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ABSTRACT 

 All organisms live in environments that are variable across space and 

time. Variation in selection across these environments may lead to the evolution 

of generalist genotypes that express phenotypic plasticity, in which one genotype 

can alter their phenotype (e.g., morphology, behavior, physiology) to match 

changes in environmental conditions, so that they may survive across a range of 

environments. In many egg-laying organisms that lack parental care, choosing an 

oviposition site is critical. The egg is an immobile stage of an animal’s life cycle 

and mothers must balance a complex set of risks in deciding where to place their 

eggs. Because many biotic and abiotic factors are sources of selection on 

offspring survival, there is an advantage for females to evolve strategies in 

oviposition site selection to improve survival. This dissertation focuses on 

phenotypic plasticity in an offspring protection strategy that is triggered by 

natural enemies. 

 In the seed beetle Mimosestes amicus (Coleoptera: Chrysomelidae: 

Bruchinae), females lay eggs on the outside of seed pods of legume trees and 

beetle larvae bore into and develop in the limited and discrete tissue of the seed. 

While most eggs are laid singly, I documented that beetle females superimpose 

eggs atop each other (“egg stacking”) in response to the presence of egg 

parasitoids or parasitized eggs. In my first chapter, I investigated whether egg 

stacking is a strategy for protecting eggs from parasitism. In my second chapter, I 

examined female responses to variation in the number and dispersion of 

parasitized eggs on seed pods. Lastly, I investigated whether the intensity of 
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stacking was affected by egg limitation (the risk of depleting her eggs before 

utilizing all hosts) or time limitation (losing reproductive ability or dying before 

laying all of her eggs). This study is unique in that it extends life history theory 

on egg and time costs to explain variation in egg protection behavior. The 

insights gained from this dissertation provide a foundation upon which we can 

examine how interactions among trophic levels impact the behavioral decisions 

made by insects that allow them to increase offspring survival.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

10	  

I. INTRODUCTION 

Explanation of the problem and a review of the literature 

 One central question in biology is: Why has evolution produced such an 

enormous diversity of organismal life histories, with different combinations of 

life stages, lifespans, and reproductive modes? 

 An organism’s life history is the unique chronology of developmental 

stages and demographic events that occur from birth until death. The evolution 

of a life history results from a selective response to intrinsic factors or constraints 

specific to the organism and extrinsic factors specific to the environment as its 

lineage evolved. When exposed to the same environment, different organisms 

may have a different life history strategy depending on their physiological state 

as well as on the state of the environment. Life history strategies typically 

improve the reproductive success and survival of the organism; for example, 

strategies that improve larval growth or adult foraging ability can be argued to 

ultimately increase the probability of reproductive success and survival 

(Williams 1966). 

 All organisms live in environments that are variable across space and 

time. Throughout any given timescale, an organism might interact with the biotic 

environmental conditions by foraging, competing for resources, and resisting 

natural enemies; or the abiotic environmental conditions, such as precipitation 

and temperature. Variation in selection across these environments can maintain 

sufficient genetic variation in a population such that genotypes vary in success in 

different environments. Alternatively, it may lead to evolution of generalist 
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genotypes that do well across a range of environments. In this latter situation, 

organisms may express phenotypic plasticity, exhibiting a life history strategy 

that they can change according to the state of the environment (Houston & 

McNamara 1992). Organisms may detect environmental cues early in 

development, allowing them to change their phenotype (e.g. behavior, 

morphology, development) and successfully confront new environmental 

challenges. Offspring are also exposed to environmental challenges. Can mothers 

prepare their offspring for these challenges? If so, how? 

 Transgenerational phenotypic plasticity, in which mothers alter the 

phenotype of their offspring, might be expected in species in which 

environmental cues experienced by the mother are good predictors of conditions 

that will be experienced by her offspring (Fox & Mousseau 1998). Mothers may 

control a variety of aspects of offspring characteristics including morphology and 

sex ratio (Pienaar & Greeff 2003), defensive chemistry (Agrawal 2002), and 

evasive behavior (Storm & Lima 2010), after exposure to competition, predation, 

or parasitism.  

 Females may also respond to environmental cues predictive of their 

offsprings’ environment by being selective in their oviposition site. In many egg-

laying organisms that lack parental care, the choice of an oviposition site is a 

critical one. The egg is an immobile stage of an animal’s life cycle and mothers 

must balance a complex set of biotic and abiotic factors and risks in deciding 

where to place their eggs. Such factors as the presence of conspecific individuals, 

temperature, day length, nutrition, and host availability have been shown to 
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influence oviposition site selection in various insects (reviewed in Labeyrie 1978; 

Papaj 2000). Relevant to the current study, females of diverse taxa exhibit 

plasticity in mechanisms to reduce predation or parasitism of their offspring, 

including spatially or temporally-sensitive dispersal mechanisms: these include 

butterflies (Lucas & Brodeur 1999), mites (Yanagida et al. 2001), mosquitoes 

(Kiflawi et al. 2003; Blaustein et al. 2004) hydrophilid beetles (Brodin et al. 2006), 

water striders (Hirayama & Kasuya 2009, 2010), woodpeckers (Nilsson et al. 

1991), angelfish (Sakai & Kohda 1995), migratory birds (Kristiansen 1998; 

McKinnon et al. 2010), tree frogs (Binckley & Resetarits 2002, 2003; Rieger et al. 

2004), and newts (Gall et al. 2012). Although they do not exhibit oviposition 

behavior, even plant life histories have evolved in response to the need to protect 

offspring (seeds) from attack. All biotically-dispersed plants rely on other species 

to disperse seeds out of reach of predators (e.g., myrmecochorous plants that rely 

on ants, Turnbull & Culver 1983; Gibson 1993; Manzaneda et al. 2005), and some 

plants reduce attack by seed predators through masting, or concentrating 

fruiting during some years and producing no fruits during other years (Ballardie 

& Whelan 1986; Archibald et al. 2012). 

 Female herbivorous insects may choose to lay eggs on host plants that are 

less suitable for offspring development but provide a lower risk of predation or 

parasitism (e.g. enemy free-space; (Jeffries & Lawton 1984; Denno et al. 1990; 

Berdegue et al. 1996; Mira & Bernays 2002; Heard et al. 2006). In spite of these 

examples, few studies have examined the role of fine-grained spatial or temporal 

variability of predation or parasitism risk in oviposition site selection. Defensive 
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oviposition behavior is likely to be important because these small-scale decisions 

may have larger consequences for community dynamics. These avoidance and 

defensive behaviors may be examples of non-consumptive effects of natural 

enemies on hosts (or prey), in which natural enemy presence causes a costly 

change in host behavior, physiology, or life history, which then influences the 

growth of the host population and affects the larger community (Werner & 

Peacor 2003; Schmitz et al. 2004; Fill et al. 2012). 

 For animals such as parasitoid wasps and seed beetles, the oviposition 

decision is constrained by the need to place their offspring in or on a discrete and 

limited package of resources (insect hosts or seeds, respectively). Seed beetles 

(Chrysomelidae: Bruchinae) are an ideal system for studying phenotypic 

plasticity in life history strategies relating to oviposition. Seed beetles lack 

parental care, oviposit on seed pods of patchily distributed legumes, and are 

known to exhibit reproductive plasticity in response to diverse, biotic pressures 

relating to habitat quality. Seed beetles require legume seed pods or seeds on 

which to lay eggs; their offspring burrow into the seeds in order to complete 

development. However, legume seeds vary in abundance across space and time, 

and each seed is a limited resource that can sustain a finite number of beetles. In 

order to reduce larval competition per seed, seed beetles distribute eggs evenly 

among seeds. This is has been observed in Mimosestes amicus, the study species 

for this dissertation (unpublished data, J.B. Deas), and verified in other seed 

beetle species (Avidov et al. 1965; Mitchell 1975; Wright 1983; Messina & 

Renwick 1985; Messina & Mitchell 1989; Shimada & Ishihara 1990). Some species 
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also respond to low or high host availability by laying fewer, larger or many, 

smaller eggs, respectively; laying larger eggs allows larvae to compete for fewer 

resources, while laying numerous, small eggs allows monopolization of 

abundant resources (Danho et al. 2002; Teixeira et al. 2009). 

 In one well-studied case of plasticity in oviposition behavior in response 

to habitat quality involves the seed beetle Stator limbatus, in which high larval 

mortality due to seed coat defenses has generated substantial selection on 

females to produce larvae that can overcome them. Egg size is the one variable 

that strongly determines offspring survivorship to adulthood, and it is under 

maternal control (Fox & Czesak 2009). In response to spatially and temporally 

variable host-specific selection on egg size, S. limbatus evolved egg size plasticity, 

in which females lay large eggs on less suitable hosts. This plasticity greatly 

increases maternal fitness: females lay large eggs (that increase larval 

survivorship) on blue palo verde seeds (the host with high larval mortality due 

to seed coat defenses; (Siemens et al. 1992), but switch to small eggs (and have 

high fecundity) when laying on catclaw acacia seeds (the host for which egg size 

has little effect on offspring survival; (Fox et al. 1997; Savalli & Fox 2002). 

