatch rate or protein, carbohydrate, lipid, or energy content, but eggs from large females 

were larger than those from small females (Table 2.2). Eggs from small flies in this 

experiment had higher hatch rate and greater lipid, protein and energy content, but did not 

differ in volume or carbohydrate content from those of eggs produced by old flies 

(treatments pooled) in the maternal age effects population experiment. (Tables 2.1 and 

2.2; volume: tig = 1.23, p = 0.22; hatch rate: x2 ~ 5.58, p = 0.018; protein: t3o = 2.07, P = 

0.047; carbohydrate: t28 = 0.38, p = 0.71; lipid: t3o = 2.93, p = 0.006; energy content: t28 

= 3.19, p = 0.003).

Discussion

It is often postulated that egg size accurately reflects maternal investment and egg 

quality. I found that egg size was either uncorrelated or negatively correlated with hatch 

rate and that egg size bore little relation to egg contents (Tables 2.1 and 2.2). The main
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findings are summarized in Figure 2.3. Partial correlation analysis established that, 

although maternal age was negatively correlated with hatch rate and egg size, hatch rate 

was unrelated to egg size after removal of maternal age effects. Using similar logic, egg 

size and hatch rate were weakly negatively correlated after removal of maternal size 

effects, even though maternal size was positively related to egg size but was statistically 

unrelated to hatch rate. Egg size differences were not reflected in egg energy, protein, or 

carbohydrate content, however, lipid content was lower in eggs from old mothers but not 

in eggs from small mothers (Tables 2.1 and 2.2). Unfortunately I was unable to 

statistically separate maternal age and size effects from egg size effects in these 

experiments.

The results suggest that hatch rate is not tightly bound to egg size in house flies. 

As older flies lose the ability to produce numerous eggs they also lose the ability to 

produce viable eggs (Figure 2.1), but decreased viability is not directly associated with 

egg size. In the population maternal age experiment, for females aged 24 days, hatch rate 

and egg size had decreased but total egg energy content remained unchanged (Table 2.1). 

Therefore, an overall loss of egg provisioning did not cause the observed decrease in 

hatch rate. The reduced lipid content of small eggs from old mothers may be approaching 

the minimum lipid required for successful embryonic development; if this is true, young 

mothers may be over-provisioning their eggs with lipid. Interestingly, it took small 

females longer to produce eggs than it did large females (Figure 2.2). This increase could 

be explained if small flies must produce eggs with a minimum level of energy or lipid 

content, but are less efficient at nutrient acquisition or conversion. A similar relationship
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between decreased yolk production rates and minimum egg energy levels might explain 

the increased inter-oviposition interval in aged females (unpublished observation).

Almost all models of egg size-number trade-offs and maternal investment treat 

egg size as the sole determinant of egg quality and offspring fitness (reviewed in 

Bernardo 1996). A notable exception is the work of McGinley and Chamov (1988) which 

considers the allocation of two fitness enhancing resources to propagules. They 

demonstrate that, with limited pools of two resources, optimal allocation to propagules 

depends on the relative size of the two pools. According to the McGinley and Chamov 

model, if the target of house fly egg production is a minimum energy content, and if egg 

size is a product of some other constraint, then the proportion of lipid in the egg should 

depend upon the relative availability of lipid and on egg size.

It could be argued that, in the benign environment experienced by our flies, egg 

size should not affect hatch rate since females have adequate resources to fully provision 

eggs of any size produced, within the constraints of age, ovariole number, and maternal 

size. This argument is unlikely to be correct since I found a weak negative partial 

correlation between egg size and hatch rate in the test of maternal size effects using 

individual females. The differences in egg lipid content also argue against this since, in 

the same environment, flies of different ages produced eggs with different compositions. 

Thus, ‘fully provisioned’ is different for eggs from different female phenotypes.

I did not directly assess the effects of male age on measured egg parameters. 

Comparing females with only same age males available with those provided with young 

replacement males on a weekly basis, I observed no effects attributable to the availability 

of young males (Table 2.1). For unknown reasons, females with access to young males
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produced larger eggs with higher protein and lower lipid content before and after young 

males were added to the cages. However, there were no significant interactions of 

maternal age and male replacement, which is the true test of the effect of new males. 

Possibly my handling methods during experimental setup inadvertently sorted females by 

vigor, cold tolerance, or some other trait associated with egg production. Whatever the 

cause, the results suggest that differences between eggs of young and old females do not 

result from a lack of vigorous males or sperm, although the opposite result has been 

reported in other insects (e.g. Fox 1993).

It is easy to conflate the effects of egg size with the effects due to the underlying 

causes of egg size variation. These can not be adequately separated through simple 

phenotypic correlation of an egg or maternal trait with offspring fitness. Egg size of 

animals has been manipulated either directly (Sinervo and McEdward 1988; Sinervo and 

Huey 1990); or indirectly (Sinervo and Licht 1991a, 1991b; Azevedo et al. 1997; Fox

1997). Although these studies clarified the nature of egg size effects on offspring fitness 

and life history, independent of other maternal effects, none of the studies verified that 

egg composition was unaffected by the experimental manipulation.

I solved this problem by using two distinct measures to generate egg size 

variation (maternal age and maternal size effects) and comparing relationships among 

egg parameters between manipulations. Large and small house fly eggs differed primarily 

in size and lipid content in the maternal age effect experiment However, eggs did not 

differ in energy, protein, or carbohydrate content and egg size had either a weak negative 

correlation (maternal size experiment), or was not correlated (maternal age experiment) 

with hatch rate, after removal of maternal effects. I found also that small eggs produced
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by large old females differed considerably from those produced by small young females. 

Eggs from small young flies had higher hatch rate, protein, lipid, and energy content than 

similarly sized eggs from large old flies. Egg size is therefore a poor estimator of egg 

quality, at least with regard to the parameters measured.

The assumptions that egg size can be used as a surrogate for egg quality and that 

large eggs are more expensive to produce than small eggs are not correct. This has been 

previously demonstrated in other taxa (reviews in Williams 1994; Jaeckle 1995; Bernardo 

1996). The present study, and the reviews just cited lead me to conclude that future 

empirical studies and life history models of maternal investment and of egg size/egg 

number trade-offs should include measures of egg quality other than just size.
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Table 2.1. Effects of maternal age and male replacement on hatch rate and mean (± SE) egg  volume, and protein, carbohydrate, lipid and energy content. Results are 

provided for females caged with only the original same-aged males and for females provided on days 14 and 21 with teneral males (N.B. at 10 days both treatments 

are identical, se e  text). P-values are from a type III, two way ANOVA of maternal age and replacement except where noted._____________________________________

No Replacement Male Replacement P

n 10 day n 24 day n 10 day n 24 day maternal age replacement interaction

Egg Volume (nl) 25 56.6 ±1.27 25 50.3 ±1.41 25 61.7 ±1.29 25 52.6 ±1.12 0.0001 0.0046 0.26

Hatch Rate (%)• 50 94.0 50 80.0 50 96.0 50 78.0 0.001 1 1

Protein (pg/egg) 8 5.0 ±0.10 6 5.4 ±0.23 8 5.9 ±0.28 8 6.0 ±0.25 0.16 0.0024 0.51

CHO (pg/egg) 6 2.0 ±0.10 8 2.0 ±0.14 8 1.8 ± 0.07 7 1.8 ±0.15 0.68 0.14 0.79

Upld (pg/egg) 8 2.4 ±0.10 8 2.0 ±0.07 8 2.2 ±0.04 8 1.9 ±0.06 0.0001 0.0155 0.31

Energy Content (mJ/egg) 8 202.2 ±4.38 8 194.5 ±6.25 8 205.6 ±4.93 7 198.4 ±4.90 0.16 0.49 0.95

* Age Effect: Chi-Square=11.317, df=1, p < 0.001
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Table 2.2. Effects of maternal size on hatch rate and mean (±SE) egg volume and egg protein, 

carbohydrate, lipid, and energy content Mothers of two sizes were produced by rearing them at high 

and low density; mean (±SE) teneral dry mass of a sample from each group of females is also 

provided. Probabilities are from two-tailed t tests, except where noted. ___

n Small Mothers Large Mothers P

Teneral Dry Mass (mg) 16 0.9 ± 0.03 2.2 ± 0.09 0.0001

Egg Volume (nl) SO 49.8 ± 1.01 54.4 ± 0.77 0.0005

Hatch Rate (%) 50 94.0 84.0 0.11*

Protein (pg/egg) 16 6.2 ± 0.14 5.9 ± 0.15 0.16

CHO (pg/egg) 16 2.0 ±0.08 2.1 ± 0.08 0.15

Lipid (pg/egg) 16/14 2.1 ± 0.04 2.1 ± 0.07 0.92

Energy Content (mJ/egg) 16/14 210.5 ± 2.26 209.9 ± 3.47 0.88

* X?a2.55. df=1
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Figure 2.1. Maternal age effects on daily means (± SE) of egg parameters for 15 
female houseflies. A) clutch size (regression: (egg number) =  -2.35*(matemal 
age) + 143.6, n = 13, R2 = 0.85, p < 0.0001), B) egg volume (regression: 
ln(volume) = -0.09*In(matemal age) - 2.7, n = 13, R2 = 0.83, p < 0.0001),
C) hatch rate (regression: arcsinV(proportion hatching) = -0.014*(matemal 
age) + 1.16, n = 13, R2 = 0.75, p < 0.0001), D) batch number (regression: 
(batch) = -0.23*(matemal age) + 0.08, n = 13, R2 = 0.99, pO.0001).
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Figure 2.2. Maternal size effects on egg parameters for 24 female 
houseflies. A) clutch size (regression: !n(egg number) = 
0.77*ln(mass(mg)) + 3.57, n = 24, R2 = 0.84, p < 0.0001),
B) egg volume (regression: (volume) = 0.0017*(mass(mg)) + 0.048, 
n = 24, R2 = 0.38, p < 0.001), C) hatch rate (regression: 
arcsinV(proportion hatching) = 0.0076*( mass(mg)) + 0.98,
n = 24, R2 = 0.0, p = 0.88), D) age at first opposition 
(regression: In(age) = -0.38*ln(mass(mg)) + 2.07, n=24,
R2=0.45, p=0.0002).
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Figure 2.3. Maternal age and size effects upon egg parameters in house flies. For clutch 

size, hatch rate, and egg volume the results are from experiments monitoring both 

individual flies and groups of flies. For biochemical and energy content, the results are 

from single experiments with groups of flies, within these experiments there were no 

significant relationships of egg volume with biochemical contents. Solid and hatched 

arrows represent positive and negative correlations respectively, a plain line indicates 

lack of a significant relationship, and an X through a line indicates removal of maternal 

effects via partial correlation.
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Chapter 3: Effects o f maternal age on larval competitiveness in house 
flies

Introduction

Offspring of old female insects (hereafter referred to as late offspring) are usually 

thought of as inferior performers, relative to the offspring of young females (hereafter 

referred to as early offspring). Late offspring are often smaller as hatchlings, arising from 

smaller eggs with lower average viability, than their earlier siblings do, andthey often 

have decreased growth rates, and larval viability (for reviews see Mousseau and Dingle 

1991a, b; Mousseau and Fox 1998; Chapter 1). Maternal age effects generally become 

attenuated as the offspring develop but in some cases they extend to later larval and even 

adult performance (e.g. adult size of offspring [Rossiter 1991; McIntyre and Gooding

1998]). But these later differences are usually measured as performance or fitness 

components of isolated groups or individuals. There have been few studies of maternal 

age effects in which offspring of young and old females interact. Therefore the 

intraspecific competitive fitness of offspring of different maternal ages is essentially 

unknown in insects, in spite of the considerable body of research seeming to address this.

Most maternal age effects are considered non-adaptive because they are thought 

to result from physiological constraints and deterioration (e.g., inability to adequately 

provision eggs at advanced ages [Murphy et al. 1983]). However, many maternal effects 

are adaptive, patterned responses of females to predictive cues resulting in improved 

offspring success (Mousseau and Fox 1998a, b). For example, the maternal age-related 

increase in the incidence of diapause in many seasonal populations corresponds well with

2 A version of this chapter has been accepted for publication. McIntyre, G. S. and Gooding, R. H. In press. 
Effects of maternal age on larval competitiveness in house flies. Heredity.
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the increasing need for offspring to enter diapause as the season advances (Mousseau and 

Dingle 1991a,b; Denlinger 1998). Furthermore, in species that experience consistent 

environmental changes during the life of individuals, maternal age effects that improve 

offspring performance may exist If, due to seasonal changes or resource depletion, 

density consistently becomes challenging to their offspring as females age, maternal 

effects could evolve to avoid or otherwise cope with higher larval density. An initial step 

in demonstrating that a maternal age effect is an adaptive response to increasing density 

is to show that old mothers produce larvae that are more successful in competition in or 

avoidance of high density.

A common approach used to study maternal age effects is to raise isolated groups 

of offspring from mothers of various ages and compare performance among these groups. 

This approach can not reveal maternal age effects on larval competition, which is an 

important fitness component in species that have significant larval interactions. As 

pointed out by Lewontin (1955) "The supposition that one can predict the relative 

viabilities o f genotypes from their absolute viabilities in pure culture is really a 

supposition that there is no interaction between these genotypes in exploiting the 

resources.. . ” The critical experiment is to raise offspring from different aged females in 

competition with each other, as I report in this paper.

A common method for comparing competitive ability of two phenotypically 

indistinguishable strains is to compare both strains to a third, phenotypically distinct, 

“testor” strain (e.g., Santos et al. 1992). However, to extend the logic of Lewontin (1955), 

this assumes that the different genotypes interact with each other in a common fashion.
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This assumption is unwarranted, unless there is a single major determinant of competitive 

success.

Studies on the bionomics of house fly larvae suggest that there are two 

particularly important phases in their development: initial medium conditioning by 

hatchlings and growth of the third (final) instar. Survival and adult size of house flies are 

determined by the performance of larvae during both of these phases. House fly larvae 

are bacterial feeders that actively condition their medium through the release of waste 

ammonium that stimulates yeast and bacterial growth (Bryant 1969; Schmidtmann and 

Martin 1992). Insufficient early larval density may result in poor medium conditioning 

and death of larvae through starvation or fungal takeover of the medium (Bryant and 

Sokal 1967). However, with very high initial density, high early mortality can lead to 

increased total survival and larger flies through reduced density during the growth phase 

of the final larval instar (Bryant and Sokal 1968; Kence and Jdeidi 1997). Flies 

developing at elevated larval density are smaller, take longer to develop, and have lower 

survival (Sullivan and Sokal 1963; and Bryant and Sokal 1967). Most of the negative 

effects of high density occur during the final larval instar, probably as a result of food 

depletion (Sullivan and Sokal 1963).

The outcome of larval competition in house flies can not be reliably predicted 

from performance in pure culture and it depends upon density, the identity of the 

competing strains, and the ratio of the strains (Sokal and Sullivan 1963; Bhalla and Sokal 

1964; Sullivan and Sokal 1965). In the current study I confirm these results and extend 

them to the impact o f maternal age on competitive ability. I tested genetically marked 

strains against each other to address a single main question: Are there maternal age
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effects on competitive ability in house flies? This approach allowed me to address the 

following two corollaries: Do maternal age effects vary between strains? Are maternal 

age effects competitor dependent? The results are discussed with respect to the possible 

adaptive nature of maternal age effects in house flies and the use of testor strains to 

determine relative competitive ability.