 It is clear that females can respond to changes in host availability or 

quality in way that increases the survival and future reproductive success of 

their offspring. My dissertation focuses on an unusual oviposition behavior in 

the seed beetle Mimosestes amicus, which involves the superimposition or 

stacking of eggs, initially hypothesized to protect eggs from egg parasitism 

(Kunhikannan 1923; Prevett 1966; Mitchell 1977). Assuming that real eggs are 
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being used to protect bottom eggs in a stack, this behavior may be expected to be 

costly to a female’s reproductive success. Additionally, beetles must balance the 

demands of protecting their offspring with variability in host availability, both of 

which influence oviposition behavior in various systems. As opposed to using a 

well-studied system to investigate a burning, unanswered question in life history 

theory, the peculiar and understudied nature of egg stacking encouraged a 

different approach: conducting fundamental studies to both explain the role of 

this behavior within the life history of M. amicus and uncover new ways of 

asking questions about the evolution of life histories that could not be donewith 

other systems.  

 

Explanation of dissertation format 

 The research included in this dissertation examines reproductive plasticity 

in response to variation in parasitism cues. The document is presented as three 

independent manuscripts. Appendix A introduces an unusual oviposition 

adaptation in which M. amicus females superimpose eggs atop each other (called 

“egg stacking”), triggered by the presence of parasitoid wasps. Using field and 

laboratory evidence, it explores (a) whether the behavior reduces egg parasitism; 

(b) the differential investment to top eggs versus bottom eggs; and (c) whether 

the behavior imposes a reproductive cost on females. Appendix B and Appendix 

C expand upon the research in Appendix A by generally testing the effects of 

spatial (B) and temporal (C) variation in parasitism cues on egg stacking. In 

Appendix B, I test whether parasitized eggs are sufficient to trigger the response, 
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and describe the complexity of the beetles’ response to spatial variation of 

parasitized eggs. Beetles may delay oviposition, redistribute their eggs on pods 

that do not bear parasitized eggs, or stack eggs according to the distribution and 

density of parasitized eggs on available hosts. Finally, in Appendix C, I ask 

whether the variation in the proportion of egg stacks and number of eggs per 

stack could be explained by opposing reproductive constraints that are often 

experienced by insects: running out of eggs before all hosts are utilized (egg 

limitation) versus running out of time before all eggs can be laid (time 

limitation). 
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II. PRESENT STUDY 

 The methods, results, and conclusions of this study are presented in the 

papers appended to this dissertation. The following is a summary of the most 

important findings of these papers. 

 Appendix A provides an in-depth examination of a unique form of 

parental investment called “egg stacking”, wherein a female superimposes eggs 

on top of each other. Eggs are an immobile, vulnerable stage of development and 

their success often depends on the oviposition decisions of the mother. Egg 

stacking appears to be a unique form of parental investment in offspring 

survival. The seed beetle Mimosestes amicus may lay eggs singly, or may cover 

eggs with additional egg(s). We found that egg stacking serves to significantly 

reduce the mortality of the protected egg from parasitism by the parasitic wasp, 

Uscana semifumipennis. The smaller top eggs appear to serve only as protective 

shields; they are inviable, and the results show that wasps that develop in them 

suffer negative fitness consequences. Further, we found egg stacking to be 

inducible: M. amicus increase the number of stacks they lay when parasitoids are 

present. However, stacking appears costly. When wasps are absent, beetles lay 

more single eggs, and are able to produce more offspring than when wasps are 

present and many eggs are laid in stacks, highlighting the adaptive value of this 

extraordinary example of behavioral plasticity in parental investment. 

 Appendix B extends the work in Appendix A by testing whether 

parasitized eggs are a reliable cue in nature, and investigating an individual 

beetle’s response to encountering different numbers and distributions of 
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parasitized eggs across a set of seed pods. In many egg-laying organisms that 

lack parental care, the choice of an oviposition site is a critical one, and mothers 

must balance a complex set of biotic and abiotic factors and risks in deciding 

where to place their eggs. For animals like seed beetles, the oviposition site is 

further constrained by the need to place their offspring in or on a discrete and 

limited package of resources. I asked: (1) do parasitized eggs alone trigger the 

stacking response? (2) How do beetles respond to the number and distribution of 

parasitized eggs across pods? The results indicated that parasitized eggs are a 

reliable cue that triggers egg stacking. We showed that females avoid oviposition 

on seed pods with parasitized eggs if other oviposition sites are available, and 

stacked their eggs only when all or almost all host pods encountered bore 

parasitized eggs. Both oviposition rates and stacking behavior were influenced 

by the evenness of the distribution of parasitized eggs: for example, stacking was 

greater and oviposition rate lower when six parasitized eggs were distributed 

across three of the five pods provided than when ten parasitized eggs were 

clustered on a single pod.  The results suggest that M. amicus employs a highly 

localized "seed-by-seed" evaluation of parasitism risk.  More generally, we found 

that M. amicus females' egg protection strategy included three plastic traits 

responsive to parasitism cues: reduced oviposition, selection among pods when 

parasitism cues were not uniform, and egg stacking when parasitism cues were 

present on all pods.  

 Appendix C examines how egg limitation versus time limitation 

influences egg protection. Within insects, the cost of oviposition at any point in 



	  

19	  

the lifetime of a female depends upon the number of eggs that females have left 

relative to the amount of time they have left in which to lay those eggs. Egg 

limitation might occur if a female exhausts her reproductive effort before 

utilizing all available hosts, under conditions of high host abundance. Time 

limitation may occur if females retain eggs because of missed oviposition 

opportunities. For a discrete and limited package of resources, host availability 

for oviposition should also influence reproductive behavior. Using host access as 

a way to manipulate a beetle’s oviposition rate, we created egg-limited and time-

limited females and tested predictions regarding expenditure of reproductive 

effort as females aged. We predicted that older seed beetles would (1) stack more 

when we deprived them of seed pods (time-limited); and (2) stack less when we 

provided unlimited host access (egg-limited). Our results were consistent with 

our predictions. Older females laid more stacks and more eggs per stack when 

time-limited, and fewer stacks and fewer eggs per stack when egg-limited. We 

did not, however, find any variation in investment per egg (as measured by egg 

weight) with treatment. Regardless of the number of days isolated, most females 

kept without hosts had few or no eggs, suggesting that exposure to hosts may be 

necessary to trigger egg maturation. Interestingly, we found considerable 

variation in both egg load and egg stacking of females that are never exposed to 

parasitism risk. This highlights the possibility of multiple reproductive strategies 

in this beetle, and may indicate that an individual beetle’s inclination to protect 

eggs is closely linked to its rate of egg maturation. 
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APPENDIX A. 

 

MOTHERS MODIFY EGGS INTO SHIELDS TO PROTECT OFFSPRING FROM 

PARASITISM 
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ABSTRACT 

 Eggs are an immobile, vulnerable stage of development and their success 

often depends on the oviposition decisions of the mother. Studies show that 

female animals, and sometimes males, may invest parental resources in order to 

increase survival of their offspring. Here we describe a unique form of parental 

investment in offspring survival. The seed beetle Mimosestes amicus may lay eggs 

singly, or may cover eggs with additional egg(s). This egg stacking serves to 

significantly reduce the mortality of the protected egg from parasitism by the 

parasitic wasp, Uscana semifumipennis. The smaller top eggs serve only as 

protective shields; they are inviable, and wasps that develop in them suffer 

negative fitness consequences. Further, we found egg stacking to be inducible; 

M. amicus increase the number of stacks they lay when parasitoids are present. 

However, stacking invokes a cost. When wasps are absent, beetles lay more 

single eggs, and produce more offspring, highlighting the adaptive value of this 

extraordinary example of behavioral plasticity in parental investment.  

 

Keywords: egg stacking, offspring quality versus quantity, life history trade-offs, 

seed beetles, Mimosestes amicus, offspring defense 
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INTRODUCTION 

 As the sedentary stage of an insect’s life cycle, eggs are the most 

vulnerable of all developmental stages. Because of the variety of biotic and 

abiotic sources of mortality risk (e.g., desiccation, cannibalism, predation) for 

eggs in the environment, oviposition behavior by the mother may be an 

important determinant of their success. Whether females invest in offspring 

survival through increasing egg size, or by hiding or protecting them, females 

may adjust investment in offspring in order to match the severity of 

environmental conditions (Fox & Czesak 2009). In general, the reproductive 

value of offspring increases as investment per offspring increases (Smith & 

Fretwell 1974). Typically, high-investment eggs result in increased survival to 

reproduction through a variety of mechanisms (Hodin 2009) such as an increase 

in the ability to overcome or detoxify low-quality resources (Fox et al. 1997), or 

competitive advantage when resources are scarce or conditions are crowded 

(Kawecki 1995; Creighton 2005; Guinnee et al. 2007). Low-investment eggs are 

advantageous typically when environmental conditions are less severe and the 

demands on offspring quality are reduced. 

 Generally, these patterns of parental investment correspond to 

adjustments to egg size or offspring phenotype. Egg placement also confers 

benefits such as increased offspring survival. In studies on the water strider 

Aquarius palidum, females lay eggs deeper in the water to keep them out of reach 

of parasitoids, but at increasing cost of mortality due to water pressure 

(Hiroyama & Kasuya 2010). Female golden egg bugs lay eggs on conspecific 



	  

31	  

males or females to protect them from parasitoids, but the bright, yellow eggs 

make the egg-carriers significantly more conspicuous to predators (Reguera & 

Gomendio 1999). In this context, parental investment is costly and occurs at any 

stage of oviposition (e.g., site selection or placement, adjustments to size or 

development). 

 In this study, we describe a behavior that may be unparalleled in the 

animal kingdom, in which females deposit some of their eggs as shields for eggs 

below; these top eggs serve no other purpose than to protect other eggs from 

being attacked by natural enemies. We tested whether the unique ‘egg-stacking’ 

behavior of the seed beetle Mimosestes amicus influenced offspring survival in 

response to the principle mortality threat, high rates of egg parasitism by Uscana 

semifumipennis. In the field, M. amicus lays eggs either singly or in stacks (Fig. 

1A). The observed variation in stacking behavior, and the apparent use of the 

same currency (eggs) for defense and reproduction, led us to examine this trait in 

the context of parental investment in offspring survival, and phenotypic 

plasticity in offspring quality (Trexler 1997; Creighton 2005; Creighton et al. 2009; 

Fox & Czesak 2009). We asked first about the adaptive value of this behavior: (1) 

Does egg-stacking protect eggs from parasitism and/or desiccation? We then 

investigated the nature of these top egg ‘shields’ compared to bottom eggs, and 

asked (2) Do top and bottom eggs differ in size or quality? Finally, we were 

interested in whether female beetles showed plasticity in stacking with respect to 

the risk of parasitism, and asked: (3) Does the presence of parasitoids induce the 



	  

32	  

stacking behavior in M. amicus? We used field observations and laboratory 

experiments to answer these questions. 

   

MATERIALS AND METHODS 

Study System 

 All seed beetles within the subfamily Bruchinae (Coleoptera: 

Chrysomelidae) lay eggs on the outside of seed pods or on the seeds themselves. 

The larvae then hatch and burrow into the center of the seed to complete 

development. Generally, after 25-30 days, adults cut holes in the seeds, emerge, 

and mate. Mimosestes amicus lay eggs on the outside of the seed pods of one of 14 

North and South American species within the legume genera Acacia (5), 

Parkinsonia (5), and Prosopis (4) (Kato et al. 2010). When we sampled M. amicus 

eggs from Parkinsonia florida (blue palo verde) and P. microphyllum (foothill palo 

verde) trees from three sites in southern Arizona (USA), we observed an average 

level of 71% parasitism by Uscana semifumipennis (Hymenoptera: 

Trichogrammatidae), a solitary parasitoid that is a specialist on seed beetle eggs 

(Pinto 2006). We also observed egg stacks. These stacks are formed when one egg 

(less often, two or three) is laid directly on top of another egg laid by the same 

female (Fig. 1A). The top egg is flattened such that it completely covers the egg 

underneath. The bottom egg is hidden so well that a freshly laid egg stack at first 

appears to be simply a slightly larger egg. 

 Egg stacking in Mimosestes amicus was first documented by Kunhikannan 

(Kunhikannan 1923), and was later confirmed by Swier (Swier 1974), who 
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observed it in M. amicus and other seed beetle species that attacked Prosopis spp, 

and speculated that the behavior served to protect against parasitism. It was 

most recently noted by Mitchell (Mitchell 1977), who observed the death of top 

eggs that were unparasitized, and hypothesized that egg stacking served to 

protect against parasitism and desiccation. He also hypothesized that the 

behavior was a bet-hedging strategy in which beetles laid single eggs until 

parasitism of single eggs reached some threshold, and then produced a mixture 

of both single eggs and stacks. 

 

Insect rearing 

 Uninfested seedpods for rearing beetles were collected from P. microphylla 

(foothill palo verde) trees in Tucson, AZ, USA and stored at -20°C for at least one 

week to exterminate other insects. Foothill palo verde is a better host for M. 

amicus than blue palo verde (Parkinsonia florida) but both are commonly used by 

the beetles in nature (Siemens et al. 1992). All beetles used in experiments were 

the offspring from eggs laid in the field by beetles. All parasitoids used in 

experiments were reared on the eggs of Callosobruchus maculatus, another seed 

beetle species, and these beetles were reared on cowpea seeds (Vigna 

unguiculata). 

 

Does egg stacking protect eggs from parasitism and/or desiccation? 

a) Effect of egg type on rates of parasitism in the field 
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 One hundred infested blue palo verde seed pods were collected from each 

of three sites in Tucson (Oro Valley, 32°23’35.76” N, 110°57’15.72” W; Sentinel 

Peak, 32°12’49.08” N, 110°59’57.75” W; St. Mary’s Rd., 32°13’40’58” N, 

111°00’15.54” W). Relatively large (~ 4mm) and circular emergence holes in the 

seed pods, or M. amicus eggs on the surface of the seed pods, were used as 

confirmation of infestation by this species. In the laboratory, eggs were scored for 

whether or not they were in stacks and for evidence of parasitism. Parasitized 

eggs were identified by the appearance of the red eyes of a developing wasp 

pupa, or a dark brown to black coloration of the eggs. Unparasitized eggs were 

identified by their cloudy, yellow coloration, the head capsules of beetle larvae in 

various stages of development, or white frass that had been defecated into the 

empty eggshell during larval penetration into the seed.  

 

b) Laboratory effects of parasitism and humidity on eggs laid singly vs. in stacks 

 Female and male beetles emerging from field-collected foothill palo verde 

seed pods were sorted into groups of 20-30 beetles each in 50 mL Falcon tubes 

without hosts. Eggs for the experiment were produced by 15 females placed 

together with 15 males in a container holding 300 uninfested foothill palo verde 

seed pods. Due to variation in the timing of beetle emergence, the experiment 

was run in three blocks. In each block, beetles were allowed to mate and lay eggs 

for two days before seed pods were inspected for eggs. Then seed pods were 

separated into 9-oz. plastic cups with approximately thirty M. amicus eggs per 

cup and covered with lids with a fine-mesh fabric center. Pods were assigned to 
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either a high (65%) or a low (35%) relative humidity (RH) treatment and either a 

“parasitoids present” or “parasitoids absent” treatment, for 15 replicates in each 

treatment combination. “Parasitoids present” cups had one female and two male 

U. semifumipennis added. After three days, at which time eggs became unsuitable 

for attack, the pods were removed and eggs were scored for presence/absence of 

parasitism, stack position, and the cause of larval beetle mortality. 

 

Do top and bottom eggs of a stack differ in size or quality? 

a) Egg size 

 Beetles emerging from field-collected foothill palo verde pods were 

isolated in one ventilated plastic container, in an environmental chamber set to 

27°C at 60% RH with paper towels and water. After 24 hours, the paper towels 

were removed and replaced with 200 uninfested blue palo verde seed pods. 

Beetles were allowed to mate and lay eggs for 24 hours. Afterwards, single, 

bottom, and top eggs were collected from the container. Eggs of each type were 

weighed in groups; each data point represents the average of 5 eggs (n=6). 

 

b) Effect of top vs. bottom eggs on wasp fitness 

 Parasitoid fitness depends on both host egg size and nutritional quality, 

and thus provides an indirect measure of egg quality. Parasitized eggs from the 

laboratory experiment were removed from the pods and placed in a 0.25 dram 

vial in an environmental chamber at 27°C and 60% RH until emergence. 
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Development time (in days) was recorded and a sub-sample of emerged wasps 

were dissected to measure hind tibia length. 

 

Does the presence of parasitoids induce the stacking behavior in M. amicus? 

 Beetles emerging from field-collected foothill palo verde pods were 

isolated in one ventilated plastic container with paper towels and water. After 48 

hours, male and female pairs of beetles were placed in 9 oz. containers with 20 

foothill palo verde seed pods, in an environmental chamber set to 27°C and 60% 

RH. Fifty pairs received 10 parasitoids each, while the other 50 received no 

parasitoids. Female beetles were allowed to lay eggs for 10 days. For each female 

we recorded the total reproductive effort, the proportion of all eggs laid that 

were in stacks, and the number of eggs per stack. Because we had discovered 

that top eggs were inviable, we considered each egg stack or single egg as one 

unit of reproductive effort. 

 

Statistical analyses 

 To determine whether stacking protects against parasitism, the proportion 

of eggs parasitized was analyzed in a logistic regression framework.  Similarly, 

logistic regression was used to analyze the proportion of all reproductive events 

that consisted of stacks (“proportion of stacks”) in different “parasitoid 

treatments” (parasitoids present or absent). In logistic regressions, “beetle 

mortality” [1/0], “proportion parasitized”, or “proportion of stacks” were 

treated as dependent or response variables, and “humidity” (high/low), “site” 
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(Colossal Cave/Oro Valley/St Marys), “egg type” [bottom/top/single], 

“protection” [1/0], or “parasitoid treatment” [1/0] were treated as independent 

or explanatory variables. Two-tailed t-tests were used to test whether wasp size 

or development time was significantly different when wasps developed on top 

eggs as opposed to single eggs, as well as to determine whether the number of 

eggs in a stack varied with respect to treatment. Contingency table analyses were 

performed on the level of stacking across field sites, as well as on the 

survivorship of top vs. single eggs in the laboratory. An ANCOVA was 

performed on the number of reproductive events (stacks and single eggs) in 

which explanatory variables were both continuous (proportion of stacks) and 

categorical (parasitoid treatment). All statistical analyses were performed using 

JMP v.7.0 (SAS Institute Inc., Cary, NC, 1989-2007). 