Materials and methods

The Flies

The history and maintenance of my house fly colony was reported in McIntyre 

and Gooding (1995, Chapter 1). Three electrophoretically marked lines were selected 

from this colony. I used electrophoretic markers because they are more likely to be 

neutral than are morphological markers, some of which affect development and 

competition in house flies (Sokal and Sullivan 1963; Bhalla and Sokal 1964; Sullivan and 

Sokal 1965). The selected lines differed at either the glutathione reductase locus (Gr), the 

octanol dehydrogenase locus (Odh), or at both loci. The marked lines are C (homozygous 

Gr*, Odh/), D (homozygous Gr*, Odh5) and G (homozygous Grf, Odh/). Polyacrylamide 

gel electrophoresis was used during selection and later to determine the origin of flies 

from the competition experiments. I used 7% gels at pH 8.9. Each gel, was stained in 

25ml of 50 mM TRIS pH 7.2 containing 9mg NADP, 9mg nitro blue tetrazolium (NBT), 

3mg phenazine methosulfate (PMS), plus substrate; for GSH this was 3mg reduced 

glutathione and for ODH 8  drops of octanol. Under these conditions the positions of the 

bands, relative to the bromophenol blue front (Rf) values were 0.70 for Gr*, 0.74 for Grf, 

0.35 for Odh5 and 0.39 for Odhf. At Odh and Gr there were actually two very similar fast
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alleles. Since I was interested only in using these as markers I did not distinguish between 

the fast alleles in these experiments.

Competition Experiments: Design and Setup

To compare the larval competitiveness of young and old house flies I used a 

modified replacement (substitution) series experiment (Mather and Caligari 1981; Novak 

et al. 1993) (Figure 3.1), i.e. the groups of interest were reared with each other at several 

ratios with the same overall density. To investigate maternal age effects, my design was 

more complex because 1) I can not simultaneously produce offspring from the same 

mother(s) at two different ages and 2) I can not distinguish offspring from the same kind 

of mother. For each pair-wise combination of marked lines I reared larvae from young 

and old females of each line in all possible combinations at five seeding ratios. Because 

of the fundamental difference between intra- and inter-group competition each 

experiment contains a logical subdivision into mixed cups (i.e., cups with larvae from 

two colonies; Exp. Im, 2m, and 3m) and pure cups (i.e., cups with larvae from only one 

colony; Exp. Ip, 2p, and 3p).

In each experiment, 'young' and 'old' parent populations were established so the 

youngest and oldest flies within each age group differed in age by a maximum of 48 

hours and the mean difference between flies from different age groups was 14 days. The 

left wings of a sample of 16 surplus females from each group were slide-mounted and 

measured as described below. Eggs were collected twice weekly, beginning at age seven 

days, from each group of mothers. The eggs used for the competition experiments were 

taken from 24 ±  I day old 'old' mothers (the sixth egg collection) and 10 ± 1 day old 

•young* mothers (the second egg collection). I chose these ages because 10 day old
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females produce the largest eggs with the highest viabilities, and 24 day old females 

produce significantly smaller eggs with lower viabilities but females are not post- 

reproductive and have not begun to suffer significant mortality (Chapter 2).

Eggs were collected, on cotton soaked in evaporated milk, from 09:00 to 16:00 at 

which time they were separated from the adult flies. A sample of eggs was frozen at -20C 

in 0.85% saline for later measurement (eggs can be frozen for up to 3 months this way 

without significant alteration of size or shape [Appendix 1]). A second sample of 50 eggs 

was incubated for 24 hours at 25C. Hatch rate was recorded for these eggs. The 

remainder of the eggs were incubated, on the milk-soaked cotton, until 09:00 the 

following morning to allow hatching. Three replicate cups for each combination of line, 

age, and ratio were seeded with a total of 60 vigorous larvae in 3g of larval medium. This 

high larval density ensures that larvae experience stress and competition. In preliminary 

experiments these conditions resulted in -70% larval mortality.

At emergence, each fly was frozen at -20C. Flies from the pure cups were dried 

for 72 hrs at 60C and weighed to the nearest 0.1 mg. Both wings of all flies were mounted 

in Euparol, between two slides clamped with elastic bands to flatten the wings. Flies from 

mixed cups were electrophoresed to determine their parentage.

Wing measurement/dry mass regression

Four landmarks (the branching point of veins Ri and R3, the intersection of veins 

C and Ri, the intersection of veins C and Mi+2 , and the intersection of the posterior 

crossvein and vein M3 + 4  [landmarks, 1,5,9, and 14, Figure 4.1]) were digitized in x,y 

coordinates for the left wing of each fly using a dissecting microscope and camera lucida 

with a Summasketch III data tablet (Summagraphics, Seymour, Connecticut). The wing
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centroid size (square root of the summed squared distance of ail landmark coordinates 

from the mean x and y coordinates of the landmarks) was calculated and regressed 

against the teneral dry mass for flies from the pure cups. No significant effects of 

experiment, sex, line and maternal age on the slope of this regression were found. 

Accordingly a single regression, based on all available data, was used to estimate the 

teneral mass of the flies from the mixed cups.

Statistics

I chose to keep the analysis of pure and mixed cups entirely separate, since they 

are essentially different experiments. It is possible to partially combine the results into 

unbalanced analysis of variance (ANOVA) models (e.g., Novak et al. 1993), but it is not 

a completely satisfactory method and introduces several problems. Since the 

experimental unit is the replicate cup, and not each fly produced, I calculated a single 

value from the flies emerging from each cup for sex ratio, viability, teneral mass, and 

development time. To examine sex ratio I calculated the angular transformed proportion 

of male emergents for each replicate cup.

Viability in pure cultures was analyzed using angular transformed survival. 

Viability in mixed cups was analyzed using natural log transformed Haldane's V = (a/(b + 

1))/(A/B), where a and b are the number of adults emerging and A and B are the number 

of larvae seeded into the culture from each line (Haldane 1956; Santos et al. 1992). To 

reduce the number of cups for which I was unable to calculate V, because of missing 

values, I chose the line with the fewest number of cups with zero emergence for the 

numerators in the calculation of V.
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For pure cups the use of mean mass was inappropriate since the same number of 

larvae were not competing throughout the experiment in each cup, given differences in 

larval mortality, and I was unable to use the number of emergents to correct for 

differences in effective larval density, since the assumptions of analysis of covariance 

were not met I used natural log transformed total biomass in ANOVAs of line by age. 

Thus, I was assessing effects on productivity and not on fly size per se. For mixed cups I 

used the ratio of the mean mass of each type of fly. Ratios were calculated with the mean 

of the more successful line, in terms of viability, as the numerator. Mean development 

time was analyzed in pure cups since development time was not correlated with survival 

in these experiments. For mixed cups I used the ratio of the mean development time of 

each type of fly, calculated in the same fashion as the ratio of mean mass.

For each experiment I tested all variables in separate two-way (line by maternal 

age) and three-way (parental age line A by parental age line B by seeding ratio)

ANOVAs for pure cups and mixed cups respectively. There were several mixed cups in 

the study that produced emergents from only one line. This forced an unbalanced analysis 

because of missing values. Therefore a portion of the total sums of squares could not be 

partitioned to any effect, interaction, or to the residual term. This precluded the 

estimation of two interaction terms in the analysis of Experiment 3m.

Results

Parental Differences

With the exception of a single contrast (Experiment 1, line D) there were no significant 

differences between the estimated masses of young and old females, but eggs from old 

females were significantly smaller than those from young females in four out of seven
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cases after Bonferroni correction (Table 3.1). Eggs of old females bad significantly lower 

viability than those of young females in two of seven comparisons, but the difference was 

in the same direction in all but one case (Table 3.1). After pooling data, egg hatch 

differed significantly between maternal ages (Young: 88.3%; Old: 76.6%; (x2  = 16.58 p 

< 0.001, d f = I), lines (Line C: 93.0%; Line D: 76.7%; Line G: 80.5%; (x2  = 22.82 p < 

0.001, df = 2), and experiments (Exp 1: 88.0%; Exp 2:80.5%; Exp 3:80.0%; (x2  = 6.021 

p = 0.049, df = 2). In a randomized block ANOVA with line and maternal age as factors 

and with experiments as blocks, mothers for experiment 1 were slightly smaller than were 

mothers for the other experiments (F2 ,2 I6  = 4.17, p = 0.016, R2  = 0.036), but produced 

slightly larger eggs (F2 ,3 4 2  = 8.82, p = 0.0002, R2  = 0.047). There were no line, age, or 

interaction effects for mass or egg volume.

Overall Survival and Sex Ratio

Total survival in experiment 3(m+p) was 12.7%, much lower than the survival 

rates of 26.0 and 25.3% from experiments l(m+p) and 2(m+p) respectively. In 

experiment 3m there were 10 cups that produced no adult and seven cups that produced 

flies from only one of the parental lines. The net result was greater apparent variability 

within groups and uneven sample sizes within cells of the ANOVA.

Of the 1,910 flies that emerged in these experiments, 51.5% were male and the 

sex ratio did not depart significantly from 0.5 (x2  = 1.913, df = 1, P = 0.166). Within 

experiments and in the pooled data there were no significant effects of experiment, line, 

or maternal age on sex ratio (analyses not shown). Accordingly, sex was excluded from 

the analyses of viability, mass, or development time.
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Pure Cups

In pure cups, offspring of old mothers had higher viability and greater total 

biomass than did offspring of young mothers (Table 3.2, Figure 3.2). Line C had higher 

survival than line D in experiment lp, and lower survival than line G in experiment 3p, 

but in experiment 2p survival of line G was only marginally higher than that of line D 

(Table 3.2, Figure 3.2). The maternal age effect differed significantly between lines in 

experiments 2p and 3p (Table 3.2, Figure 3.2). Line and line by maternal age interaction 

did not affect biomass except in experiment lp, in which early line C larvae out-produced 

early line D larvae. There was no effect of maternal age on development time in 

experiments lp and 2p, but in experiment 3p late offspring developed more rapidly than 

early offspring and this difference was much greater in line C than in line D (Table 3.2, 

Figure 3.2).

Mixed Cups

Maternal age affected viability in five out of six cases in the three mixed cup 

experiments, but the direction of the effect differed between lines and experiments (Table

3.3, Figure 3.3). Figure 33 contains plots of the performance of each maternal age for 

each line, relative to the two maternal ages from the competitor line. These plots are 

modifications of standard replacement plots (de Wit 1960) designed to facilitate 

comparison of competitive differences between maternal age classes.

Late C was better than early C when in competition with late D but there was no 

difference when competing with early D (Figure 3.3A). Against line G, late C did better 

than early C, especially against late G (Figure 3.3E). Early D was more competitive than 

late D against both ages of line C in experiment lm (Figure 3.3B), but in experiment 2m
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late D was better than early D against both age classes of G, with a non-significant trend 

for the difference to be greater at lower seeding ratios of G:D larvae (Figure 3.3D). Early 

G was slightly, but significantly, better than late G against both age classes of D (Figure 

3.3C). In experiment 3m early G were marginally better than old G in competition with 

both age classes of C and there was a greater deficit of C emergents when the proportion 

of C larvae was high (Figure 3.3F).

There were few significant effects of maternal age on competitor mass and 

development time ratios. The pattern of effects is consistent with the observation that 

development time is negatively correlated with mass in these experiments (r = -0.25, n = 

1900, p < 0.0001). Early line D offspring achieved larger sizes and completed 

development more rapidly than their line C competitors (especially against late line C), 

but late D offspring were smaller and developed more slowly than their line C 

competitors. In experiment lm there was a small effect of seeding ratio on mass ratio, 

with line D 9% smaller than line C at the 1:1 seeding ratio, but > 6 % larger at the other 

ratios (Table 3.3, Figure 3.4). In experiment 2m, even though there were no effects on 

mass ratios, young line G flies completed development more rapidly than late line G did, 

relative to their line D competitors. There was also a significant interaction between 

seeding ratio and maternal age of line G for development time. Early G flies developed 

24% more slowly than their D counterparts at the high G:D seeding ratio while late G 

flies took 3% longer to develop than did their D counterparts at this ratio. At the other 

seeding ratios the development time ratios did not differ between maternal ages of line G 

(Table 3.3, Figure 3.4). In experiment 3m late line G flies were significantly larger 

relative to their line C competitors than were early G flies. There was also an interaction
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between seeding ratio and maternal age of line G for mass ratio. Late G flies were almost 

40% heavier than line C flies when the G:C seeding ratio was 1:3, but at other ratios and 

maternal ages G flies were approximately 16% lighter than their C competitors (Table

3.3, Figure 3.4).

Discussion

I have demonstrated that old female house flies can produce larvae that are more 

competitive, at high density, than larvae from early females. In most cases, maternal age 

was positively associated with larval viability, mass, and development rate. Competitive 

ability and the relationship of maternal age to competitive ability were strain specific. 

Strain and mixture specific nature of competitive ability has been previously 

demonstrated in house flies and is strong evidence that larval competitive ability is under 

genetic control (Sokal and Sullivan 1963; Bhalla and Sokal 1964; Sullivan and Sokal 

1965). The results suggest that maternal age effects on larval competitive ability are also 

under genetic control.

Thus, maternal age effects in larval house flies are more than simple constraints of 

age-related physiological deterioration and they may be adaptive in nature. House fly 

populations increase throughout the summer in temperate areas (Black and Krafsur 

1986). This implies that females will generally oviposit into more crowded situations as 

they age. Since larval density has strong life history consequences, females may 

experience evolutionary pressure to produce better competitors at advanced ages and the 

positive maternal age effects I observed on larval competitive ability may be a response 

to this pressure.
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The basis of the competitive advantage of late larvae is unknown. Late larvae 

were less active than early larvae at the beginning of these experiments (qualitative 

observation) and they came from smaller eggs (Table 3.1). Egg size is not related to egg 

energy content in house flies (Chapter 1) so late hatchlings may have proportionately 

larger energy reserves. If initial nutrient levels are very low then more active larvae might 

do well at low density since they will condition the medium more rapidly (assuming that 

activity correlates with medium conditioning) and will search for and find sufficient food 

to keep them alive until bacterial growth accelerates. At high larval density, active larvae 

might exhaust their hatchling energy reserves and the initial food supply, and starve 

before medium conditioning takes effect. Less active larvae might be initially less prone 

to starvation in poor media and could outlast more active larvae. However, less active 

larvae might be at a disadvantage in nutrient rich media and also less able to condition 

nutrient poor media in the absence of more active larvae. This explanation fits the data 

for late D offspring which performed poorly in pure culture, but performed well when a 

few competitors, that performed well in pure culture, were present (Table 3.3, Figure 

3.3). Similarly, ge house fly mutants are poor nutrient conditioners that perform well in 

the presence of larvae with normal nutrient conditioning activity (Bhalla and Sokal 1964; 

Bryant 1969)

If the Grf or Odh* allele (or closely linked genes) affect the rate of ageing in 

female house flies then this might explain line differences in maternal age effects. But 

line G (homozygous for Grf), which was least affected by maternal age in competition, 

exhibited the largest maternal age effects on egg size and viability (Table 3.1). Line D 

(homozygous for Odh*), exhibited less difference in egg hatch than other lines, and egg
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size differences were also small, while D was the only line with early larvae to 

dramatically outperform old larvae in any experiment (1m). In this line, less age related 

change in egg parameters may be related to less extreme maternal age effects upon 

larvae, but this does not explain the very weak performance of offspring of young D 

mothers in pure culture (experiments lp and 2 p).

One of the most salient features of this study is that the competitive effects of line, 

maternal age, and competition ratio could not be generalized. Rather competitive ability 

varied among combinations of lines and also between pure cups and mixed cups as has 

been previously demonstrated in house flies and Drosophila spp. (Lewontin 1955; 

Lewontin and Matsuo 1963; Sokal and Sullivan 1963; Bhalla and Sokal 1964; Sullivan 

and Sokal 1965). The difficulty in predicting performance in mixtures from performance 

in pure culture has led to the use of testor strains to indirectly determine relative 

competitive abilities of genotypes (e.g., Santos et al. 1992). But, as argued in the 

introduction, this requires that either there is a single major determinant of competitive 

success or that the different genotypes interact with each other in a common fashion. 