 

RESULTS 

Does egg stacking protect eggs from parasitism and/or desiccation? 

(a) Effect of egg type on parasitism rates in the field 

 Overall, across three sites, whether or not an egg was protected (i.e. the 

bottom in a stack versus an egg laid singly) had a strong effect on whether or not 

it was parasitized (figure 2; logistic regression, χ2 = 57.6, p < 0.0001, N = 784). 

“Site” as an independent variable contributed significantly to the fit of the model 

(likelihood ratio test, χ2 = 7.05, p = 0.03), suggesting among-site variation in the 

level of egg parasitism. We found no interaction between “site” and “protection”, 

indicating little variation in the effectiveness of stacking across sites. 
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Interestingly, sites differed overall in the proportion of protected eggs 

(contingency table analysis, likelihood ratio test, χ2 = 203.0, p < 0.0001, N = 787) 

and they parallel the variation in parasitism of single eggs at these sites, with 

Sentinel Peak having the lowest proportion of protected eggs (0.22) and lowest 

parasitism rate of single eggs (0.59), followed by St. Mary’s (0.57 protected eggs 

and 0.66 single-egg parasitism), and then Oro Valley (0.78 protected eggs and 

0.70 single-egg parasitism). 

 

(b) Laboratory effects of parasitism and humidity on eggs laid singly vs. in stacks 

 Beetle egg mortality differed significantly among egg types (logistic 

regression using “beetle mortality” as the response variable, and “humidity 

level” and “egg type” as explanatory variables, χ2 = 355.9, p < 0.0001). There was 

no interaction between “egg type” and “humidity level” (F2 = 0.04, p = 0.98), 

suggesting that the relationship between beetle mortality and egg types was not 

affected by humidity. Therefore, data from low and high humidity treatments 

were pooled for further analyses. Across blocks, there were differences in 

parasitism among top, bottom, and single eggs (stratified by block using 

Cochran-Mantel-Hanzel test, N=918, df=2, χ2 = 113.1, p < 0.0001). Differences in 

parasitism between single (unprotected; N=82, N=754 respectively) eggs and 

bottom (protected; N=82) eggs in the ‘parasitoids present’ treatment (figure 3A) 

are similar to the field results (figure 2). Top eggs in this treatment are either 

parasitized or inviable. Single and top eggs were parasitized at similar rates. All 

top eggs (N=64) from the ‘parasitoids absent’ treatment (figure 3B) were also 
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inviable, while bottom (N=64) and single eggs (N=827) experienced high 

survivorship. In the parasitism treatment, top eggs and single eggs generally 

both supported the development of parasitoids, (but see Effect of egg type on wasp 

fitness, below and table 1). Some unparasitized top eggs showed signs of larval 

development (i.e., head capsules and a characteristic larval form) before dying, 

suggesting that at least some top eggs are fertilized, but this was not tested 

experimentally. 

 

Do top and bottom eggs differ in size or quality? 

(a) Egg size 

 Egg weights differed significantly among top eggs of a stack, bottom eggs, 

and single eggs (oneway ANOVA, F2,15 = 31.4, p < 0.0001). The average top egg in 

a stack was approximately half the weight of single or bottom eggs (table 1). The 

weights of single and bottom eggs were not significantly different from each 

other (using Tukey-Kramer test for multiple comparisons). 

 

(b) Effect of top vs. bottom eggs on wasp fitness 

 Survivorship of wasp parasitoids was significantly lower in top eggs than 

in single eggs (table 1; likelihood ratio test, χ2=17.1, p < 0.0001). Only 3 out of 82 

bottom eggs were parasitized; these eggs all produced parasitoid wasps but were 

too few to be included in these analyses. Wasps that survived in top eggs had 

significantly longer development time (two-tailed t-test, t39 = 7.05, p < 0.0001) and 
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smaller body size (two-tailed t-test, t6 = 73.5, p  < 0.0001) than wasps that 

developed in single eggs (Table 1).  

 

Does the presence of parasitoids induce the stacking behavior in M. amicus? 

 Exposure to parasitoids caused an increase in the proportion of egg stacks 

a beetle laid (figure 4; logistic regression, χ2 = 58.6, p < 0.0001) as well as an 

increase in the average number of eggs per stack (two-tailed t-test, t37 = 6.04, p < 

0.0001). Unexposed beetles laid no more than 2 eggs per stack [mean of 2.00 ± 0.0 

SE eggs per stack], whereas stacks laid by exposed beetles were often composed 

of 2-3 eggs [mean 2.23 ± 0.04 SE eggs per stack]. 

 The results of this experiment also suggested that egg stacks were costly. 

Overall, beetles that laid more stacks had lower lifetime reproductive effort 

(figure 5; ANCOVA, F3,77 = 38.4, p < 0.0001, r2 = 0.60). In our analysis, we found a 

significant interaction between the proportion of stacks and parasitoid treatment 

(absence/presence) (F1 = 8.78, p = 0.004), with stacking leading to a steeper 

decline in reproductive effort in the ‘parasitoids absent’ treatment than in the 

‘parasitoids present’ treatment.  

  

DISCUSSION 

 Here we provide evidence for the hypothesis that egg-stacking in the seed 

beetle Mimosestes amicus is a protective behavior that significantly reduces egg 

mortality caused by the egg parasitoid, Uscana semifumipennis. Field and 

laboratory data show that protected eggs suffer significantly less egg parasitism 
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than unprotected, singly-laid eggs, while humidity differences did not have an 

effect on egg mortality, regardless of type. To our knowledge, this is the first 

described example of an egg that has no function other than protecting viable 

eggs from natural enemies. Top eggs were approximately half the weight of 

bottom eggs in the same stack or of singly laid eggs, suggesting large differences 

in egg quality. This is corroborated by the relatively poor performance 

(measured as survivorship, body size, and development time) of parasitoid 

offspring that developed in these eggs compared to those developing in single 

eggs. We also found that egg stacking is inducible; beetles respond to the 

presence of parasitoids by greatly increasing the number of stacks. That stacks 

are costly is suggested by the relationship between the proportion of stacks a 

beetle laid and its total lifetime reproductive effort (number of individual stacks 

+ individual eggs). The higher the proportion of stacks a beetle laid, the lower 

the number of viable eggs that were produced. In this analysis, we also found an 

interaction between the proportion of stacks a beetle laid and whether or not 

they were exposed to parasitoids (figure 5; beetles unexposed to parasitoids had 

a steeper slope). The shallower slope in beetles exposed to parasitoids represents 

a lower number of viable eggs produced per stack produced, which suggests that 

there may be some extra cost incurred during egg stacking (e.g., stress, or time 

taken protecting eggs). However, this pattern has not been repeated in recent 

experiments. The apparent cost of stacking underscores the adaptive value of the 

plastic response to the presence of parasitoids; beetles match offspring quality (a 

single egg vs. a protected egg) to the risk of parasitism. 
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 We found that M. amicus can lay distinctly different eggs 

contemporaneously, some of which serve an exclusively defensive function. 

Among animals, the best described eggs with a non-reproductive function are 

called trophic eggs, and they have been noted in mostly descriptive studies on 

the reproductive ecology of sharks, amphibians, insects, spiders, and snails 

(reviewed in (Perry & Roitberg 2006)). Their adaptive value seems apparent in 

systems in which, compared to viable eggs, they have a different morphology or 

color (West & Alexander 1963; Henry 1972; Ento et al. 2008), are underdeveloped 

(Osawa & Yoshinaga 2009), or are actively fed to offspring by the parents 

(Nakahira 1994). The two main hypotheses regarding the functions of trophic 

eggs include offspring feeding when starvation risk is high or resources are 

scarce and/or reducing sibling cannibalism (Kudo & Nakahira 2005; Perry & 

Roitberg 2005). The fact that at least some top eggs laid by M. amicus have been 

fertilized brings up an interesting question about the classification of eggs that 

contain DNA, but function solely to protect other eggs or satiate other offspring. 

In eusocial insects, trophic eggs may be considered another “sterile caste”, in that 

they have a specific function that increases some aspect of colony survivorship 

(e.g., workers that provide brood care, soldier morphs that defend habitats and 

individuals from predation) (Crespi 1992). However, in solitary insects, the 

production of non-reproductive eggs would seem to fit better under the broader 

category of polyphenism, and a classification system for these eggs would benefit 

from knowing the mechanisms that control their production in different systems. 
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 Research on parental care in subsocial heteropterans provides an 

interesting perspective on the use of eggs for a defensive function. Various 

species lay clutches of eggs, and then shield them with their bodies. In Elasmucha 

ferrugata (Heteroptera: Acanthosomatidae), centrally located eggs are larger than 

eggs laid at the periphery of the clutch, have higher survivorship just due to their 

size, and also receive greater protection from predation (Mappes et al. 1997). In 

Adomerus triguttulus (Heteroptera: Cydnidae), fertile egg clutches are covered 

with inviable eggs that serve to provision offspring and may secondly protect 

them from natural enemies, but only the parental guard behavior has been 

specifically tested as being an effective deterrent against predation (Kudo et al. 

2006). In these systems, predation risk to eggs does not depend on size, but on 

their position (Kudo 2001). Females may have been selected to invest less in 

peripheral eggs because it is less costly. It has been suggested that egg size 

variation may be due to physiological constraints during oogenesis (McGinley et 

al. 1987), and if this is the case, trophic eggs may be the exaptation of oocytes that 

are too immature to be fertilized. Females may then bias the placement of eggs 

that differ in resource quality (or some other abiotic or biotic factor) using simple 

behavioral rules (McLain & Mallard 1991).  

 That there are few records of animals producing eggs solely for defense is 

perhaps not surprising when one considers the nutrients required to produce 

these reproductive units. Why does M. amicus sacrifice costly eggs for improving 

individual offspring quality instead of using other materials? Fecal matter is used 

as a protective covering in many insect taxa at all life stages, and in nearly 20% of 
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species in the family Chrysomelidae this trait is well-developed (Vencl et al. 1999; 

Weiss 2006). In terms of allocating resources to reproduction, producing feces 

seems less costly to offspring and maternal fitness to produce. However, feces 

may be highly effective at concealing eggs from one natural enemy, and a highly 

effective attractant for other natural enemies that can circumvent the defense 

(Müller & Hilker 1999). Additionally, in species where the adults are non-feeders 

and may utilize most food consumed as larvae for growth and reproduction (as 

in M. amicus), or the fecal material is not substantial or malleable, feces may not 

be the best material for egg concealment. Other secretions could also potentially 

provide protection. In seed beetles, eggs are completely covered by, and 

cemented to a seed or seed pod by a secretion originating from the follicle cells of 

each egg or female accessory glands (Kingsolver 2004). It is unclear, however, 

how costly this secretion is, whether any ingredients are limiting for the beetles, 

or how much females would need to produce to secure attachment or deter 

parasitism of an egg. Concealing the eggs rather than protecting them in place 

would seem like another alternative. Hiding eggs in cracks and small holes has 

been observed in the Bruchinae (Kingsolver 2004). Alternatively, some bruchines 

lay eggs directly on the seeds, concealed within the closed pods, using exit holes 

of other bruchines for ingress (Johnson 1981). However, hiding eggs outside the 

pods is only possible if the oviposition substrate has cracks in which to conceal 

eggs, and natural enemies cannot find or reach them. Further, laying eggs within 

the pods excludes beetle access to a potentially large resource of undamaged 

pods and seeds. Lastly, it is possible that the use of an egg for defense is 



	  

45	  

advantageous because it exploits the oviposition behavior of the attacker.  If 

wasps anticipate a single opportunity for oviposition when encountering an egg, 

they may leave after ovipositing in the top egg, while coatings or protective 

secretions might simply increase wasp tenure time and persistence.  

Alternatively, if the wasp-beetle interaction is highly localized, the ‘waste’ of a 

wasp egg in a low quality beetle egg may pay fitness benefits to the beetle in 

terms of reduced threat to other offspring. 

 In general, seed beetles (Chrysomelidae: Bruchinae) show remarkable 

reproductive plasticity in a number of traits.  Female seed beetles have been 

shown to make adjustments to egg quality in response to variation in host plant 

quality (Fox et al. 1997; Savalli & Fox 2002; Teixeira et al. 2009), resource 

availability or population size (Kawecki 1995). The reason for the extraordinary 

plasticity in this group is not known, but one might speculate that some aspect of 

allocation of resources to eggs is under less stringent control in seed beetles than 

in other systems. For whatever reason, this group of organisms appear to be 

excellent models for the study of plasticity of parental investment in offspring 

survival.  

 For M. amicus in particular, the classic Smith-Fretwell (Smith & Fretwell 

1974) tradeoff between offspring quality and quantity is embedded in a novel 

ecological context; where quality is improved not by a continuous size 

adjustment, but rather by discrete egg increments that contribute to a higher 

probability of surviving parasitism. In Mimosestes amicus, top eggs contribute to 

the fitness of bottom eggs but never become offspring, thus a stack equals an egg 
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with higher parental investment. Further, field data suggest that each 

supernumerary protective egg reduces the probability of parasitism. While the 

laboratory experiment showed almost perfect protection from parasitism with a 

2-egg stack, recent field data averaged over two collection times showed 

reductions in parasitism of bottom eggs with each additional egg in the stack 

(proportions of bottom eggs parasitized for Colossal Cave and sample sizes: 

single (0.47, N=124), 2-egg stack (0.35, N=88), 3-egg stack (0.1, N=51), 4-egg stack 

(0.0, N=3); proportions for Sentinel Peak: single (0.45, N=383), 2-egg stack (0.41, 

N=280), 3-egg stack (0.08, N=291), 4-egg stack (0.05, N=21); contingency table 

analyses using likelihood ratio tests - Colossal Cave, LR !2 = 27.24, p < 0.0001; 

Sentinel Peak, LR !2 = 148.96, p < 0.0001). Stacks with four eggs only appeared in 

the second collection, late in the season when rates of parasitism of bottom eggs 

were higher than at the first collection (JBD, unpublished data).  By increasing 

both the stacking rate and the number of eggs in a stack, beetles responded to 

wasp presence in a manner likely to protect the most offspring from parasitic 

wasp attack. These observations are suggestive of coevolutionary dynamics of 

beetle egg stacking defense and wasp countermeasures to find and parasitize 

protected eggs. Future work will address how beetles assess parasitism risk, as 

well as how the level risk is matched with an appropriate level of offspring 

defense. 
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Figure 1. Cartoon side-view and top-view (labeled) of single eggs and a 2-egg-

stack. Gray lines represent attachment glue. 
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Figure 2. Field evidence of the effectiveness of egg stacking against parasitism. 

Unprotected eggs (= single eggs) experienced proportionally higher parasitism 

than protected eggs ( = bottom eggs in a stack) at all sites visited. As indicated in 

the text, sites are variable in both the level of stacking and level of parasitism. 

(Oro Valley, N=208; Sentinel Peak, N=416; St. Marys, N=160). 
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Figure 3. Laboratory evidence of performance of egg types, in particular the 

complete inviability of top eggs. Humidity data was pooled, as it had no effect on 

mortality among egg types. Data is presented by parasitoid treatment: presence 

(A) or absence (B). All top eggs died, regardless of humidity treatment, while 

survivorship of bottom or single eggs was similar for both humidity treatments. 

Similar to our field observations, protected eggs (bottom) suffered 

proportionately less parasitism than unprotected (single) eggs. 
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Figure 4. Parasitoid presence induces egg stacking response in beetles. Beetles 

exposed to parasitoids (N = 41) produced a significantly higher proportion of egg 

stacks during their lifetime than beetles not exposed to parasitoids (N = 40). 
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Figure 5. The cost of parental investment in egg protection. Overall, beetles that 

laid more stacks had lower lifetime reproductive effort. Data points with a cross 

symbol (x) were in the ‘parasitoids absent’ treatment while data points with an 

open circle symbol (O) were in the ‘parasitoids present’ treatment. The dashed 

regression line shows the relationship for unexposed beetles and the solid 

regression line shows the relationship for exposed beetles. 
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Table 1. A comparison of wet weight, larval (beetle and wasp) survivorship, 

parasitoid development time, and parasitoid body size for the different egg types 

laid by Mimosestes amicus females. Beetle survivorship proportions are from the 

‘parasitoids-absent’ treatment. Different letter following values in a particular 

row indicate statistically significant differences (Tukey-Kramer multiple 

comparisons method). 

 

 

 

Egg type Single egg Top egg (stack) Bottom egg 
(stack) 

Mean egg 
weight (mg) 

0.036 ± 0.002 [a] 

N=6 

0.021 ± 0.002 [b] 

N=6 

0.043 ± 0.003 [a] 

N=6 

Beetle 
survivorship 

0.93 

N=1099 

0.00 

N=93 

0.93 

N=143 

Parasitoid 
survivorship 

0.93 

N=483 

0.74 

N=53 

1.0 

N=3 

Mean 
parasitoid 

development 
time (days) 

11.44 ± 0.05 [a] 

N=451 

13.63 ± 0.30 [b] 

N=39 

11.83 ± 0.33 [a] 

N=3 

Mean 
parasitoid 
body size 
(microns) 

24.53 ± 0.18 [a] 

N=51 

22.62 ± 0.24 [b] 

N=39 

24.50 ± 0 [ab] 

N=3 
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APPENDIX B. 