These assumptions are usually not demonstrated prior to use of the testor method. In 

Drosophila, for which the testor method is frequently used (e.g. Mueller 1988; Santos et 

al. 1992; James and Partridge 1998), feeding rate is often highly correlated with larval 

success and is sometimes taken as the primary determinant of larval success (Bakker 

1961; Mueller 1988). However, D. melanogaster strains are differentially susceptible to 

metabolic waste accumulation (Weisbrot 1966; Botellaet al. 1985), and sub-populations 

exhibit distinct, genetically based strategies for the utilization of the larval medium 

before and after larval density and waste concentrations increase (Borash et al. 1998). In
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larval competition studies using Drosophila, yeast growth has been viewed as an 

undesirable complication and many larval culturing methods provide killed yeast as food 

in sterile media (Bakker 1961; Nunney 1983). This eliminates a facet o f the 

hatchling/microbial interaction known to be important in species with similar larval 

ecology. Thus, in Drosophila there is more than a single factor important in determining 

larval competitive ability. It is therefore inadvisable to adopt the testor stock method 

unless the factors acting in a particular contrast are known to be identical to those in other 

comparisons of interest.

Would the testor strain approach have been useful here? In the competition 

experiments (mixed cups only) using larval survivorship as the measure of success and 

ignoring maternal age effects, there are three independent rankings of larval competitive 

ability: D>C, G »D , and G>C. If line C had been the testor stock I would have predicted 

that G~D, which was not the result found in experiment 2m. If line D were the testor 

strain the resulting prediction is that G » C , which is in the correct direction, but the 

observed magnitude of the difference is smaller than predicted. If line G were the testor 

strain, the prediction that O D  is in the wrong direction. Thus I have a correct qualitative 

prediction in only a single case, but the magnitude is less than expected. The use o f testor 

strain competition experiments is clearly suspect in house flies and probably also in other 

species with complex larval competition dynamics. I invite detractors to develop 

analytical models demonstrating that the testor methodology is sound in cases with 

complex larval dynamics. Existing models o f larval competition consider only the 

amount o f food available and the feeding rate (de Jong 1976; Nunney 1983), which 

reduces to a single larval trait (feeding rate).
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Tabic 3.1. Mean (±SE) maternal teneral mass, egg size, and hatch rate for young and old female house flies from lines used in three 

competition experiments. P values arc from two-tailed t-tcsts for maternal and egg size, before Bonfcrroni correction. For hatch rate 

p values are from x2 tests, before Bonfcrroni correction. Sample sizes for each group arc 16,25, and 50 for estimates of female mass, 

egg volume, and hatch rote respectively._____________________________________________________________________

Experiment Line

Female Mass (mg) Egg Volume (mm3 x 103) Hatch Rate (%)

Young Old P Young Old P Young Old P

1 C 4.4 ±0.12 4.0 ±0.12 0.031 56.2 ±0.88 51.5 ± 1.12 0 .0 0 2 * 96 94 0.646

1 D 3.3 ±0.12 4.0 ±0.10 0 .0 0 1 * 55.9 ± 1.12 51.2 ± 1.34 0 .0 0 1 * 76 8 6 0 .2 0 2

2 D 4.2 ±0.11 4.0 ±0.11 0.152 50.9 ± 1.28 53.0 ± 1.22 0.255 8 6 72 0.086

2 G 4.0 ±0.12 4.2 ±0.11 0.297 51.8 ± 1.14 45.2 ±0.89 0 .0 0 1 * 98 6 6 0 .0 0 1 *

3 C 4.0 ±0.11 3.9 ±0.10 0.626 52.1 ± 1.13 48.9 ± 1.13 0.048 94 8 8 0.295

3 D 4.6 ±0.17 4.2 ±0.14 0.086 47.2 ± 1.07 49.0 ± 1.23 0.260 78 62 0.081

3 G 4.1 ±0.09 4.2 ± 0.08 0.394 55.0 ±0.90 49.6 ± 1.48 0.003* 90 6 8 0.007*

*P < 0.05 after sequential Bonfcrroni correction
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Tabic 3.2. Analyses of Variance of angular transformed survival, natural log transformed biomass, and log transformed mean 

development time for flics from pure cups seeded with offspring of young and old females from each line in three pairwise

competition experiments. Data is presented in Figures 3.3 and 3.4.
Viability Biomass Development Time

Source DF MS F P DF MS F P DF MS F P

Experiment Ip fC & D)
Line I 0.104 24.36 0 . 0 0 1 1 I 4.939 40.22 0 . 0 0 0 2 1 0 . 0 0 0 0 . 0 0 0.9819
Maternal Age I 0.230 53.98 0 . 0 0 0 1 1 5.756 46.88 0 . 0 0 0 1 1 0.148 4.63 0.0636
Linc*Age 1 0 . 0 0 0 0.04 0.847 1 5.085 41.41 0 . 0 0 0 2 1 0.027 0.84 0.3855
Error 8 0.004 8 0.123 8 0.032

Experiment 2p fG & D)
Line 1 0.024 1.63 0.237 1 0.177 0.47 0.5169 1 0.052 1.03 0.3503
Maternal Age 1 0.105 7.09 0.0287 1 3.729 9.97 0.0196 1 0 . 0 1 2 0.24 0.6406
Line* Age 1 0.206 13.92 0.0058 1 0.486 1.30 0.298 1 0.014 0.27 0.6199
Error 8 0.015 6 0.374 6 0.051

Experiment 3p (C & G)
Line 1 0.090 31.69 0.0005 1 0.792 3.51 0.098 1 0 .0 0 1 0.31 0.5927
Maternal Age 1 0.141 49.85 0 . 0 0 0 1 1 5.136 22.74 0.0014 1 0.149 65.37 0 .0 0 0 1

Linc*Age 1 0.131 46.46 0 . 0 0 0 1 1 0.013 0.06 0.815 1 0.088 38.54 0.0003
Error 8 0.003 8 0.226 8 0 . 0 0 2

Q\
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Table 3 J .  Three-way factorial analyses o f variance o f Haldane’s unbiased viability estimate (V, Haldane 1937), and ratios o f mean masses and development limes for 

competition experiments testing the effects o f maternal age on larval competitive ability. For calculation o f V lines D .O, and C are used in the numerator o f die 

constituent ratios and mass and development lime ratios were calculated as line O/C, G/D, and G/C  in experiments Im, 2m, and 3m respectively (see teat). Maternal 

age o f each line is entered into die ANOVA separately to allow comparison o f maternal age effects between lines. Degrees o f freedom differ between variables and 

experiments, depending upon the number o f cups which produced no adults from one or both lines. Data ate presented in Figures 3.3 and 3.4._____________________

Viability___________________ Ratio of Masses____________Ratio of Development Times

Source DF MS F P DF MS F P DF MS F P

Experiment lm(C&D) 

Age(C) 1 4.65 15.66 0.0006 1 0.042 2.06 0.1653 1 0.001 0.06 0.8093

AgefD) I 15.91 53.54 0.0001 1 0.501 24.6 0.0001 1 0.080 8.66 0.0075

Agc(C)*Age(D) 1 1.97 6.62 0.017 1 0.051 2.53 0.126 1 0.047 5.11 0.034

Ratio 2 0.23 0.76 0.48 2 0.076 3.72 0.04 2 0.017 1.81 0.19

Agc(C)*Ralio 2 0.72 2.43 0.11 2 0.017 0.82 0.45 2 0.001 0.13 0.88

Agc(D)*Ratio 2 0.14 0.48 0.63 2 0.036 1.77 0.19 2 0.024 2.6 0.10

Age(C)*Age(D)*Raiio 2 0.10 0.35 0.71 1 0.001 0.04 0.83 1 0.001 0.14 0.72

Error 24 0.30 22 0.020 22 0.009

Table 3.3: Page 1 o( 2
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Figure 3.1. Design of competition experiments: Separate experiments were conducted for each 
combination of the three marked lines. In each experiment I reared larvae from young and old 
females of each genotype separately with larvae from each maternal age class in the other line. 
Experiment 2 consisted of the following combinations: young D (Dy) with young G (Gy), Dy with 
old G (Go), old D (Do) with Gy, and Do with Go. Within each of these combinations I tested five 
larval seeding ratios ( 1:0,3:1, 1:1, 1:3, and 0:1). There were three replicate cups within each 
treatment that were seeded with a total of 60 larvae in three grams of larval medium.

Experimental Design

I Experiment 1 Experiment 2 | Experiment 3 
| C versus D D versus G | C versus G

Larval Ratio (D:G)
Contrast 1:0 3:1 1:1 1:3 0:1
DyXGyi
Dy XGo i
Do X Gy |
Do X Go | |
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Figure 3.2. Mean (±SE) performance in pure culture o f 60 Iarvae/3g of larval 
medium from young and old mothers. For experiment lp: A) proportion surviving, 
B) total biomass, C) mean development time. For experiment 2p: D) survival,
E) biomass, and F) development time. For experiment 3p: G) survival, H) biomass, 
and I) development time.
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Figure 3.3. Modified replacement plots (see text) of competition between larvae 
produced by house flies from two maternal age classes from three genetically 
selected lines (C, D, and G). Each plot shows the performance (survivorship) of 
early and late offspring from one line in competition with early and late offspring 
from another line. A) performance of C offspring in experiment lm. B) performance 
of D offspring in experiment lm. C) performance of G offspring in experiment 2m. 
D) performance of D offspring in experiment 2m. E) performance of C offspring in 
experiment 3m. F) performance of G offspring in experiment 3m. Squares and circles 
are the performance of late and early offspring respectively. Solid and hollow 
symbols indicate competition against early and late competitor offspring 
respectively. In the absence of maternal age and line effects the expected proportion 
of emergents is equal to X in plots A, C, and E and (X - 1) in plots B, D, and F, 
where X is the x-axis value.
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Figure 3.4. Mean (±SE) o f ratios o f mean fly mass (A) and mean development 
time (B) for flies from mixed cups in each o f three competition 
experiments, hi each experiment the ratio is the mean for the line 
indicated by the first letter in the X-axis label over the mean for the 
line indicated by the second letter. The legend indicates the maternal 
age class comparisons within each experiment (e.g. the leftmost bar in 
each plot is the mean ratio of values for larvae from young D mothers 
over the values for larvae from young C mothers).
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Chapter 4: Independent response of size FA and shape FA to two 
developmental stresses, larval density and maternal age

Introduction

Fluctuating asymmetry (FA, small random departures from bilateral symmetry) 

has been proposed as a sensitive indicator of organismal quality that may reveal quality 

differences between groups of organisms, before such differences are detectable using 

conventional fitness measures (Leary and Allendorf 1989; Graham et al. 1993). Use of 

FA as an indicator of quality is based on the putative relationship of FA and 

developmental stability (DS, the ability of a bilaterally symmetrical organism to develop 

identical mirror image forms on both sides). FA is thought to result from a lack, or 

impairment, of DS, which is jointly determined by the degree o f genetic control (not to be 

confused with canalization [see Zhakarov 1992]) o f the developing organism, or trait, and 

the level of developmental stress experienced (reviewed in Palmer 1996).

For FA o f individual traits to be a useful indicator o f organism-wide traits such as 

fitness, FA must accurately reflect DS, but how DS can be estimated from FA is currently 

under debate (Whitlock 1996,1998; Van dongen 1998). Much of this debate stems from 

empirical observations that FA is often uncorrelated among traits within individuals. 

When FA is uncorrelated among traits within individuals its use to estimate DS may still 

be possible by calculating repeatabilities of FA of different traits (Whitlock 1996,1998; 

Van dongen 1998). However, these methods can lead to widely divergent estimates o f DS 

based on different trait sets, and they do not apply to traits with correlated development, 

thus eliminating a large subset of possible traits, especially since appendages developing
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from distinct imaginal discs have correlated development and FA (Klingenberg and 

Nijhout 1998; Van Dongen et al. 1999).

A logical step towards understanding organism-wide DS, is to examine structure- 

wide DS by quantifying within structure correlations of trait FA. Within structures we 

expect complex patterns of trait FA correlations, regardless of the organism-wide 

asymmetry or DS. Since trait, or landmark, locations are related on complex structures 

we expect patterns of FA covariation among traits to depend, in part, upon the tightness 

o f the developmental relationship o f traits (Leamy 1993; Leamy et al. 1997; Klingenberg 

and McIntyre 1998). In tsetse wings, closely related structures (e.g., location of opposite 

ends of crossveins) share common patterns of both inter-individual shape variation and 

shape FA variation (Klingenberg and McIntyre 1998; but see Debat et al. 2000). 

However, final form is a combination of size and shape and it is differences in this 

combination that result in FA and in covariation of FA of traits in bilaterally paired 

structures. Thus the relationship of overall shape FA and size FA is more relevant to our 

understanding of the FA-DS relationship than is the relationship of the FA of specific 

linear traits within a structure. Recently Procrustes superimposition techniques that allow 

separate analysis of size and shape variation have been modified to study FA (Bookstein 

1991; Auf&ay et al. 1996; Smith et al. 1997; Klingenberg and McIntyre 1998). If size FA 

and shape FA are loosely or uncorrelated within structures, then our ability to estimate 

structure-wide, much less organism-wide, DS is called into question.

Even if FA of two traits is correlated, their use to estimate organism-wide DS and 

qualify will be confounded if  their FA levels respond predictably, but independently or in 

different directions, to developmental stress. Stress during development will lead to an
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increase in FA if  it causes a decrease in DS (i.e., the stress induced developmental noise 

exceeds the buffering capacity of the developing organism). While closely related traits 

can respond to stresses very differently (e.g., Held 1990) many studies report a 

relationship between FA and stress, but which traits will exhibit elevated FA in response 

to specific stresses is generally difficult to predict (Leung and Forbes 1996; Bjorksten et 

al. 2000). In this context the stress response of shape and size asymmetry of a single 

structure is particularly interesting. If different aspects o f the same structure respond 

independently to particular stresses it bodes poorly for the use o f FA as an indicator of 

overall DS.

I used Procrustes techniques to determine the effects of maternal age and larval 

density upon house fly wing FA. Offspring of old female insects, i.e., late offspring, are 

usually inferior performers, relative to the offspring of young female insects, i.e., early 

offspring. Late offspring are often smaller as hatchlings, arising from smaller eggs with 

lower average viability, than early offspring do. They can also have decreased growth 

rates and larval viability (for reviews see Mousseau and Dingle 1991a, b; Roff 1992; 

Mousseau and Fox 1998; Chapter 1). However, maternal age effects, and other maternal 

effects, generally become attenuated as the offspring age and environmental effects 

reduce differences due to maternal effects (Mousseau and Dingle 1991a, b). From the 

attenuation of maternal age effects it is unclear whether or not the surviving adult 

offspring of old females are really any different from the surviving offspring of young 

females.

hi my study of maternal age effects on house flies, Musca domestica L., I found 

that eggs of old females do not differ in total energy content, even though they are
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smaller and have lower hatch rate (Chapter 2). In addition, in direct competition at high 

larval density, which decreases house fly survival, size, and development rate (Sullivan 

and Sokal 1963), late offspring often outperform early offspring (Chapter 3). In house 

flies, surviving offspring of old females therefore do not appear to have lower quality 

than those of young females, even though they arise from smaller eggs with lower hatch 

rates. Altered FA levels may thus provide indications of maternal age effects on adult 

offspring quality, although empirical studies provide equivocal evidence for maternal age 

effects on FA in insects (Parsons 1962; Wakefield et al. 1994; McIntyre and Gooding 

1998; Klingenberg and McIntyre 1998).

I used Procrustes techniques (Dryden and Mardia 1998; Klingenberg and 

McIntyre 1998) to determine the effects of maternal age and larval density upon house fly 

wing FA and then compared the responses of shape FA and size FA to these stresses.

Materials and Methods

Flies and Wtng Measurements

The history and maintenance of the house fly colony is described in McIntyre and 

Gooding (1995; Chapter 2). Eggs were collected twice per week from a large group of 

females, reared from 10 day old females and maintained under benign conditions. Eggs 

were used to seed two replicate cups at two larval densities (0.03 and 0.09ml eggs/30g 

medium, i.e., approximately 6  and 18 eggs/g medium) on days 7,14,21,28, and 35 of 

the experiment On day 35 there were only enough eggs to seed a single high density cup. 