 

THE SUNNY SIDE OF EGG STACKING: AVOIDANCE STRATEGIES IN 

RESPONSE TO MICROSPATIAL VARIATION IN EGG PARASITISM RISK 
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ABSTRACT 

 Organisms that do not provide parental care must weigh multiple factors 

and risks in the selection of an oviposition site. The seed beetle, Mimosestes 

amicus, shows remarkable behavioral plasticity in response to variation in egg 

parasitism cues. When exposed to egg parasitoid adults, females superimpose 

eggs atop each other in order to protect bottom eggs from parasitism. Here, we 

examine egg protection behavior in response to the microspatial distribution of 

parasitized eggs. We exposed females to treatments varying in the number and 

dispersion of parasitized eggs on seed pods. Our results show that M. amicus 

evaluates parasitism risk on a highly localized "pod-by-pod" basis, and that 

oviposition behavior was influenced by the evenness of the distribution of 

parasitized eggs. Females avoided oviposition on seed pods with parasitized 

eggs when other oviposition sites were available, and stacked their eggs only 

when all or almost all host pods bore parasitized eggs. Stacking was greater and 

oviposition reduced as parasitized eggs were distributed across more of the five 

pods provided. Our results provide novel evidence of an herbivore assessing risk 

to her offspring and adopting an oviposition strategy that includes both risk 

avoidance and offspring protection. 

 

KEYWORDS 

Egg stacking; life history strategies; behavioral plasticity; parental investment; 

seed beetles; Mimosestes amicus, offspring defence 
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INTRODUCTION 

 In all egg-laying organisms that lack parental care, the choice of an 

oviposition site is a critical one, and mothers may balance a complex set of 

factors and risks in deciding where to place their eggs. At an oviposition site 

there are many different cues a female is exposed to; if the maternal environment 

is predictive of the offspring environment, we would expect that selection would 

produce mechanisms under maternal control (e.g., maternal effects) that enhance 

offspring survival (Mousseau & Dingle 1991; Fox & Mousseau 1998). It is 

becoming more apparent that non-genetic maternal effects such as oviposition 

site choice may be just as effective as in positively influencing offspring 

survivorship and maternal fitness (Gall et al. 2012). Various biotic (e.g., presence 

of conspecifics, natural enemies, host availability) and abiotic factors (e.g., 

temperature, day length) have been shown to influence oviposition site selection 

in various insect taxa (Labeyrie 1978; Papaj 2000). Nest- or oviposition site 

preferences based on microclimate variables have been documented in birds 

(Lloyd & Martin 2004), non-avian reptiles (Shine & Harlow 1996; Wilson 1998), 

and insects (Pincebourde et al. 2007; Potter et al. 2009).. 

 Across the animal phylogeny, females exhibit spatially or temporally-

sensitive dispersal mechanisms that guarantee a low probability of egg predation 

or parasitism: butterflies (Lucas & Brodeur 1999), mites (Yanagida et al. 2001), 

mosquitoes (Kiflawi et al. 2003; Blaustein et al. 2004), hydrophilid beetles (Brodin 

et al. 2006), water striders (Hirayama & Kasuya 2009; Hirayama & Kasuya 2010), 

woodpeckers (Nilsson et al. 1991), angelfish (Sakai & Kohda 1995), migratory 
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birds (Kristiansen 1998; McKinnon et al. 2010), tree frogs (Binckley & Resetarits 

2002; Binckley & Resetarits 2003; Rieger et al. 2004), and newts (Gall et al. 2012). 

Specifically, herbivorous insects may choose to lay eggs on host plants that are 

less suitable for offspring development but provide a lower risk of predation or 

parasitism (e.g. enemy free-space; (Jeffries & Lawton 1984; Denno et al. 1990; 

Berdegue et al. 1996; Mira & Bernays 2002; Heard et al. 2006). Myrmechorous 

plants rely on ants to disperse seeds out of reach to predators (Turnbull & Culver 

1983; Gibson 1993; Manzaneda et al. 2005), and masting plant species regulate 

seed predator populations by concentrating fruiting during some years and 

producing no fruits during some years (Ballardie & Whelan 1986; Archibald et al. 

2012).  

 Most studies do not examine the finer spatial scale of parasitism risk in 

oviposition site selection. For example, an herbivorous insect may discriminate 

among host species or trees that harbor natural enemies, but there is a selective 

advantage to choose among a set of leaves or seed pods within the same tree. In 

insects, opportunities for laying eggs are often constrained by the need to place 

their offspring in or on a discrete and limited quantity hosts, on which their 

offspring develop (Diaz-Fleischer & Aluja 2003). The temporal and spatial 

variability in these oviposition resources has a major effect on the evolution of 

egg load (Ellers et al. 2000; Harvey et al. 2001) and ovarian dynamics during a 

female’s lifespan (Papaj 2000). The risk of senescencing before laying all one’s 

eggs has been a source of selection on clutch size decisions in herbivorous insects 

and parasitoids, so we might expect similar selection pressures to be involved in 
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spatial oviposition decisions. Lastly, fine-scale oviposition decisions are an 

important gap in our understanding because they may imply larger scale 

consequences for the larger community, such as shifts in host population growth 

and species interactions within the community (Werner & Peacor 2003; Schmitz 

et al. 2004; Fill et al. 2012). 

 To examine the extent of microspatial variation in parasitism cues on fine-

scaled oviposition behavior, we chose to study a beetle that modifies eggs into 

protective shields in order to reduce mortality by egg parasitism. Mimosestes 

amicus lays eggs on the outside of seed pods of legumes and when exposed to 

parasitism cues, females superimpose eggs atop one another, shielding bottom 

eggs in the stack from parasitism by the trichogrammatid wasp, Uscana 

semifumipennis (Deas & Hunter 2012). In previous experiments, we used 

parasitoid adults to trigger the egg-stacking response (Deas & Hunter 2012), but, 

because these adults parasitized beetle eggs, we could not determine whether 

beetles responded to the parasitoid adults or parasitized beetle eggs, or both. We 

reasoned that parasitized eggs might be a more reliable cue in nature, and casual 

observations of behaviors of both parasitoid and beetle suggested the production 

and reception of an egg cue.  

 We tested whether parasitized eggs triggered the response, and then 

sought to compare stacking across laboratory environments that varied in the 

probability of a female encountering parasitized eggs. We asked two specific 

questions about how females would respond to treatments varying in the 

probability that a female would encounter a parasitized egg: (1) Do beetles 
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increase the stacking response (proportionately more stacks to single eggs, and 

more eggs per stack) when exposed to more parasitized eggs? (2) Do beetles 

increase the stacking response when parasitized eggs are more dispersed across 

pods? We predicted that a beetles stacking response would increase when 

parasitized eggs were either more numerous or more widely dispersed across 

pods. 

 

MATERIALS AND METHODS 

Study system 

 Seed beetles are an ideal system for examining the fine-grained spatial 

scale of oviposition decisions because they lack parental care and must rely on 

higher quality oviposition sites; require legumes for oviposition that vary 

temporally and spatially in accessibility; and notably across species, exhibit 

ovipositional and egg size plasticity in response to different aspects of habitat 

quality. 

 Mimosestes amicus is a seed beetle (Chrysomelidae: Bruchinae) distributed 

from the southwestern United States throughout Mexico and Costa Rica 

(Kingsolver & Johnson 1978). Parkinsonia florida (blue palo verde), P. microphyllym 

(foothill palo verde), and Prosopis velutina (velvet mesquite) are the host plants 

most commonly attacked by M. amicus populations in central Arizona, but we 

use P. microphyllum pods to maintain laboratory colonies and experiments 

because these pods confer comparably higher beetle survivorship (unpublished 

data, J.B. Deas). Mimosestes amicus lays eggs and egg stacks directly on the seed 
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pods, placing eggs only where a seed is located. Upon hatching, larvae burrow 

through the pod and into the seed below, where they develop, pupate, and 

emerge as adults. Eggs may be laid in stacks of two or more eggs. Top eggs 

protect the bottom egg from parasitism in both laboratory and field settings 

(Deas & Hunter 2012). Even in the absence of parasitism, however, top eggs are 

smaller and inviable, and larvae die before hatching. Uscana semifumipennis 

(Trichogrammatidae) is a solitary egg parasitoid that co-occurs with M. amicus in 

southern Arizona, and belongs to a genus that parasitizes the eggs of seed beetles 

(Fursov 1995).  

General methods 

 During late June of 2010 and 2012, we collected apparently uninfested 

seed pods from P. microphyllum trees in Tucson, AZ. Seed pods were stored at -

20°C to exterminate larvae of M. amicus, and lethal, bruchid parasites such as the 

straw itch mite, Pyemotes tritici (Southgate 1979). Beetles and wasps used in 

experiments were descended from individuals collected in early to mid-August 

of 2010 and 2011, and were reared on stored seed pods. Laboratory populations 

were reared at 30°C, 50% relative humidity. Emerging female and male beetles 

were collected from laboratory populations and kept in breeding containers for 

1-2 days before being used in experiments. Seed pods of P. microphyllum vary 

between 1-3 seeds per pod, so except for each of three replicates in which we had 

to use one 2-seed pod and three 1-seed pods, we used only 1-seed pods in our 

experiments. The egg parasitoid U. semifumipennis used in experiments 

originated from parasitized eggs of M. amicus collected in the field, and were 
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reared on eggs of Callosobruchus maculatus, which was in turn reared on cowpea 

seeds (Vigna unguiculata). After emergence, wasps were kept in 100mm test tubes 

at 12°C and 65% relative humidity with drops of honey until ready for use. 