After emergence, 15 males and 15 females were chosen haphazardly from all high- 

density cups and from both Iow-density cups from days 14 and 28. hi cups seeded on 

days 28 and 35 there were fewer emergents, so I used all available flies. Wings from the

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



90

selected flies were mounted in Euparol and clamped, with elastic bands, between two 

slides to flatten them.

Two replicate measurements (taken blind and on different days) were made of 14 

landmarks on each wing (Figure 4.1). Landmark locations were digitized using a 

dissecting microscope and camera lucida with a Summasketch FX data tablet 

(Summagraphics, Seymour, Connecticut). To estimate the precision of this apparatus, 10 

measurements were made of a 1.0 mm stage micrometer. The mean (SE) of these 

measurements was 1.000 ± 0.0027 mm. I had previously measured a set of wings 

normally, with reversed right-left orientation, and upside down on the microscope stage 

to verify that orientation did not affect any of the parameters analyzed below 

(unpublished data).

Fluctuating asymmetry analyses

As a measure of overall wing size I used centroid size (the square root of the 

summed squared distances of all landmarks from the centroid [mean landmark position]). 

Analysis of ideal behavior for FA of centroid size followed Palmer (1994) and used 

standard statistical tests since centroid size is a well-behaved univariate quantity. 

However, when testing for differences in size FA between samples I used permutation 

tests as described below. Significance of FA above measurement error was tested with a 

mixed model ANOVA of individual (random) by side (fixed), with the significance of 

side tested against the interaction indicating presence or absence of directional 

asymmetry, DA. Skewness and kurtosis were calculated to assess departures from 

normality. Size dependence of FA was tested using regressions of unsigned centroid size 

FA, |R-L|, on mean centroid size. All assessments of the presence of ideal FA were
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conducted separately on males and females for each replicate within each treatment and 

were subjected to the sequential Bonferroni correction. I also tested for differences in size 

FA between replicate cups before pooling cups for comparison of treatment effects on FA 

(Appendix 3).

Procrustes analysis of asymmetry using landmark data (described in detail by 

Klingenberg and McIntyre [1998]) consists o f 4 basic steps: (1) reflection of the left (or 

right) side to align corresponding landmarks between sides; (2 ) scaling each 

configuration to unit centroid size; (3) superimposition of centroids of all configurations; 

and (4) rotation of configurations around the centroid to achieve an optimal fit of 

landmarks (I used generalized orthogonal least squares fit [Bookstein 1991]). Using the 

aligned coordinates, shape asymmetry corresponds to the deviations of right and left 

landmarks from each other across individual flies. Similarly, other shape differences can 

be analyzed as deviations between appropriate groupings of landmark configurations. 

These can be compared using a variety of multivariate methods including Procrustes 

ANOVA (Dryden and Mardia 1998, Klingenberg and McIntyre 1998). Procrustes 

ANOVA consists of computing sums of squares for each level of the ANOVA for each 

landmark coordinate. Sums of squares are then added across all landmark coordinates and 

divided by the appropriate degrees of freedom to arrive at mean squares (Klingenberg 

and McIntyre 1998). (Procrustes degrees of freedom are normal degrees of freedom 

multiplied by the number of landmark coordinates less four: one, two and one degrees of 

freedom lost to scaling, superimposition and rotation respectively.) Significance of 

effects within the ANOVA can then be tested using standard methods or permutation 

tests.
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For shape, I used the mixed model Procrustes ANOVA o f Klingenberg and 

McIntyre (1998) to test for significance of variation among individuals, between sides, 

and of the interaction term (FA) for each sex from each replicate cup. I tested for 

significance of these effects using separate permutation tests (1 0 , 0 0 0  repetitions) for each 

effect (permuting wings across individuals within sides, wings across sides within 

individuals, or wings across sides and individuals after removing main effects by 

subtracting fly and side means and adding the grand mean [Klingenberg and McIntyre 

1998]). To assess antisymmetry of shape using aligned configurations I examined scatter 

plots of left minus right differences for each landmark. Bivariate bimodal distributions 

indicate antisymmetry. To assess the size dependence of shape asymmetry, I conducted 

multivariate regressions of signed and unsigned asymmetry vectors on centroid size 

following Klingenberg and McIntyre (1998). Individual signed asymmetry vectors 

consist of the mean (R-L) values at each coordinate for each fly, after removal of the 

mean directional shape asymmetry within the data set Unsigned vectors were the 

individual asymmetry vectors with sign of all coordinates reversed if the deviation of the 

X coordinate for landmark 1 was negative. The null hypothesis was that the slope of the 

asymmetry was indistinguishable from zero for each coordinate.

To test for differences between replicates in shape, shape DA and shape FA, I 

conducted the mixed model Procrustes ANOVA of individuals by sides for each group 

and used permutation tests to determine if the between-group difference in mean squares 

for fly, side, and FA was greater than expected. For example, the test for DA differences 

between sexes compared the difference between the side mean squares o f males and 

females with the mean square difference between equivalently sized groups generated
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from randomly resampling individuals without replacement For each test I ran 10000 

permutations exchanging individuals between test groups. Because there was significant 

shape DA throughout the study, I subtracted the mean shape asymmetry, of all flies, from 

individuals before calculating FA mean squares. With a single exception (see below), 

males and females did not differ between replicate cups in shape DA or shape FA, and 

cups were pooled in the subsequent analyses (Appendix 3).

Because o f the unbalanced sampling design, I conducted two separate balanced 

factorial ANOVAs: a two-way ANOVA of maternal age by sex for all high density flies 

and a three-way ANOVA of maternal age by sex by larval density for the flies from two 

and four week old mothers. I conducted ANOVAs for centroid size and |R-L| of centroid 

size. To test for effects on shape asymmetry, I calculated Procrustes mean squares of the 

individual signed asymmetry vectors after removal o f DA, for each effect in the 

ANOVAs. Since unsigned asymmetry of centroid size, and asymmetry vectors do not 

conform well to the assumptions of ANOVA, I derived significance values using 

permutation tests, with 1 0 , 0 0 0  iterations, that the observed mean squares were greater 

than expected based on resampling individuals without replacement.

As a direct test of the relationship between size FA and shape FA I regressed an 

unsigned univariate estimator of individual shape FA, Procrustes distance between wings 

(the square of the summed distances between mean right and left configurations [Dryden 

and Mardia 1998]), on unsigned centroid size FA.

Results

Centroid size was positively correlated with maternal age, negatively correlated 

with larval density and higher in females than in males (Tables 4.1 and 4.2). Main effects
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did not interact except that centroid size in offspring of two and four week old mothers 

differed little at low density, but at high density the offspring of two week old mothers 

were much smaller than the offspring o f four week old mothers (Tables 4.1 and 4.2).

Centroid size exhibited ideal FA in most samples after pooling replicates (Table 

4.3, Appendix 3). DA was absent except in females from a single replicate o f offspring 

of 2 week old mothers raised at low density. Rather than complicate interpretations of 

results these flies were excluded from analyses of size and size FA. In the remaining data 

set, FA was significantly higher than measurement error and DA was non-significant 

(Table 4.3). There was significant leptokurtosis and right skew in Iow-density male 

offspring and significant left skew in low density female offspring of two week old 

mothers (Table 4.1). However since I used permutation tests to assess significance o f FA 

differences between replicates and groups I included these samples in the ensuing 

analyses. There were no significant relationships of |R-L| with mean centroid size for any 

group or subgroup of flies after Type I error correction, nor was there any difference in 

centroid size FA between replicates within any treatment after sequential Bonferonni 

correction (Appendix 3). Accordingly, I pooled cups for analysis of treatment effects on 

size FA.

At high larval density, unsigned centroid size FA was elevated in flies from older 

mothers, but there was no significant effect of sex (Tables 4.1 and 4.2). This maternal age 

effect was primarily due to an increase in centroid size FA among female offspring of 

mothers greater than three weeks of age but the interaction was not significant (Tables 

4.1 and 4.2).
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Among flies from mothers at 2 and 4 weeks of age, size FA was greater in 

females (0.029 ± 0.0026 mm) than in males (0.022 ± 0.0019 mm) and the effect of 

maternal age approached significance (Tables 4.1 and 4.2). The three-way interaction of 

maternal age, sex, and density was also significant: there was a reversal o f density effects 

between maternal ages in females but not in males. (Tables 4.1 and 4.2).

For shape, the only difference between replicates at any level o f variation was a 

difference in DA between males with 2-week-old mothers from low-density cups 

(Replicate I: MS = 6.69 x 10'5; Replicate 2: MS = 2.78 x 10*5; Pperm uuuion < 0.0001). These 

groups of males did not differ in other respects nor did the difference appear to be 

affected by the presence of outliers (Appendix 3). Based on these tests I pooled all 

replicate cups for further analyses. After pooling replicates, FA variation was significant 

in all groups (Tables 4.1 and 4.2, Appendix 4). After removal of DA, multivariate 

regression o f signed asymmetry vectors revealed that signed shape asymmetry was 

dependent on centroid size (n = 331, Wilks’ Lambda = 0.78, F = 3.64, df = 24,306, 

p<0.0001). (Recall that shape asymmetry is the deviation between aligned configurations 

of right and left wings and the signed asymmetry vector describes the magnitude and 

direction of asymmetry, but in the unsigned asymmetry vector directional information is 

removed.) Unsigned asymmetry vectors were not related to centroid size when separate 

samples (analyses not shown) or the entire data set were considered (n = 331, Wilks' 

Lambda = 0.94, F = 0.82, df = 24,306, p = 0.71). This suggests that the direction of shape 

FA is related to size, but the magnitude of shape FA is not Since the method for 

comparing shape FA differences is based on magnitude and not direction I was justified 

in treating shape FA as size independent
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Procrustes ANOVA, of maternal age and sex for flies raised at high density, 

revealed no significant effects on shape asymmetry (Table 4.2). However, in the 

comparison o f shape FA between maternal ages two and four weeks, all main effects 

were significant (Table 4.2). Early offspring (MS = 4.047 x 10*6) were slightly less 

symmetrical than late offspring (MS = 3.972 x 10"6). High-density flies (MS = 4.650 x 

I O'6) were less symmetrical than low-density flies (MS = 3.967 x 10"6) and males (MS = 

3.967 x 10"6) were more symmetrical than females (MS =4.047 x 10"6). Since shape FA is 

positively related to density, the observed maternal age effect on shape FA may result 

from decreasing larval density late in the experiment. (Hatch rate, which decreases with 

maternal age [Chapter 2], was not controlled for in this experiment, and larval density is 

negatively correlated with size [Sullivan and Sokal 1963] which increased with age in the 

high density treatment in this experiment [Table 4.1].) After removing density and sex 

effects, maternal age did not significantly influence shape FA (2 week old mothers MS = 

3.886 x I O'6; 4 week old mothers MS = 3.950; F 1344.2880 = 1.02, Ppermuution = 0.36). Since 

there is no a priori reason to expect density or maternal age to differentially affect shape 

FA of males and females, I did not conduct similar analyses for these factors.

Shape FA was weakly positively related to centroid size FA in the entire data set 

(Figure 4.2). The slope of the relationship did not vary between treatment groups in a test 

o f homogeneity o f slopes (F ^gs = 0.81, P = 0.65) nor was the relationship significant 

within any single treatment group after sequential Bonferroni correction (analyses not 

shown).
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Discussion

Maternal age, larval density, and sex significantly affected house fly wing FA but, 

even though they were positively correlated (Figure 4.2), size FA and shape FA 

responded differently to the experimental treatments (summarized in Figure 4.3). 

Increased larval density elevated shape FA but did not affect size FA, and increased 

maternal age elevated size FA but did not affect shape FA after removal of the 

confounding density effect (Tables 4.1 and 4.2). Although there appears to be a small 

underlying whole-wing DS that affects both size FA and shape FA, reflected by their 

positive correlation (Figure 4.2), this is outweighed by trait specific stress responses of 

FA. Most o f the observed effects on size FA and shape FA are independent.

Close correlation of independent trait FA within individuals is not expected 

(Whitlock 1996). However, this does not hold for deveiopmentally interdependent traits 

(Whitlock 1996; Van Dongen et al. 1999) and the closer the developmental relationship 

between traits, the closer their FA, and the response of their FA to stress (McIntyre and 

Gooding 1998). The primarily independent response of size FA and shape FA to maternal 

age and density raises several questions: How independent is the development of wing 

shape and wing size? Can the differences in stress response be related to the kind or 

timing of stress induced by maternal age and larval density? Is size FA or shape FA a 

better indicator o f developmental stability?

Our understanding of wing development in higher flies rests primarily on studies 

of Drosophila, in which wing size and shape are clearly independent at some level. In 

spite o f the large amount o f size variation naturally present and inducible by 

environmental (e.g., James et al. 1997) and genetic (e.g., Bohni et al. 1999) factors, wing
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shape differs only slightly between large and small flies (Azevedo et al. 1998; Haas and 

Tolley 1998). A comparison of the genetics of wing size and wing vein location reveals 

further disjunction o f control of these traits. Wing vein locations are determined during 

the late third instar and early puparial stage at morphogen boundaries on the developing 

wing blade. These boundaries signal a cascade of other regulatory genes leading to 

specification of vein and intervein areas (Lunde et al. 1998). Misplacement of the 

morphogen boundaries or disruption of this cascade affects vein properties and location, 

and because individual veins develop at specific morphogen boundaries, individual veins 

can respond independently if stress has morphogen specific effects (Biehs et al. 1998; 

Mohler et al. 2000). In contrast to vein location, wing size is determined by cell 

proliferation and growth in the wing imaginal disc, which begins at the end of the first 

instar and continues until the second day after pupariation in Drosophila (Bryant and 

Schmidt 1990). However, final size and shape are independent of specific local patterns 

of cell growth and division, and final size may be specified by total volume or by 

absolute distance between structures (Milan et al. 1996, Weigmann et al. 1997, Neufeld 

et al. 1998, Bohni et al. 1999). Wing size and shape are clearly related characters, in spite 

of partially independent developmental control. In the data, a multiple regression of wing 

shape vectors on centroid size is highly significant (n = 331, Wilks' Lambda = 0.26, 

F24JO6  = 37.20, P < 0.0001). Such shape allometry is probably only possible if control of 

wing size and control of wing shape share common elements or are jointly regulated.

The partially independent determination of wing size and wing vein location 

makes the primarily independent response o f size FA and shape FA less surprising. The 

independent response may be due to the differential timing of developmental
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disturbances likely to result from maternal age effects and from high larval density. Most 

maternal age effects are confined to the embryo and early immature stages (Mousseau 

and Dingle 1991a, b; Mousseau and Fox 1998), although some do persist (e.g. adult size 

of offspring [e.g., Phelan and Frumhoff 1991; McIntyre and Gooding 1998]). However, 

the effects o f high larval density act primarily during the third larval instar (Sullivan and 

Sokal 1963). Wing imaginal discs are set aside half way through embryogenesis as a 

group of approximately 30 cells on each side of the body and they begin to proliferate at 

the end of the first larval instar (Bryant and Schmidt 1990). In contrast, wing vein 

locations are determined during the third instar and early pupa (e.g., Mohler et al. 2000).

It is possible that maternal age could affect size asymmetry through between side 

differences in the initial size or early proliferation of wing discs before maternal age 

effects become attenuated. A very small early difference could be magnified to 

measurable amounts in adults due to the ~ 1 0 0 0  fold size increase that occurs during 

development. In contrast, maternal age effects are likely to have disappeared before wing 

veins are determined. However, density stress during the third instar might affect local 

cell proliferation patterns, or morphogen concentrations or boundaries, that affect vein 

location but are compensated for by the rest of the wing to maintain size symmetry.