 

Do parasitized eggs alone trigger the stacking response? 

 To produce parasitized eggs for experiments, first we collected adult 

beetles as they emerged; allowed the female to mate and lay eggs for 48 hours; 

approximately 75% of these eggs were exposed to 1-3 day old U. semifumipennis. 

The remaining 25% of the eggs were untouched and used as control for a beetle’s 

response to the presence of eggs (N =50). Seed pods bearing parasitized eggs 

were then split into two treatments. Parasitized eggs were left intact for one 

treatment (N = 50 mating pairs), and removed to control for the presence of cues 

left on the seed by the female (N = 25). Eggs were removed in order to 

distinguish between beetle responses to parasitism cues associated with the egg 

itself and possible responses to cues left by the adult parasitoid or parasitized 

egg on the seed pod. Experimental beetles were 1 day old. The experiment was 

run for a total of ten days. In each treatment, 5 pods were enclosed in a 60mm X 

15mm Petri dish with a single mating pair of beetles. Halfway through the 

experiment, parasitoids were ready to emerge from the parasitized eggs used in 

the experiment, so these eggs were replaced with newly parasitized eggs. Newly 

laid beetle eggs were left in place and counted at the end of the experiment. 
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How does the oviposition behavior of beetles vary in response to the number and 

distribution of parasitized eggs across pods? 

 To produce parasitized eggs for experiments, we repeated our method 

from the first experiment. Twenty beetle mating pairs that were 1-day old were 

established per treatment. To remove noise caused by beetles that stack at low 

frequency when they start oviposition, experimental beetles were inspected for 

up to 2 days to ensure they were laying only single eggs by the time we did the 

experiment. Females were then placed into 60mm X 15mm Petri dishes with five 

pods.  

 Treatments differed according to the number, distribution, and condition 

of beetle eggs on the pods (Figure 1). When setting up our treatments, we 

assumed beetles would visit each pod equally. The treatments were: a) 0 eggs; b) 

10 parasitized eggs on 20% of pods (i.e. all parasitized eggs were on one seed); c) 

2 parasitized eggs on 20% of pods; d) 6 parasitized eggs on 60% of pods; e) 10 

parasitized eggs on 100% of pods; and f) 10 unparasitized eggs on 100% pods 

(see Fig. 1). To test whether beetles increase the stacking response when exposed 

to more parasitized eggs, we controlled egg dispersion (20% of pods) and 

compared number of eggs (10 versus 2, or treatments [b] versus [c]). To test 

whether beetles increase the stacking response when parasitized eggs are more 

dispersed across pods, we controlled egg number (10 eggs) and compared egg 

dispersion (20% versus 100% of pods). We also compared stacking response 

when egg number and dispersion varied across pods, but when the number of 

eggs were controlled to 2 per pod. Beetle cages were checked every four hours 
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for 48 hours (8:00 A.M - 8:00 A.M.) after exposure of females to the various 

treatments. Recorded data included the oviposition rate, stacking rate, numbers 

of eggs in a stack, and the number of eggs that beetles laid per pod. 

 

Statistical analyses 

 Logistic regression was used to analyze the proportion of stacks laid by 

beetles across parasitism cue treatments (no eggs, parasitized eggs present, 

parasitized eggs removed), while a oneway ANOVA was used to compare the 

average number of eggs per stack across treatments. A MANOVA and repeated 

measures analysis was performed to assess changes in stacking rate and 

oviposition rate over time. All of these analyses were performed using JMP v.7.0 

(SAS Institute Inc., Cary, NC, 1989-2007). 

 Seed beetles are well known to distribute eggs evenly among seeds, 

presumably to reduce larval competition per seed. This has been observed for M. 

amicus (unpublished data, J.B. Deas) as well as other seed beetles species (Avidov 

et al. 1965; Mitchell 1975; Wright 1983; Messina & Renwick 1985; Messina & 

Mitchell 1989; Shimada & Ishihara 1990). If eggs were distributed evenly, we 

would predict that 20% of the eggs laid would be laid on each of the five pods. 

We performed goodness-of-fit tests to test the null prediction that the observed 

distribution of eggs was statistically similar to the expected distribution. 

 

RESULTS 

Egg stacking in response to parasitized eggs. 
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 Parasitized eggs alone were sufficient to induce the egg stacking response 

in M. amicus.  Beetles stacked more of their eggs in the presence of parasitized 

eggs (Fig. 2, logistic regression, !2 = 128.2, p < 0.0001), relative to unparasitized 

eggs or pods with the parasitized eggs removed.  Low levels of stacking occurred 

also in the 'parasitized eggs removed' treatment (Fig. 2). In addition, although 

almost 30% of stacks consisted of two eggs (experiment-wide mean stack size = 

2.056 ± 0.012), beetles in the parasitized eggs treatment were more likely to lay 

three or more protective eggs per stack (mean stack size = 2.097 ± 0.019) than 

when there were no eggs present (mean stack size = 2.006 ± 0.006) or when the 

parasitized eggs had been removed (mean stack size = 2.005 ± 0.003; Fig. 1., r2 = 

0.18, F2,80 = 8.68, p = 0.0004). 

Expt. 2: Oviposition behavior of beetles in response to variation in number and 

distribution of parasitized eggs across pods 

 While all of the females had been laying single eggs before the 

experiment, exposure to an environment in which 100% of pods bore parasitized 

eggs led to a rapid transition to egg stacking (Fig. 3). Within eight hours, 10% of 

the oviposition events were stacks, and this rate rose to 34% by 36 hours. The rate 

of stacking for the other treatments was near zero (Fig. 3-4, treatment effect of 

repeated measures MANOVA, F5,72 = 21.6, p < 0.0001; time effect of repeated 

measures MANOVA, F5,68 = 12.2, p < 0.0001). There was also a significant 

interaction between time and treatment, indicating the proportion of stacks laid 

over time differed among treatments (repeated measures MANOVA, Hotelling-

Lawley test, F25,158 = 5.95, p < 0.0001).  



	  

73	  

 The cumulative number of eggs laid differed among beetles exposed to 

different numbers and distributions of parasitized eggs (Fig. 5, repeated 

measures MANOVA, F5,100 = 23.5, p < 0.0001). There was a significant interaction 

between time and treatment, indicating that the cumulative number of eggs laid 

over time differed among treatments (Fig. 5, repeated measures MANOVA, 

Hotelling-Lawley test, F25,226 = 4.26, p < 0.0001). When comparing the mean daily 

oviposition rate, beetles laid fewer eggs per day when more parasitized eggs 

were on the same seed (comparing ‘10 parasitized eggs on 20% of pods’ and ‘2 

parasitized eggs on 20% of pods’), the same number of parasitized eggs were 

dispersed among more pods (comparing ‘10 parasitized eggs on 100% pods’ and 

‘10 parasitized eggs on 20% pods’), and when there were more pods with 

parasitized eggs (comparing ‘2 parasitized eggs on 20% pods’, ‘6 parasitized eggs 

on 60% of pods’, and ’10 parasitized eggs on 100% of pods’). We determined 

statistical significance between each treatment’s mean using Tukey-Kramer 

multiple comparisons: no eggs (A), 2 parasitized eggs on 20% pods (AB), 10 

unparasitized eggs on 100% of pods (AB), 10 parasitized eggs on 20% pods (BC),  

6 parasitized eggs on 60% of pods (CD), and 10 parasitized eggs on 100% of 

pods.   

 Beetles also avoided laying eggs on pods containing parasitized eggs. If 

eggs were distributed evenly, we would predict that 20% of the eggs laid would 

be laid on each of the five pods. However, when ten parasitized eggs were 

placed on one pod, only 1.8% of beetle eggs were laid on that same pod, and 

when two parasitized eggs were on one pod, 5.5% of eggs were laid on that pod 
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(Fig. 6).  Similarly when 60% (three) of the pods bore parasitized eggs (two each), 

only 20% of the beetle eggs laid were found on one of these three pods, and 80% 

of the eggs were on the remaining two pods (Fig. 6). For each treatment 

evaluated, we found that the observed distribution of oviposited eggs differed 

significantly from the expected uniform distribution of eggs (ten parasitized eggs 

on 20% of pods, df = 1, !2 = 93.0, p< 0.0001; two parasitized eggs on 20% of pods, 

df = 1, !2 = 90, p < 0.0001; six parasitized eggs on 60% of pods, df = 1, !2 = 160, p 

< 0.0001).  

 

DISCUSSION 

 We found evidence that the seed beetle M. amicus employs a flexible, 

tripartite oviposition strategy for reducing parasitism risk to her offspring. After 

encountering parasitized conspecific eggs, beetle females began egg stacking, but 

primarily when they were found on every pod in their environment; otherwise 

beetles appeared to delay oviposition, or simply avoided oviposition on the hosts 

with parasitized eggs.  These results uncovered unexpected complexity to the 

egg stacking strategy. Eggs are potentially a very costly resource to use for 

purposes other than creating viable offspring (Perry and Roitberg 2006), so we 

might expect beetles to have evolved sensitive, behavioral mechanisms to 

minimize the energetic costs of defensive egg-laying. 