How should wing size FA and wing shape FA be used to estimate DS or 

individual quality? The positive correlation of wing size FA and wing shape FA (Figure 

4.2) seems to support the notion o f an underlying wing DS that jointly affects FA of these 

traits. However, the difference in response of two aspects of the same structure to specific 

stresses suggests that FA largely reflects trait specific, not organism-wide or even 

structure-wide, DS. Combining size FA and shape FA into a single estimate of quality
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may thus confound stress- and trait-specific DS with organism-wide DS. There have been 

numerous attempts to combine traits into composite FA indices but the common 

underlying logic is that traits exhibit different degrees o f a common stress response 

(reviewed in Leung et ai. 2000). In a modelling exercise, composite FA indices were 

more likely to reveal a stress response than were individual traits (Leung et al. 2000).

This result supports the presence of an organism-wide DS only if, as the model assumes, 

there is an equal degree of stress response across all traits, but this is an empirically 

unfounded assumption (e.g. Bjorksten et al. 2 0 0 0 ; this study).

My results suggest that maternal age does decrease DS sufficiently to affect FA of 

at least one trait in adult offspring of old female house flies, even though this species 

does not otherwise exhibit detrimental, post-hatching, maternal age effects (Chapters 2 

and 3). FA also reveals negative effects of increased larval density on DS of wing shape 

corresponding with those revealed through survival, size and density (Sullivan and Sokal 

1963). However these effects are quite small, as is the effect of sex.

There is variable evidence for maternal age effects on FA in insects. For example, 

FA of stemopleural bristle number increased with maternal age in one Drosophila 

melanogaster population (Parsons 1962). However, in another population, maternal age 

did not affect FA of stemopleural bristle number, wing length or wing area (Wakefield et 

al. 1994). In tsetse (Glossina palpalis gambiensis) wing FA decreased slightly with 

maternal age (McIntyre and Gooding 1998; Klingenberg and McIntyre 1998). These 

divergent results suggest that maternal age effects on FA vary among species and 

populations. This variation may be related to the adaptive nature o f some maternal age 

effects since it seems to depend upon the life history, particularly the relative contribution
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of Iate-bom offspring to female fitness (McIntyre and Gooding 1998). The result suggests 

that this variability might also be due to the trait, species (and population) specific nature 

of the FA response to maternal age.

It is unclear why FA was higher, and more stress sensitive in female than in male 

house flies. Females are larger than males and take longer to develop, increasing the 

temporal windows during which maternal age and larval density can act to disrupt 

symmetry of wing development Alternatively, flight may be more important to males 

than to females, since they actively pursue females on the wing for mating, and there is 

no evidence that females use elaborate flight maneuvers to avoid contact with males. This 

may lead to tighter control of wing symmetry in males.

The biological significance of small differences in FA is often questioned since it 

is difficult to demonstrate that they directly affect performance. Rather the biological 

significance of small FA differences is based on the assumption that they reflect 

organism-wide DS and hence organismal quality. If, as the results suggest, a large 

component of DS is trait specific, then I must look elsewhere for the biological 

significance of small FA differences. A better use of FA might be to use developmental 

stress and trait specific developmental stability to investigate specific hypothesis about 

species biology rather than trying to assess organism wide quality.
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Table 4.1. Wing size and asymmetry statistics for male and female house files reared at high and low larval density, from 
eggs produced by the same females at 5 different ages. For centroid size means (±SE) of centroid size, signed symmetry 
(R-L) and unsigned symmetry (|R-L|) are provided as  are skew and kurtosis values for unsigned asymmetry. Shape mean 

squares (multiplied by 10s) are from separate Procrustes ANOVAs of the multivariate data set including replicate 
measurements of each wing, for each sample. For signed size asymmetry and shape FA the bracketed values are the 
percent variation In the total data set explained by FA. Degrees of freedom for Procrustes mean squares are normal 
degrees of freedom times 24 (e.g„ in samples of 30 flies, with two replicate measurements per wing, there are 696 and 
1440 degrees of freedom for the FA and residual terms respectively).

Centroid Size ocrustes Mean Squar
MStOfTIOi

Age Densit Kurtosis Skew (R- Fluctuating Residua
Sex (weeks) y n Size (mm) (R-L) (urn) (R-L) !-) |R-L| (pm) Asymmetry I (error)

F 1 H 30 4.89 ± 0.048 1.0 ±5.28 (0.30) 1.83 •0.40 22.0 ±3.42 3.90 (5.7) 1.10

F 2 H 30 4.79 ±0.037 2.3 ± 5.32 (0.52) 0.07 -0.20 24.0 ±3.03 5.10(7.0) 1.06

F 2 L 15/30*6.07 ±0.055 22.2 ± 9.02 (0.67) 2.80 1.75 26.7 ±8.16 3.19 (5.2) 0.75

F 3 H 30 5.29 ±0.042 -5.1 ±6.17(0.52) 3.12 -1.51 — 24.8 ±4.24 3.79 (4.8) 0.96

F 4 H 9 5.66 ±0.079 1.6 ±19.00 (1.41) -1.67 0.01 48.8 ±8.97 5.29 (4.9) 1.06

F 4 L 19 5.98 ±0.098 12.4 ± 7.05 (0.13) 0.11 •0.63 28.5 ± 3.65 3.15(3.8) 0.87

F 5 H 19 5.76 ±0.087 2,0 ±11.52 (0.44) •0.19 •0.34 38.3 ±7.71 6.25(11.0) 0.89

M 1 H 30 4.55 ±0.048 3.0 ± 4.53 (0.22) -0.99 0.17 21.7 ±2.26 4.12 (5.7) 1.01

M 2 H 30 4.53 ±0.050 4.8 ±5.01 (0.25) 0.19 0.19 22.2 ± 3.04 4.28 (5.6) 1.19

M 2 I 30 5.78 ±0.033 12.2 ±4.89 (0.56) 3.22* 1.34 •" 21.9 ±3.73 3.25(6.2) 0.90

M 3 H 30 5.04 ±0.037 3.2 ± 5.37 (0.52) 1.29 -0.43 23.0 ±3.36 3.46(4.3) 1.04

M 4 H 5 5.31 ±0.054 3.2 ± 15.27 (1.92) 3.90 1.96 23.2 ± 10.15 4.35 (6.4) 0.88

M 4 L 23 5.78 ±0.065 6.1 ± 5.75 (0.20) •0.65 0.53 23.3 ± 3.36 4.26 (5.6) 0.83

M 5 H 16 5.22 ±0.103 5.7 ± 8.68 (0.18) -0.62 0.34 29.0 ±4.79 4.78 (8.5) 0.91

*15 individuals in size analyses, 30 Individuals in shape analyses

• Bonferroni corrected P < 0.05, '** corrected P <0.001 8
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Table 4.2. Effects of maternal age, sex and larval density on wing centroid size, unsigned asymmetry of centroid size, and 
shape asymmetry vectors (corrected for DA) for house flies raised from eggs produced by the same mothers at different ages. 
Analyses are separated into two balanced factorial ANOVAs. Centroid size ANOVAs employ type III SS. For size and shape FA, 
sums of squares were calculated independently and interactions were adjusted for main effects. Mean squares for size FA and 
shape FA are multiplied by 103 and P-values are from permutation tests that the observed mean square for each term is

greater than expected based on 104 resamplings without replacement.

Source
Centroid Size Centroid Size FA |R-L| Shape FA

DF MS F P DF MS F P DF MS P P
Hiah Densitv Flies

Maternal Age 4 6.170 85.55 0.0001 4 1.662 4.05 0.0046 96 0.005 1.14 0.2471
Sex 1 4.816 66.78 0.0001 1 1.196 2.92 0.0959 24 0.003 0.73 0.7063
Maternal Age * Sex 4 0.136 1.88 0.1140 4 0.741 1.81 0.2317 96 0.005 1.24 0.4837
Residual 219 0.072 219 0.410 5256 0.004

Maternal Aaes 2 and 4 Weeks
Maternal Age 1 4.312 60.77 0.0001 1 1.255 3.19 0.0847 24 0.008 1.97 0.0427
Sex 1 2.149 30.28 0.0001 1 1.598 4.06 0.0459 24 0.011 2.71 0.0067
Maternal Age * Sex 1 0.000 0.00 0.9953 1 0.729 1.85 0.1666 24 0.006 1.56 0.1201
Density 1 19.133 269.61 0.0001 1 0.111 0.28 0.6075 24 0.011 2.78 0.0044
Maternal Age * Density 1 5.199 73.26 0.0001 1 0.628 1.59 0.7381 24 0.016 4.11 0.3843
Sex * Density 1 0.026 0.37 0.5423 1 0.078 0.20 0.7052 24 0.002 0.51 0.9207
Age * Sex * Density 1 0.051 0.72 0.3964 1 1.576 4.00 0.0488 24 0.007 1.84 0.5068
Residual 153 0.071 153 0.394 4032 0.004
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Table 4.3. Mixed model ANOVAs of individual by side for centroid size and 

Procrustes aligned shape configurations. Main effects were tested over the 

interaction term (FA) which was tested against the residual. Mean squares for size 

and shape are multiplied by 103 and 10® respectively. Bracketed values are the 

percentage of the total variation accounted for by each term. Procrustes degrees of 

freedom are normal degrees of freedom multiplied by 24 (i.e., the total number of 

coordinates in the alignment less two lost to alignment, one to rotation and one to 

scaling). Procrustes P values are from permutation tests that the MS of each term is 

not larger than expected.__________________________________________________

Source DF MS F P  <

Centroid Size Asvmmetrv 

Individuals 330 1,346.2 (0.9990) 1281.5 0.0001

Sides 1 4.0 (0.0000) 3.8 0.0520

Fluctuating Asymmetry 330 1.1 (0.0008) 10.7 0.0001

Residual 662 0.1 (0.0002)

Procrustes Shaoe Asvmmetrv

Individuals 7920 89.6(0.92) 21.3 0.0001

Sides 24 435.3 (0.01) 103.4 0.0001

Fluctuating Asymmetry 7920 4.2 (0.04) 4.3 0.0001

Residual 15888 1.0 (0.02)
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Figure 4.1. 1 -andmark locations measured on house fly wings. All landmarks 

were measured as the interior junction of wing veins except landmark 7 which is a 

campanifonn sens ilium on the anterior crossvein and landmark 10 which was measured 

as the invagination of the posterior wing margin where it is met by vein 5 ( M 3 + 4 ) .
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Figure 4.2. Relationship between wing shape FA (Procrustes distance) and 
unsigned centroid size FA for individual houseflies. Regression:
Shape FA = 0.034 x (Size FA) + 0.010, n = 316, P < 0.0001, R2 = 0.07.
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Figure 4.3, Summary o f the relationships o f maternal age, larval density, and sex with size FA and 
shape FA o f house fly wings. Main effects arc solid arrows and interactive effects are dotted or 
dashed arrows. Interaction effects are described in the text. (+) indicates a positive correlation, 
otherwise the correlations are negative and lack o f an arrow indicates a non-significant effect.
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Chapter 5: W ing fluctuating asymmetry extends the insights into 
developmental stresses caused by larval competition and maternal age

Introduction

It has often been suggested that fluctuating asymmetry (FA, i.e., small random 

deviations from perfect bilateral symmetry) may be a sensitive measure of developmental 

stress (Leary and Allendorf 1989; Graham et al. 1993). Extension of this idea to the use 

of FA as a general indicator of developmental or environmental stress has met with only 

limited success. Stress can elevate FA, but often it does not, even in cases where stress is 

evident through decreased survival or other effects (reviewed in Leung and Forbes 1996). 

FA seems to respond to stress in a trait specific fashion even for closely related traits. For 

instance, house fly wing shape FA is elevated by increasing larval density but not by 

maternal age, and vice versa for size FA (Chapter 4). Although, FA may not be a 

generally useful indicator of an organism-wide response to developmental stress, FA 

differences may nonetheless provide insight into stress responses not revealed by other 

stress indicators.

Although wing FA does not appear to indicate organismal quality in house flies, it 

may be useful in understanding the stresses and dynamics of larval development. Larval 

survival and adult size of house flies are determined primarily by performance during two 

larval stages: initial medium conditioning by hatchlings and growth of the third (final) 

instar (Sullivan and Sokal 1963; Bhaila and Sokal 1964; Bryant and Sokal 1967,1968; 

Kence and Jdeidi 1997). The activities of house fly larvae modify or “condition” their 

medium, enhancing microbial growth, and low density of young larvae results in poor 

medium conditioning and in death of larvae through starvation or fungal takeover of the
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medium (Bryant and Sokal 1967;Schmidtmann and Martin 1992). Flies developing at 

elevated larval density during the final larval instar, are smaller, take longer to develop, 

and have lower survival, probably as a result of food depletion (Sullivan and Sokal 1963; 

and Bryant and Sokal 1967). hi competition experiments between genetically marked 

house fly (Musca domestica L.) lines, 1 measured the effects o f maternal age on hatchling 

to adult survival, development time, and adult size (Chapter 3). In general, older females 

produced larvae that had higher viability and attained larger sizes, but developed more 

slowly. Maternal age effects were line specific, suggesting they are genetically 

determined, and there were significant interactions of maternal age effects between pair­

wise line comparisons. Maternal age effects on performance in pure culture were not 

predictive of performance in mixed cultures. Competitor identity significantly affected 

the success of each line and maternal age class (Chapter 3).

These experiments did not directly reveal dynamics of larval competition 

although they allowed me to develop hypotheses concerning these dynamics. In the 

present study I evaluate FA of a subset o f flies from the earlier competition experiments 

to determine whether: 1) the competition response of FA was similar to that of survival;

2) the FA response provided additional insight into larval competition dynamics; 3) the 

response o f wing shape FA was similar to that o f wing size FA; and 4) the previously 

observed maternal age effect on FA could be confirmed in lines that differed in their 

pattern of maternal age effects on survival and competition.
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Materiab and Methods

Competition experiments

The history and maintenance of the house fly colony and the details of the 

competition experiments appear elsewhere (McIntyre and Gooding 1995; Chapters 1 and 

3). In brief: I compared the larval competitiveness of offspring of ~10-day-old females 

(hereafter referred to as early offspring) and offspring of -24-day-old females (hereafter 

referred to as late offspring) from three electrophoretically marked lines in a modified 

replacement (substitution) series experiment (Chapter 3). The flies measured for FA were 

those emerging from pure culture controls and equal mixtures of lines C (homozygous

Odhf) and D (homozygous OdhF). There were four pure cultures and four I : I mixtures of 

line and maternal age, each with three replicates of 60 vigorous larvae in 3g of medium. 

These conditions are stressful, resulting in -70% larval mortality. At emergence, each fly 

was frozen at -20C. Both wings from each fly were mounted in Euparol, between two 

slides clamped with elastic bands to flatten the wings. Flies from mixed cups were 

electrophoresed to determine their parentage.

Since the experimental unit is the replicate cup, and not each fly, I calculated a 

single value from the flies emerging from each cup for viability, teneral mass, and 

development time. Sex ratio was not affected by any treatment in the original study, so I 

did not consider it here. For pure cups, viability was analyzed in a line by maternal age 

analysis of variance (ANOVA) o f angular transformed survival. For mixed cups, viability 

was analyzed using natural log transformed Haldane's relative viability, V = (a/(b + l)) / 

(A/B), where a and b are the number of adults emerging and A and B are the number of 

larvae seeded into the culture from each line (Haldane 1956; Santos et al. 1992). Ratios
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were calculated with line D values in the numerator. V was analyzed in a two-way 

ANOVA of parental age line C by parental age line D. Survival between mixed and pure 

cultures were compared using chi-squared tests.

Wing measurements

Two sets o f replicate measurements were made of 14 landmarks on each wing 

(Figure 4.1). Locations of landmarks were digitized using a dissecting microscope and 

camera lucida with a Summasketch HI data tablet (Summagraphics, Seymour, 

Connecticut). To estimate the accuracy of this apparatus, 10 measurements were made of 

a 1.0 mm stage micrometer. The mean (± sd) of these measurements (1.000 ± 0.0024 

mm) did not differ significantly from one. Some flies had damaged wings so fewer flies 

were measured than emerged in each treatment.

Analysis o f FA

As a univariate measure of wing size, I used centroid size (the square root o f the 

summed squared distances of all landmarks from the centroid [mean landmark position]). 

Analysis o f ideal behavior for FA of centroid size followed Palmer (1994) and used 

standard statistical tests, since centroid size is a well-behaved univariate quantity. 

However when testing for differences in size FA between samples, I used permutation 

tests as described below. Significance of FA above measurement error was tested with a 

mixed model ANOVA of individual (random) by side (fixed), with the significance of 

side tested against the interaction indicating presence or absence of directional 

asymmetry, DA. Skewness and kurtosis were calculated to assess departures from 

normality. Size dependence of FA was tested using regressions o f unsigned centroid size 

FA, |R-L|, on mean centroid size o f individuals. All assessments of the presence of ideal
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FA were conducted separately on males and females for each replicate within each 

treatment and were subjected to the sequential Bonferroni correction. I used F-tests o f the 

variance o f |R-L| to detect differences in size FA between replicate cups before pooling 

cups.

Procrustes analysis of asymmetry using landmark data (described in detail by 

Klingenberg and McIntyre [1998]) consists of 4 basic steps: 1) reflection o f the left (or 

right) side to align corresponding landmarks between sides; 2) scaling each configuration 

to unit centroid size; 3) superimposition of centroids of all configurations; and 4) rotation 

of configurations around the centroid to achieve an optimal fit of landmarks (I used 

generalized orthogonal least squares fit (Bookstein 1991]). Using the aligned coordinates, 

shape asymmetry corresponds to the deviations of right and left landmarks across 

individual flies. Similarly, other shape differences can be analyzed as deviations between 

appropriate groupings of landmark configurations. These can be compared using a variety 

of multivariate methods including Procrustes ANOVA (Dryden and Mardia 1998, 

Klingenberg and McIntyre 1998). Procrustes ANOVA consists of computing sums of 

squares for each level o f the ANOVA for each landmark coordinate. Sums of squares are 

then added across all landmark coordinates and divided by the appropriate degrees of 

freedom to arrive at effect mean squares (Klingenberg and McIntyre 1998). (Procrustes 

degrees o f freedom are normal degrees of freedom multiplied by the number of landmark 

coordinates less four degrees of freedom, one o f which is lost to scaling, two to 

superimposition, and one to rotation.) Significance of effects within the ANOVA are 

tested using standard methods or permutation tests.
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I used the mixed model Procrustes ANOVA of Klingenberg and McIntyre (1998) 

to test for significance o f shape variation among individuals, between sides, and of the 

interaction term (FA) for each sex from each replicate cup. I tested for significance of 

these effects using separate permutation tests (10,000 repetitions) for each effect 

(permuting wings across individuals within sides, wings across sides within individuals, 

or wings across sides and individuals after removing main effects by subtracting fly and 

side means and adding the grand mean [Klingenberg and McIntyre 1998]). To assess 

antisymmetry of shape using aligned configurations I examined scatter plots of left minus 

right differences for each landmark. Bivariate bimodal distributions indicate 

antisymmetry. To assess the size dependence of shape asymmetry, I conducted 

multivariate regressions of signed and unsigned asymmetry vectors on centroid size. 

Individual signed asymmetry vectors consist of the mean (R-L) values at each coordinate 

for each fly, after removal of the mean directional shape asymmetry of the entire data set. 

Unsigned vectors were the individual asymmetry vectors with sign of all coordinates 

reversed, if  the deviation of the X coordinate for landmark 1 was negative. The null 

hypothesis was that the slope of the asymmetry was indistinguishable from zero for each 

coordinate.

To test for differences between replicates in shape, shape DA and shape FA, I 

used permutation tests with 10,000 iterations to determine if  the between group 

difference in mean squares for fly, side, and FA was greater than expected. For example, 

the test for DA differences between sexes compared the difference between the side mean 

squares o f males and females with the mean square difference between equivalently sized 

groups generated from randomly resampling individuals without replacement. Because
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there was significant shape DA throughout the study, I subtracted the mean shape FA, of 

all flies, from individuals before calculating FA mean squares. Sexes did not differ 

between replicate cups in shape DA or FA, and cups were pooled in the subsequent 

analyses.

Analysis o f  Competition Effects on FA

FA is a population trait, and requires large sample sizes for even modest hopes of 

detecting differences between groups (Palmer 1994). To achieve sufficient sample sizes I 

treated individuals as the experimental unit. This was reasonable since there were no 

effects of replicates on shape FA or size FA o f wings in this study or in a previous study 

(Chapter 4, Appendices 3 and 5). I tested for effects o f culture (mixed or pure), line and 

maternal age on FA with a three way factorial ANOVA. Significance was assessed with 

permutation tests, of 10,000 iterations, that the observed mean squares were greater than 

expected, based on resampling without replacement from the original data. To examine 

effects of competitive differences on FA between lines and maternal ages in mixed cups, 

I employed a two-way ANOVA of maternal age line C by maternal age line D similar to 

that used for survival. However, since lines C and D emerge from the same mixed cups it 

was necessary to enter lines into the ANOVA separately, otherwise the difference 

between early and late offspring within lines would be confounded with the effect of 

maternal age class on competitors. For unsigned centroid size asymmetry and for DA 

corrected shape asymmetry vectors, significance was assessed using permutation tests as 

above. Significance values derived from permutation tests are designated as ‘Pperm’ to 

avoid confusion with significance values derived from standard statistical tests.
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Results

The competition analyses presented here are based on a subset of the data used in 

the original study and closely follow the results using the entire data set (Chapter 3). Sex 

ratio was not affected by any treatment in the original study, suggesting that males and 

females are equally competitive under the experimental conditions and was excluded 

from other analyses.

When all data were pooled there were no survival differences between lines or 

mixed and pure cultures (analysis not shown). However, line C had higher survival in 

pure culture than in mixed culture, and line D had higher survival in mixed than in pure 

culture (line C: mixed 78/360, pure 111/360, x2 -  7.8, d.f. = I, P = 0.0052; Line D: mixed 

120/360, pure 56/360, x2 -  30.8, d.f. = 1, P < 0.0001). In pure culture line C had higher 

survival than line D (Figure 5.1, Fi,g = 24.36, P = 0.0011) and late offspring had higher 

survival than did early offspring (Figure 5.1, Fi,g = 53.98, P < 0.0001), but line and 

maternal age did not interact.

In mixed cups line D had higher overall survival than did line C (Figure 5.1; x2 = 

12.3, d.f. = 1, P = 0.0005), early D larvae had greater relative viability than late D larvae 

(Figure 5.1, Fi,s = 23.62, P = 0.0013), but late C had greater relative viability than early C 

larvae (Figure 5.1, Fj,8 = 8.98, P = 0.017). Thus line C outperformed line D and late 

offspring outperformed early offspring in pure culture, but in mixed culture the 

relationship of lines was reversed, and the relationship of maternal ages was reversed in 

line D but not in line C.

Centroid size exhibited ideal FA in most samples. However, in samples with less 

than 12 flies FA could not be distinguished from measurement error, but in larger
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samples and in the entire data set measurement error was much smaller than FA (Tables 

5.1 and 5.2, Appendix 5). As in a previous study (using replicates with up to 30 flies per 

replicate) I found no evidence for cup effects on FA, DA, or measurement error (Chapter 

4, Appendices 3 and 5) so pooling flies among replicates was justified. There were no 

significant departures of (R-L) from normality (Table 5.2, i.e., no signifcant skew or 

kurtosis) and there was no evidence of dependence of unsigned asymmetry on individual 

centroid size (not shown). Females had higher size FA than males (females: 0.023 ± 

0.0014 mm; males: 0.019 ± 0.0013; Ft^si = 4.57, Ppcnn = 0.0311). This sex effect did not 

interact with any other treatment level for flies (pooled or separated by culture method or 

line) so data for males and females were pooled for further analyses.

There were no significant effects of culture method, line or maternal age on 

centroid size FA in the overall ANOVA, nor in the test for competition effects on line C. 

However line D flies raised in competition with late C larvae were more symmetrical for 

centroid size than were those raised with early C larvae (with early C larvae: 0.023 ± 

0.0022 mm; with late C larvae: 0.018 ± 0.0014; Ft,94 = 4.25, Pperm = 0.0400, R2 = 0.043).

For Procrustes aligned configurations, permutation tests o f significance of 

individual, side, and FA variation were highly significant although separation of FA from 

measurement error decreased when sample size was less than 6 individuals. In larger 

samples, and in the entire data set, measurement error was much smaller than FA (Table 

5.1). The few significant differences in DA or FA between replicates, were based on very 

small samples, so I pooled flies within replicates (Appendix 5). There was no evidence of 

antisymmetry at any level of analysis (plots not shown). After removal of DA, 

multivariate regression o f signed asymmetry vectors revealed that shape asymmetry was
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dependent on centroid size (n = 190, Wilks’ Lambda = 0.714, F = 2.75, d f = 24,165, p < 

0.0001). Unsigned asymmetry vectors were not related to centroid size when separate 

samples or the entire data set were tested (n = 190, Wilks' Lambda = 0.910, F = 0.68, d f= 

24,165, p = 0.86). This suggests that the magnitude, but not the direction, o f shape 

asymmetry variation (FA sertsu latu) around mean shape asymmetry (DA), is unrelated to 

size. Since the method for comparing shape FA differences is based on magnitude and 

not direction, I was justified in treating shape FA as size independent Females had 

marginally higher shape FA than males (females: MS = 4.01 x 106, n = 128; males: MS = 

3.79 x 106, n = 124; F24.6000 = 1.73, Pp«ni = 0.031). This sex effect did not interact with 

any other treatment level for flies (pooled or separated by culture method or line) so data 

for both sexes were pooled for further analyses.

Flies from mixed culture had significantly higher FA than those raised in pure 

culture (Pure: MS = 3.65 x 106, n = 92; Mixed: MS = 3.88 x 106, n = 160, F24.5856 = 8.95, 

Pperm < 0.0001, R2 = 0.034). Culture conditions had a greater effect on line C than on line 

D and the rank of the lines reversed between culture conditions (C Pure: MS = 3.50 x 106, 

n = 48; C Mixed: MS = 3.99 x 106, n = 62; D Pure: MS = 3.68 x IO6, n = 44; D Mixed: 

MS = 3.78 x 106, n = 98, F24.5856 = 2.93, Ppom = 0.0039, R2 = 0.011). When lines were 

considered separately in mixed culture, line C flies were more symmetrical when 

produced by old mothers (young: MS = 4.47 x 106, n = 18; Old: MS = 3.72 x 106, n = 44; 

F24.1392 = 1.91, Ppe™ = 0.040, R2 = 0.031).

Discussion

FA will increase and survival will decrease if both are adversely affected by the 

same developmental stress, but not otherwise. This was evident in the reversal o f line
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survival and shape FA between mixed and pure cups: line C had lower survival and 

higher FA than line D in mixed cups, but the opposite held in pure cups. Also, in mixed 

cups survival of late C was greater and shape FA was lower than that of early C. In 

contrast, line D had lower viability and lower size FA when reared with late C than with 

early C. Thus, the response of FA only partially corresponds with that of viability, and 

FA was not a more sensitive measure of stress since viability differences revealed 

maternal age effects in more cases than did FA differences. The differential responses 

suggest that wing FA tracks a slightly different component of the larval environment than 

does viability. This would explain the frequently reported lack of correspondence 

between survival and FA (Leung and Forbes 1996).

Because of the indirect link between FA and survival, FA differences provided 

insight into larval competition dynamics, not revealed by viability differences. The mere 

presence of competitors from different lines caused elevated shape FA in both lines, 

although overall survival did not differ between pure and mixed cups. Even though 

survival of line D was facilitated by the presence of line C larvae, there was still a 

negative effect of mixing, manifested as increased wing shape FA. Thus there is 

something detrimental to these house fly larvae about developing with larvae of another 

genotype. This implies that either larvae recognized the presence of ‘foreign’ larvae and 

reacted negatively or that the lines utilized/modified their environment differently and 

these differences adversely affected larvae from the other line. Distinct, genetically 

based, larval competition strategies have been demonstrated in house flies and in 

Drosophila (Sullivan and Sokal 1965; Bhalla and Sokal 1964; Bryant and Sokal 1968; 

Bryant 1969; Ruiz-debruil et al. 1996; Sokolowski et al. 1997; Borash et al. 1998), but
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the ability o f dipteran larvae to respond differentially to kin and non-kin has not been 

demonstrated, although this ability does exist in other non-social insects (reviewed in 

Fellowes 1998).

I hypothesized previously (Chapter 3) that the competitive advantage of late 

larvae involved a lower activity rate (unpublished observations) and possibly higher 

energy concentration or reserves (late eggs are smaller but have similar energy content 

[Chapter 2]). This could allow late larvae to survive in nutrient poor conditions until the 

medium conditioning activities of all larvae present had taken effect, especially if late 

larvae are better medium conditioners. More active larvae from young mothers would 

exhaust their reserves more rapidly and die sooner. In the current study, late line C had 

lower shape FA than did early line C, and they reduced the size FA of D of both maternal 

ages, relative to D raised with early line C. This suggests that late C larvae may rely on a 

strategy of conditioning the larval medium and waiting for microbes to grow and for 

over-active scramble competitors to die. This strategy would benefit all larvae that 

survive until the conditioning takes effect, regardless o f line. If line D larvae are 

primarily scramble competitors, with poor medium conditioning ability, then they should 

perform better in the presence of conditioning larvae, possibly out-competing them later 

during development. In this case, line D would not confer an advantage on other larvae 

present and should not affect competitor FA except via density effects and these were 

controlled in this study. A similar pattern exists in ge mutants in house flies. They are 

poor nutrient conditioners that perform well in the presence of larvae with normal 

nutrient conditioning activity (Bhalla and Sokal 1964; Bryant 1969).
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A third difference between responses of FA and survival to competition is that 

while there were no sex effects on viability, females have higher shape and size FA than 

males. This is consistent with a previous report and is further evidence that FA is not 

directly related to survival since FA differs between sexes but survival does not (Chapter

3). Two studies of FA and mating success in house flies and survival did not show a 

difference between sexes (Moller 1996; Goulson et al. 1999), but this may have been due 

to decreased resolution from the use of only two simple metric characters (Leung et al. 

2000), whereas I used multivariate characters.

The response of FA to competitors was exhibited primarily by shape FA and not 

by size FA (except for the difference between sexes and the effect o f line C age on line 

D). Size FA, but not shape FA, responded to stresses of maternal age, but shape FA was 

influenced more by density in house flies than was size FA. This independence of size 

FA and shape FA may arise because maternal age effects are strongest during 

embryogenesis and early larval life, which is well before vein locations are determined, 

but density effects are strongest during late larval life when vein locations are being 

determined (Sullivan and Sokal 1963; Mohler et al. 2000). The above notwithstanding, 

the effect of the maternal age of line C on line D size FA is consistent with the idea that 

early larval environment and medium conditioning affect size FA.

It is interesting that FA accounts for a larger portion of shape variation than it 

does of size variation (Tables 5.1 and 5.2). This suggests that shape FA may be more 

revealing than size FA in other instances. Simultaneous analysis of shape FA and size FA 

in other systems is needed to address this.
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I showed previously, in a longitudinal study o f line C, that increasing maternal 

age elevated size FA (Chapter 4). This maternal age effect was not evident in the present 

study, possibly because the maternal age differences and/or sample sizes were smaller. Or 

maternal age effects on adult FA could vary among lines, as do maternal age effects on 

larval performance (Chapter 3). Maternal age effects on FA vary between taxa (Parsons 

1962; Wakefield et al. 1994; McIntyre and Gooding 1998, Klingenberg and McIntyre 

1998), and it is likely that these differences have evolved. In light of this, maternal age 

effects on FA could differ between strains, especially if FA is mediated by subtle patterns 

of line by environment interactions as I have demonstrated in house flies.
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Table 5.1. Mixed model ANOVAs of individual by side for centroid size 
and Procrustes aligned shape configurations. Main effects were tested over 
the interaction term (FA) which was tested against the residual. Mean 

squares for size and shape are multiplied by 103 and 106 respectively. 
Bracketed values are the percentage of the total variation accounted for by 
each term. Procrustes P values are from permutation tests that the MS of 
each term is not larger than expected based on random resampling without 
replacement.________________________________________________

Source DF MS F P<

Centroid Size

Individuals 253 1,235.4(99.89) 4699.0 0.0001

Sides 1 2.2 (0.00) 2.6 0.1086

Fluctuating Asymmetry 253 0.8 (0.07) 3.2 0.0001

Residual 508 0.3 (0.04)

Procrustes Shape

Individuals 6024 94.8 (91.44) 24.2 0.0001

Sides 24 781.0(3.00) 199.6 0.0001

Fluctuating Asymmetry 6024 3.9 (3.77) 4.2 0.0001

Residual 12096 0.9 (1.79)
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Tublo 5.2. Wing size and asymmetry statistics Tor offspring of young and old female house dies o f two genetically marked 

lines. Flics were raised in mono- (pure) orduo-culturcs (mixed). Mixed culture dies arc grouped with their competitors. Means 

(±SE) of centroid size, signed asymmetry (R-l.) and unsigned asymmetry (|R-L|) arc provided, as are skew and kurtosis values 

for signed asymmetry. Shape mean squares (multiplied by ID4) arc from Procrustes ANOVAs o f the full multivariate data set 

for each group. For signed size asymmetry and shape FA the percent o f total variation explained by FA is presented in

brackets. Degrees of freedom for Procrustes mean squares arc normal degrees o f freedom times 24 (c,g., in samples of 10 dies 

there arc 216 and 480 degrees of freedom for the FA and residual terms respectively).__________________________________

Culture Line Age*

Centroid Size Shane Mean Squares

n Size (mm) (R-L) (mm) Kurtosis Skew |R-L| (mm) FA Residual

Pure C Y IX 6.05 ± 0.092 -6.8 ±6.19 (0.21) 2.64 -1.47 18.8 ±4.63 3.19(3.2) 0.82

Pure C 0 30 5.34 ± 0.065 3.9 ±4.80 (0.13) 0.35 -0.58 22.1 ±2.69 3.70(4.1) 0.78

Pure D Y 9 4.72 ±0.071 8.6 ±4.83 (0.11) 0.03 0.31 17.1 ±3.00 6.32(6.1) l.l  1

Pure D O 35 5.91 ± 0.07X 4.9 ± 4.69 (0.24) 0.82 0.55 22.6 ± 2.85 3.03(3.5) 0.95

Mixed C Y 10 5.11 ±0.077 -9.1 ±8.19(0.28) 1.93 1.17 22.2 ±4.62 5.24(5.1) 0.88

Mixed D Y 43 5.20 ± 0.040 - l.l  ±4.20(0.27) 0.44 -0.35 23.2 ± 2.34 4.16(4.7) 1.04

Mixed C 0 10 4.64 ± 0.075 11.0 ±7.93 (0.28) -1.71 0.13 22.1 ±4.69 5.00(6.0) 0.91

Mixed D Y 24 4.91 ±0.050 -5.3 ±3.06 (0.09) 0.97 0.94 15.8 ± 1.61 3.75 (3.6) 1.06

Mixed C Y X 6.24 ± 0.09X 2.2 ±8.24 (0.18) 0.04 0.09 20.5 ±4.28 3.47(5,4) 0.76

Mixed D 0 13 6.34 ± 0.078 5.3 ±8.76 (0.31) 2.10 0.63 24.0 ± 5.70 3.05 (3.2) 0.68

Mixed C O 34 5.56 ± 0.061 -11.0 ±3.92 (0.10) 1.19 -0.77 19.5 ±2.80 3.43(3.9) 0.94

Mixed D O IX 5.49 ± 0.053 -12.7 ±4.25 (0.16) -0.16 0.61 19.9 ±2.28 3.33(4.2) 0.91

* O and Y refer to mutcmul age of females from which eggs were collected (ca It) and 24 days old respectively)
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Figure 5.1. The mean (± SE) proportion o f house fly larvae 
completing development in competition experiments between 
offspring o f young (10-day-old) and old (24-day-old) mothers 
from two genetically selected house fly lines. A) Survival 
in mono-culture. B) Survival in 1:1 mixtures, "e" and "I” 
indicate that the flies are offspring of young and old 
females respectively.
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Chapter 6: The adaptive nature o f house fly maternal age effects 

Introduction

Maternal age effects are usually considered to be non-adaptive declines in 

maternal reproductive performance (Mousseau and Dingle 1991a, b; Roff 1992; 

Mousseau and Fox 1998; Chapter I). However, a review o f the literature reveals that, 

except for a widespread decline in clutch size, maternal age effects are quite variable 

around the generally accepted trends of declining egg size, embryonic development rates, 

hatch rate, and offspring fecundity (Tables 1.1 and 1.2). This variability, coupled with 

cases of variable maternal age effects that can be explained through morph, strain, host or 

other differences (Chapter I), suggests that maternal age effects are likely to be adaptive 

more often than is generally thought.

One way to gain further insight into maternal age effects is to make a detailed 

comparison o f offspring o f young and old females from a single species at several stages 

o f development and to examine appropriate fitness related traits at each stage. I have 

conducted such a study of house flies (Musca domestica L.) testing for maternal age 

effects on egg number, size, hatch rate, and contents and also on larval competitiveness 

and adult fluctuating asymmetry. In this chapter I summarize those aspects of this study 

most directly relating to maternal age effects. I use these results to develop an adaptive 

hypothesis for maternal age effects in house flies. A program for testing this hypothesis is 

presented, as are implications of this study for further investigation of maternal age 

effects.
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M aternal age effects and egg contents

The Hiain assumption underlying the non-adaptive view of insect maternal age 

effects is that many insects (especially endopterygotes) produce fewer smaller eggs at 

advanced ages (Table 1.2). Egg size is thought to reflect female investment per egg and 

therefore egg quality as well. Thus late eggs are thought to be o f lower quality than early 

eggs because they are smaller (e.g., Azevedo et al. 1997). However, egg size has been 

shown to vary independently of egg content (an alternate estimator of maternal 

investment) in some insects and in other taxa (Quickenden and Roemhild 1969; Capinera 

etal. 1977; Williams 1994; Jaeckle 1995; Bernardo 1996; Diss et al. 1996). Accordingly, I 

began my investigation of maternal age effects in house flies by comparing eggs of young 

and old flies.

To understand the true nature of maternal age effects on eggs it is necessary to 

untangle direct effects of maternal age and effects due to maternal age related egg size 

decline. I solved this problem by using two distinct measures to generate egg size variation 

(maternal age and maternal size: these are negatively and positively correlated with egg size 

respectively) and comparing relationships among egg parameters between manipulations. 

This allowed me to separate the effects o f egg size that are common to these two phenotypic 

manipulations from the egg size independent maternal age effects on eggs.

Egg size was either uncorrelated or negatively correlated with hatch rate, and egg 

size bore little relation to egg contents (Tables 2.1 and 2.2, Figure 2.3). Partial correlation 

analysis revealed that, although maternal age was negatively correlated with hatch rate and 

egg size, hatch rate was unrelated to egg size after removal of maternal age effects. Using 

similar logic, egg size and hatch rate were weakly negatively correlated after removal of
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maternal size effects, even though maternal size was positively related to egg size but was 

statistically unrelated to hatch rate. Egg size differences were not reflected in egg energy, 

protein, or carbohydrate content However, lipid content was lower in small eggs from old 

mothers but not in small eggs from small mothers (Tables 2.1 and 2.2). Unfortunately I was 

unable to separate statistically maternal age and size effects from egg size effects in the egg 

content experiments.

The assumptions that egg size can be used as a surrogate for egg quality and that 

large eggs are more expensive to produce than small eggs may hold for many species 

(Azevedo et al. 1997), but they do not hold for house flies (Chapter 2), or for some 

members of other taxa (Williams 1994; Jaeckle 1995; Bernardo 1996). Thus, late eggs 

are not simply smaller versions of early eggs, since they differ in content as well as in 

size. Although late eggs have reduced hatch rates (a negative maternal age effect that is 

independent of egg size), hatchlings from small late eggs may nonetheless be better 

suited to certain conditions than are hatchlings from large early eggs as discussed below.

Maternal age and larval competition

One arena in which late hatchlings might outperform early hatchlings is in 

competition for resources, since larval competition is important to success for house flies 

(Sullivan and Sokal 1963; Bryant and Sokal 1967,1968; Kence and Jdeidi 1997). By 

conducting experiments in which early and late offspring, from genetically marked 

strains, competed against each other I demonstrated that late larvae are more competitive, 

at high' density, than are early larvae. In most cases, maternal age was positively 

associated with larval viability, mass, and development rate (Tables 3.2 and 3.3; Figures 

3.2-3.4). Both competitive ability and the effect of maternal age on competitive ability
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were strain specific. Strain and mixture specific nature of competitive ability were 

previously demonstrated in house flies and is strong evidence that larval competitive 

ability is under genetic control (Sokal and Sullivan 1963; Bhalla and Sokal 1964;

Sullivan and Sokal 1965). My results suggest that maternal age effects on larval 

competitive ability are also under genetic control.

One of the most salient features of my competition study is that the competitive 

effects o f line, maternal age, and competition ratio could not be generalized. Rather 

competitive ability varied among combinations of lines and also between pure cups and 

mixed cups as has been previously demonstrated in house flies and Drosophila spp. 

(Lewontin 1955; Lewontin and Matsuo 1963; Sokal and Sullivan 1963; Bhalla and Sokal 

1964; Sullivan and Sokal 1965). The difficulty in predicting performance in mixtures 

from performance in pure culture has led to the use of testor strains to indirectly 

determine relative competitive abilities of genotypes (e.g., Santos et al. 1992). But, as I 

have argued (Chapter 3), this requires that either there is a single major determinant of 

competitive success or that the different genotypes interact with each other in a common 

fashion. My results demonstrate that the use of testor strain competition experiments is 

inappropriate in house flies and probably also in other species with complex larval 

competition dynamics.

The basis of the competitive advantage of late house fly larvae is unknown. Late 

larvae were less active than early larvae at the beginning of these experiments (qualitative 

observation), they came from smaller eggs (Table 3.1), and they may have increased 

medium conditioning ability (Chapter 3). Egg size is not related to egg energy content in 

house flies (Chapter 2) so late hatchlings may have proportionately larger energy reserves

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



136

also. Different levels o f larval activity and medium conditioning may be favored 

depending upon environmental conditions. More active larvae would be at an advantage 

at low-moderate larval density since they will search for and find sufficient food to keep 

themselves alive until bacterial growth accelerates due to their medium conditioning 

activity. However, at high larval density, active larvae would be at a disadvantage since 

they may rapidly exhaust their hatchling energy reserves and the initial food supply, thus 

starving before their weak medium conditioning activities takes effect. Less active larvae 

would be at an advantage at high density because they are less prone to starvation in poor 

media and could outlast more active larvae while their strong medium conditioning 

activity takes effect. However, less active larvae may be at a disadvantage in nutrient rich 

media since they feed less rapidly than active larvae. This explanation fits the data for 

late D offspring which performed poorly in pure culture, but performed well when a few 

competitors, that performed well in pure culture, were present (Table 3.3, Figure 3.3). 

Similarly, ge house fly mutants are poor nutrient conditioners that perform well in the 

presence of larvae with normal nutrient conditioning activity (Bhalla and Sokal 1964; 

Bryant 1969).

Thus, as is the case with eggs, larvae from old females are not simply smaller 

versions o f larvae from young females, rather they perform better in larval competition. It 

is likely that these differences are due to the employment of distinct genetically based 

larval strategies o f resource utilization. Such strategies have been previously 

demonstrated in house flies and in Drosophila, but they have not been related to maternal 

age (Sullivan and Sokal 1965; Bhalla and Sokal 1964; Bryant and Sokal 1968; Bryant 

1969; Ruiz-Debruil et al. 1996; Sokolowski et al. 1997; Borash et al. 1998). This
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difference in competitive ability is further evidence that maternal age effects in house 

flies may be adaptive in nature.

Maternal age and adult fluctuating asymmetry

In an attempt to assess maternal age effects on adult house fly offspring, I 

compared offspring fluctuating asymmetry (FA, a potential indicator o f developmental 

stress and organismal/population quality [reviewed in Palmer 1996]) across maternal 

ages. In a longitudinal study of the effects of maternal age on shape FA and size FA of 

wings of offspring raised at high and low densities, maternal age, larval density, and sex 

had effects on house fly wing FA but the response of size FA and shape FA differed. 

Centroid size FA was positively correlated with maternal age, higher in females, and 

unaffected by larval density (Tables 4.2 and 4.3). Shape FA was unaffected by maternal 

age, higher in females than in males, and positively correlated with larval density, 

especially in females (Tables 4.2 and 4.3). These results suggest that increasing maternal 

age decreases developmental stability, at least in some traits, and that the use of FA as an 

indicator o f overall developmental stability, developmental stress, or individual quality is 

a very uncertain endeavor, as has been argued elsewhere (e.g. Leung and Forbes 1996; 

Bjorksten et al. 2000).

To make use of this information it is necessary to relate FA levels to the biology 

of the house flies, since FA does not unambiguously indicate organismal quality. The 

partially independent and temporally distinct determination of wing size and wing vein 

location (reviewed in Chapter 4) makes the primarily independent response of size FA 

and shape FA less surprising. Wing imaginal discs are set aside half way through 

embryogenesis and begin to proliferate at the end of the first larval instar (Bryant and
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Schmidt 1990). This coincides with the period when maternal effects are usually 

strongest (Mousseau and Dingle I991a,b; Mousseau and Fox 1998; Chapter 1 this 

volume). Maternal age could affect size asymmetry through between side differences in 

the initial size or early proliferation of wing discs. In contrast, maternal age effects are 

likely to have disappeared before wing vein determination, which occurs in late the third 

instar larvae and early pupae (Mohler et al. 2000 and references therein). Since the effects 

o f high larval density act primarily during the third larval instar (Sullivan and Sokal 

1963), density stress might affect vein location but not wing size, if local alterations in 

vein pattern are compensated for by the rest of the wing to maintain appropriate size.

The longitudinal study of maternal age and wing FA (Chapter 4) suggests that 

maternal age negatively affects the developmental stability of specific traits of adult 

offspring. However these traits are determined during larval development and thus, the 

maternal age effects are probably trait specific responses to particular stresses. To 

conclude that the FA differences are negative maternal age effects on adult quality 

requires the demonstration that either the small degree of wing asymmetry observed is 

related to adult performance, or that wing FA is truly representative of organism-wide 

developmental stability and quality.

Relating FA to larval competition strategies

To elucidate further the relationships of maternal age, wing FA, and larval 

development, I evaluated the FA of a subset of flies from the competition experiments 

(Chapter 3). This was done by determining whether the response of FA to competition 

was similar to that o f survival and by determining if the FA response could provide 

additional insight into larval dynamics.

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



139

When comparing lines, maternal ages and culture method (pure or mixed), flies 

raised in competition with larvae from another line had higher wing shape FA than those 

raised in pure culture, even in line D which had higher survival in mixed than in pure 

culture (Chapter 5). Wing centroid size FA was unaffected by maternal age, line, or 

culture method (Chapter S).

When comparing only flies from mixed cultures, late C offspring had lower wing 

shape FA than did early C offspring, and D flies raised with late C offspring had lower 

size FA than D flies raised with early C offspring. The results are consistent with the 

hypothesis that late C larvae alter their medium in a manner that benefits development (as 

measured by survival and FA) of all larvae present, but that this is not the case with D 

larvae of either maternal age class (Chapter 5).

FA will increase and survival will decrease if both are adversely affected by the 

same developmental stress(es). This was evident in the reversal of line survival and shape 

FA between mixed and pure cups: line C had lower survival and higher FA than line D in 

mixed cups, but the opposite held in pure cups. Also, in mixed cups survival of late C 

was greater and shape FA was lower than that of early C. In contrast, line D had lower 

viability and lower size FA when reared with late C than with early C. Thus, the response 

of FA only partially corresponds with that of viability. The differential responses suggest 

that wing FA tracks a slightly different component o f the larval environment than does 

viability.

I hypothesized previously (above, Chapter 3) that the competitive advantage o f 

late larvae involves a lower activity rate (unpublished observations) and possibly higher 

energy concentration or reserves (late eggs are smaller but have similar energy content
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[Chapter 2]). This could allow late larvae to survive in nutrient poor conditions until the 

medium conditioning activities o f all larvae present take effect, especially if  late larvae 

are better medium conditioners. More active larvae from young mothers would exhaust 

their reserves more rapidly and die sooner. In the study of FA and larval competition, late 

line C had lower shape FA than did early line C, and they reduced the size FA of D of 

both maternal ages, relative to D raised with early line C (Chapter 5). This suggests that 

late C larvae may rely on a strategy of conditioning the larval medium and waiting for 

microbes to grow and for over-active scramble competitors to die. This strategy would 

benefit all larvae that survive until the conditioning takes effect, regardless of line. If line 

D larvae are primarily scramble competitors, with poor medium conditioning ability, then 

they should perform better in the presence of conditioning larvae, possibly out-competing 

them later during development In this case, line D would not confer an advantage on 

other larvae present and should not affect competitor FA, except via density effects and 

these were controlled in this study.

In the longitudinal study of line C, maternal age elevated size FA (Chapter 4).

This maternal age effect was not evident in the study of larval competition and FA 

(Chapter 5), possibly because the maternal age differences and/or sample sizes were 

smaller. It is also possible that maternal age effects on adult FA vary between lines, as do 

maternal age effects on larval performance (Chapter 3). Maternal age effects on FA vary 

between taxa (Parsons 1962; Wakefield et al. 1994; McIntyre and Gooding 1998, 

Klingenberg and McIntyre 1998), and it is likely that these differences have evolved. In 

light of this, maternal age effects on FA could differ between strains, especially since FA 

appears to be mediated by subtle patterns of line by environment interactions (chapter 5).
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An adaptive hypothesis of house fly maternal age effects

I argued in the introduction (Chapter 1) that adaptive maternal age effects could 

evolve in species that experience one or more consistent environmental changes during 

the life of individuals. In temperate areas house fly populations are seasonal and increase 

during the spring to a peak during late summer (Black and Krafsur 1986, 1987). This 

implies that females will generally oviposit into more crowded situations as they age. 

Since larval density has strong life history consequences, females may experience 

evolutionary pressure to produce larvae better suited to high larval density at advanced 

ages.

There are several steps involved in demonstrating that a maternal effect is 

adaptive. First, the environmental cue must be a reliable predictor of future conditions. 

Second, it must consistently elicit a specific change in the kind o f offspring produced. 

And finally, the ‘changed’ offspring must outperform ‘normal’ offspring in the predicted 

environment. In this study, of maternal age effects in house flies, I have argued that age 

could be a reliable indicator of increased density experienced by later larvae. I have 

demonstrated changes in the kind of eggs, larvae, and adult offspring produced by older 

females. I have shown that under high-density conditions late larvae outperform early 

larvae in direct competition. Together this is evidence that maternal age effects may be 

adaptive in house flies, i.e., that late offspring are better suited to high larval density than 

are early offspring.

The simplest hypothesis consistent with the data on maternal age effects is that 

there is a continuum between two alternative larval competition strategies. At one end of 

the continuum are highly competent medium conditioners, with low activity and poor
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scramble competition ability that are superior competitors at high larval densities. At the 

opposite end of the continuum are highly competent scramble competitors, with high 

activity but poor medium conditioning ability that are superior competitors at low larval 

densities. If the above is correct, the production of late offspring that are closer to the 

medium-conditioning end of the continuum, than predicted by their genetically 

determined position on the continuum, would be the result of an adaptive maternal age 

effect Making predictions from this model will become more complicated if, as seems 

likely, the relative competitive ability of a specific strategy depends upon the nature of 

the competitors.

Future Work

Testing the adaptive hypothesis o f house fly  maternal age effects

Further work is required to conclusively demonstrate that the observed maternal 

age effects are adaptive. It will be crucial to demonstrate that age is a reliable indicator of 

increased density within the life span o f individuals and that the conditions of 

competition experiment are sufficiently realistic.

The specifics of my hypothesis concerning maternal age effects on larval 

competition strategies also require verification. This could be accomplished by 

comparing starvation resistance, ability to condition the medium, and larval feeding rates 

o f offspring of young and old females in isolation and relating this to performance in 

mixed culture.

Ideally this work should be verified under field conditions. This would be quite 

challenging given the size and habits of flies and their offspring. However if wild caught
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females are found to exhibit similar maternal age effects, and variability in their maternal 

age effects, this would support the general validity o f my results.

General extensions to maternal age studies

The results presented here suggest that the assumption that late, small 

eggs/offspring are simply smaller, less competitive versions of early, large eggs/offspring 

must be reconsidered. Close consideration should be given to differences between the 

environments usually experienced by early and late offspring, this of course will depend 

upon the biology of the species in question. Future studies should include an examination 

of egg parameters other than size, preferably including egg content If it is biologically 

relevant, then early and late offspring should be raised together to see how they compete 

with each other. This should be done in the environment normally experienced by both 

kinds o f offspring. If these suggestions are followed it is likely that researchers will find 

many more examples o f adaptive maternal age effects than previously thought.
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Appendix 1: Effect o f storage on house fly egg size and content.

To test the effects o f storage in 0.85% saline at -20C I compared egg dimensions, 

volume, and content o f fresh eggs and eggs from the same sample that had been stored in 

0.85% saline at -20C for three months using the methods described in Chapter 2. There 

were no significant differences in any o f the measured parameters (Table A l .1).
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Table A1.1. Mean (± SE) of length, width, volume, protein content, lipid 

content, and carbohydrate content for eggs from 10 day old female house 

flies m easured fresh and after storage in 0.85% saline at -20C for 3 

months. Sample sizes for dimensions are actual numbers of eggs

m easured and for egg content are number of determinations m ade of 

separate 5 egg sam ples (see Chapter 2: Materials and Methods).

Egg Trait n Fresh n Frozen P

Length (mm) 50 1.269 ±0.0065 50 1.271 ± 0.0056 0.76

Width (mm) 50 0.290 ± 0.0016 50 0.292 ±0.0016 0.36

Volume microl 50 55.8 ± 0.72 50 56.7 ± 0.64 0.38

Protein (ng/egg) 8 5.38 ±0.154 8 5.20 ±0 .162 0.43

CHO (pg/egg) 8 2.58 ±0.118 8 2.58 ± 0.259 0.99

Lipid (pg/egg) 8 1.70 ±0.047 8 1.66 ±0.050 0.56
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Appendix 2: House fly eggs do not change size during the first 9 hours 
post laying.

To ensure that house fly egg measurements were not affected by changes in size 

during, development I measured a group of eggs at 1 ,3 ,5 ,7 , and 9 hours post laying. 

Between measurement times eggs were incubated at 2SC. All eggs included in the 

analysis successfully completed development There were no differences in egg length, 

width, or volume during this time period (Table A 2.1). This range covers the possible 

age of eggs used in the experiments described in this thesis, since eggs were collected 

over a maximum seven hour period and then measured immediately or frozen in 0.85% 

saline at -20C for later measurement.
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Table A2.1. Mean (± SE) of length, width, and volume of 20 eggs m easured 

at five times after laying. Between m easurem ents eggs were incubated a t 

25C. All eggs hatched.________________________________________________

Hours Post-Laying Length Width Volume

1 1.264 ±0.0122 0.290 ± 0.0027 55.8 ±1 .30

3 1.265 ±0.0124 0.291 ± 0.0032 56.3 ± 1 .4 7

5 1.264 ±0.0119 0.292 ± 0.0032 56.8 ±1 .49

7 1.264 ±0.0121 0.293 ± 0.0040 57.3 ±1 .80

9 1.263 ±0.0124 0.288 ± 0.0029 55.1 ± 1 .2 7
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Appendix 3: Replicates differ little in FA or DA in the longitudinal 
study o f maternal age effects on FA.

The only difference between replicates in the longitudinal study of maternal age 

effects on FA was that DA differed between replicates of low density male offspring of 

2-week-old mothers (Tables A3.1 and A3.2) To determine if  this might be due to the 

presence of outliers I plotted individual deviations from the mean asymmetry (R-L) of 

each landmark (Figure A3.1). One fly from replicate A had greater asymmetry than any 

other fly, with the average deviation across all landmarks was 2.4 times that of the 

average fly in these replicates. However after removal o f this fly the replicates still 

differed significantly with respect to DA and other effects were unchanged (Table A5). 

Although this fly had extremely asymmetrical wings, it did not explain the difference 

between replicates, so I included this fly in the analysis o f the longitudinal experiment 

(Chapter 4).
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Figure A3.1. Individual deviations around the mean asymmetry at each landmark 
for low-density male offspring from 2-week-old females. Each panel displays 
deviations for the landmark indicated by the number at the upper left 
Vertical and horizontal axes run from -0.0063 mm to 0.0063 mm. Filled squares 
are for replicate A flies, hollow circles are for replicate B flies, and the 
asterisk is for the extremely asymmetrical fly from replicate A.
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Appendix 4: After pooling replicates, FA is significantly greater than 
measurement error in all treatments in the longitudinal study.

Wing size FA and shape FA were significantly greater than measurement error in 

all treatments after pooling replicate cultures, but not always before pooling. Size DA 

was significant in a single replicate of low density male offspring from 2 week old 

mothers and remained significant after pooling replicates within this treatment (Tables 

A4.1 and A4.2). This replicate was excluded from further analysis of size FA to avoid 

complicating the interpretation of FA patterns. Interestingly, detection o f shape DA 

required relatively large sample sizes and in most cases was significant only after pooling 

replicates (Tables A4.1 and A4.2).
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Table A4.2. Mean squares and significance of DA, and FA of centroid size and shape variation within treatments 
(replicates pooled). The expectation is for non-significant DA but significant FA. P-values are from permutation 
tests of the Procrustes ANOVA for each trait for each group.__________________________________________

Density Age Sex n
Size DA Size FA Shape DA Shape FA

MS x 104 P MS x 104 P MS x 10s P MS x 10® P
H 1 F 30 0.28 0.8557 8.36 0.0000 5.02 0.0000" 3.90 0.0000
H 1 30 2.73 0.5175 6.16 0.0000 4.10 0.0000" 4.12 0.0000
H 2 F 30 1.60 0.6637 8.48 0.0000 3.40 0.0000* 5.10 0,0000
H 2 30 6.90 0.3436 7.52 0.0000 4.96 0.0000® 4.28 0.0001
H 3 F 30 7.72 0.4354 11.44 0.0000 3.69 0.0000® 3.79 0.0000
H 3 30 3.01 0.5664 8.65 0.0000 3.33 0.0000® 3.46 0.0002
H 4 F 9 12.03 0.5578 32.50 0.0000 0.85 0.1325 5.29 0.0024
H 4 5 0.S3 0.8752 11.67 0.0186 0.89 0.0618 4.35 0.0242
H 5 F 19 27.50 0.3133 25.21 0.0000 3.11 0.0000* 6.25 0.0000
H S 16 5.20 0.5352 12.07 0.0000 2.90 0.0000® 4.78 0.0000
L 2 F 30 255.14 0.0000" 10.18 0.0000 4.71 0.0000® 3.19 0.0000
L 2 30 44.69 0.0136 7.18 0.0049 8.62 0.0000® 3.25 0.0001
L 4 F 19 29.12 0.0981 9.43 0.0000 3.30 0.0000" 3.15 0.0006
L 4 M 23 8.48 0.3021 7.60 0.0000 3.97 0.0000" 4.26 0.0000

"significant after sequential Bonferroni correction
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Appendix 5: Replicates differ little in FA or DA in the study o f larval 
competition effects on FA.

Directional and fluctuating asymmetry of replicate cultures from the competition 

trial involving lines C and D (Chapter 3, Experiment 1) were compared using 

permutation tests, with 1000 iterations, that replicate mean squares did not differ more 

than expected based on random resampling without replacement. With 3 replicates, there 

were 3 comparisons in each treatment of 8 larval combinations. Accordingly, results were 

corrected simultaneously for type I error for all 24 tests for each trait using the sequential 

Bonferroni correction.

Although there were some significant differences between replicates, these always 

involved very small samples (Tables A5.1 and A5.2). Since very low survival indicates a 

highly stressful environment, and higher stress is expected to lead to greater variance in 

morphological traits (Parsons 1994) it is not surprising that DA and FA differences might 

exist between these replicates. This is because with increased morphological variance and 

decreased sample sizes, the chance of sampling two very different individuals (or wings) 

is increased also.

Reference:

Parsons, P. A., 1994. Developmental variability and the limits of adaptation: interactions 
with stress. In Developmental Instability: Its Origins and Evolutionary 
implications. Edited by TA. Markow. Kluwer, The Netherlands, pp. 247-255
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Table A5.1. Comparison of DA and FA wing centroid size variation between replicates within treatments, P-values are the minimum 

of the three comparisons between replicates. Bonferroni correction was made considering all 24 tests for DA and separately for the 

24 tests for replicate effects on FA._________________________________________ ____________

Larvae
n DA (MS x 10*4) FA (MS x 10*4)

Rep A RepB RepC Rep A RepB RepC min P Rep A RepB RepC minP
D early 2 5 2 4.12 1.43 2.32 0.644 0.06 3.24 2.46 0.000*
D early: C early 17 18 18 8.73 1.01 0.40 0.196 7.18 6.93 8.50 0.397
C early 9 1 8 0.04 0.27 18.47 0.000* 3.14 — 11.67 0.276
D early: C late 7 11 16 3.49 2.94 0.36 0.574 3.45 5,53 2.94 0.311
C late 11 9 10 4.07 1.59 0.12 0.689 6.60 4.12 11.12 0.009
D late 12 14 9 1.02 12.07 6.69 0.365 11.26 7.85 3.05 0.285
D late: C early 9 5 7 0.11 5.32 0.90 0.081 6.61 20.29 3.54 0.000*
D late: C late 18 19 15 26.66 36.20 9.55 0.440 4.13 3.17 6.99 0.247
•significant after sequential Bonferroni correction
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Table A5.2. Comparison of DA and FA wing shape variation between replicates within treatments. P-values are the minimum of the 

three comparisons between replicates. Bonferroni correction was made considering all 24 tests for DA and separately for the 24 

tests for replicate effects on FA.___________________________________________________________________________________

Larvae
n DA (MS x 10*4) FA (MS x 10*4)

Rep A RepB RepC Rep A RepB RepC minP Rep A RepB RepC minP
D early 2 5 2 0.69 1.01 0.39 0.000* 4.09 7.89 6.85 0.000*
D early: C early 17 18 18 9.05 8.25 6.28 0.059 5.03 4.36 3.75 0.209
C early 9 1 8 2.13 0.90 1.75 0.694 3.39 — 2.53 0.389
D early: C late 7 11 16 2.61 4.85 6.70 0.308 3.60 3.64 4.54 0.217
C late 11 9 10 2.79 2.28 4.26 0.024 3.53 3.00 4.48 0.065
Dlate 12 14 9 1.79 2.64 2.35 0.345 3.67 2.69 2.61 0.086
D late: C early 9 5 7 4.42 2.68 3.42 0.453 3.04 4.30 2.89 0.199
D late: C late 18 19 15 5.94 6.44 7,21 0.541 3.54 3.32 3.44 0.713

•significant after sequential Bonferroni correction
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