 

Parasitized eggs trigger egg-stacking 
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 We found that parasitized eggs without wasp adults were sufficient to 

elicit egg stacking, even in the absence of parasitoid individuals searching to 

oviposit (Fig. 1). The nature of cues left by adult wasps, or produced by their 

developing offspring is unknown, but casual observations of wasp oviposition 

behavior suggest adult females may mark eggs they have parasitized. After 

parasitism of an egg, Uscana semifumipennis females rub their hind tibia against 

their abdomen as they walk over the egg. Parasitoid females often discriminate 

between parasitized and unparasitized hosts through the detection of marking 

pheromones deliberately left by an ovipositing female, which serves to reduce 

superparasitism (Vinson 1976; Bakker et al. 1985). We have also observed that 

beetle females in turn carefully inspect pods before ovipositing. When they 

encounter another beetle egg, females briefly drum it with their maxillary palps 

before continuing to walk over the pod. This ‘tasting’ behavior, presumably 

allows beetles to detect a compound left by a wasp by direct contact. Cues from 

eggs are often a source of important information across taxa. They may permit 

recognition of sired eggs to prevent cannibalism in male sticklebacks (Frommen 

et al. 2007), elicit male squid competitive behavior by indicating female 

receptivity (Buresch et al. 2003; King et al. 2003), serve as kairomones for 

predators (Dittman et al. 1998; Mirza & Chivers 2002; Ellers & Jervis 2003), or 

induce pine tree defensive pathways (Hilker et al. 2002). Brood parasitism may be 

detected in host birds, in which females may use contrasts of specific parts of the 

egg (blunt egg pole; (Polacikova et al. 2007) or UV color reflectance differences 

(Avilés et al. 2004) to discriminate cuckoo eggs from their own. We are, however, 
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unaware of another example in which hosts detect conspecific egg parasitism 

and use that information to delay oviposition, avoid ovipositing near parasitism 

cues, or defend the ones they lay. Lastly, we note that we did not test whether 

the presence of adult wasps in addition to parasitized eggs would have increased 

the stacking response. Recent results indicating that Drosophila may avert risk 

associated with visual detection of parasitoid wasps (Kacsoh et al. 2013) suggest 

this would be an additional possibility to test in the M. amicus – U. semifumipennis 

system. 

 

Ovipositional response to seed pod variation in parasitism cues 

 Exposure to parasitized eggs slowed the rate of beetle oviposition, with 

the greatest reduction evident when every seed bore parasitized eggs, and the 

least reduction seen in treatments with no eggs, unparasitized eggs or only two 

parasitized eggs present on a single pod (Fig. 5). The treatment in which the 

oviposition rate was most depressed, when all pods bore parasitized eggs, was 

also the treatment that showed a high rate of egg stacking. Thus, one might 

question whether the reduction in oviposition rate is due to the time-costly 

constraint of stacking eggs, or is a second strategy adopted by beetles when the 

probability of egg parasitism is high. That there was reduction in oviposition rate 

even in a treatment with virtually no stacking (10 parasitized eggs, 20% 

coverage; Fig. 3-4) supports the latter explanation. In general, we might predict 

reductions in activity in response to predator or parasite risk among victims, as 

this saves energy use and lessens the risk of being detected by exploiters. 
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However, plasticity in oviposition rate in response to natural enemy threat has 

only recently been documented in Neoseiulus, a phytoseiid mite (Montserrat et al. 

2007), and Drosophila (Lefévre et al. 2012). 

 In addition to ovipositional delays, M. amicus beetles also actively avoided 

pods with parasitized eggs. In general, seed beetles lay eggs uniformly among 

hosts (Avidov et al. 1965; Mitchell 1975; Wright 1983; Messina & Renwick 1985; 

Messina & Mitchell 1989; Shimada & Ishihara 1990), but in this study, beetles laid 

significantly fewer of their eggs than expected on pods with parasitized eggs and 

more on pods with no eggs (Fig. 6). That females did not avoid oviposition in 

response to the presence of unparasitized conspecific eggs is suggested by the 

finding that oviposition rate is not reduced in this treatment (Fig. 5).  It is also 

interesting that females allocated eggs to the pods without parasitized eggs in 

small arenas in close proximity to the pods with parasitized eggs, suggesting the 

very fine-grained spatial scale of oviposition decisions by this species. 

 When exposed to hosts that each contain parasitized eggs, female beetles 

began stacking their eggs within four hours, and continued to increase stacking 

until 36 hours after which the rate stabilized at about 35% (Fig. 2). Although egg 

stacking started rapidly, it was also apparent in the current study that egg 

stacking, a behavior we documented could be easily induced by the presence of 

parasitized eggs, appeared to be a last resort for beetles that had no alternative 

oviposition site. Beetles stacked little or not at all unless every seed pod bore 

parasitized eggs. In treatments where clean pods were present, the very few 

stacks produced were only laid on seed pods with parasitized eggs. Relative to 
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other experiments we have conducted in the laboratory with other individuals, 

and observations in the field (where the proportion of stacking may reach 78%; 

Deas and Hunter 2012), this rate of stacking appears modest. In other studies, we 

have found that beetles stack more as they age when limited host access 

increases their egg load (Deas & Hunter, unpubl. data). In other systems, females 

with low host access risk still having eggs by the time of death (i.e., time 

limitation), and switch to laying a higher clutch size per host (Iwasa et al. 1984; 

Parker & Courtney 1984; van Alphen & Visser 1990; Ellers et al. 2000; Xu et al. 

2012). In contrast, in the current study newly-mated beetles with unlimited 

access were used; we would expect that they would be more egg-limited, and 

stack relatively fewer eggs (Deas & Hunter, unpubl, data). There may be a limit 

to reducing oviposition rate because as it increases with female age, females risk 

time-limitation. 

 Our results showed that females assess the probability of encountering a 

parasitized egg on a per-pod basis. If parasitism cues were present on one pod, 

females attempted to lay on a ‘clean’ pod nearby; if there were few or none of 

these pods, then they started to stack eggs. We did not control the distances 

among pods within the small containers provided in this study, nor did we 

organize the pods in three dimensions. In nature, we do not know if beetles 

would ordinarily move farther from the parasitism cue before ovipositing as they 

did in the laboratory. Depending on the collection site (and even the tree), 

foothill palo verde seed pods may be organized in tight clumps of pods with 1-6 

seeds per pod, and may be closer together or farther apart depending on how 
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many pods have shed their seeds or fallen to the ground. Given the variety of 

legume hosts that M. amicus uses, it is likely that the spatial complexity of the 

oviposition response we observed may be nested within more complexity at 

larger spatial scales. Mimosestes amicus uses 22 different species in 5-6 legume 

genera (Kingsolver & Johnson 1978), over which there is substantial variation in 

the number of seeds per pod and the number of pods that group together on a 

branch. When seeds are nested within large pods, do beetles extrapolate from the 

presence of parasitized eggs on one seed to make decisions about the rest of the 

seeds in the pod? Further, does seasonal variation in host diversity and variation 

in egg parasitism patterns among tree species, populations, or even trees cause 

beetles to seek enemy free space on other host plants (Heard et al. 2006)?  

 In conclusion, these results, along with other recent studies, support the 

emerging understanding that solitary insect hosts may use sophisticated means 

of assessing risk and protecting offspring, even in the absence of parental care. 

On a larger scale, the alternative oviposition behavior may be extrapolated to be 

a nonconsumptive effect by a natural enemy, in which natural enemy presence 

causes a costly change in host (or prey) behavior, physiology, or life history, and 

influences the growth of the host population, which affects the larger community 

(Werner & Peacor 2003; Schmitz et al. 2004; Fill et al. 2012). Investigating the 

stacking strategy at larger spatial scales among seed beetles using the same hosts 

(e.g. Stator limbatus, (Johnson & Kingsolver 1976); Mimosestes ulkei, (Kingsolver & 

Johnson 1978) would begin to address some of these issues. 
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Figure 1. Treatments of egg spatial arrangements on foothill palo verde seed 

pods. 
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Figure 2. Beetles stack more in the presence of parasitized eggs. Viable eggs 

include both bottom eggs in a stack and singly laid eggs. Letters indicate 

statistical differences in the mean proportion of eggs allocated to protection 

among treatments (using Tukey-Kramer multiple comparisons procedure).  
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Figure 3. Cumulative proportion of stacks produced during the first 48 hours of 

exposure to various treatments. Beetles primarily stacked when all pods 

contained parasitized eggs, and much less so when 6 eggs were on 3 pods or 

when 10 eggs were on 1 pod. The remaining treatments appear briefly above the 

x-axis because of little to no stacking.  
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Figure 4. The average proportion of eggs used for protection (1 or 2+ egg covers) 

by beetles in different treatments, laid within 48 hours. Viable eggs include both 

bottom eggs in a stack and singly laid eggs. Beetles in the treatments with 

highest spatial coverage of parasitized eggs laid more stacks. For this time point, 

the percentage of pods containing parasitized eggs had a significant effect on the 

proportion of stacks a beetle laid (logistic regression, !2 = 95.8, p < 0.0001).  
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Figure 5. Beetles laid fewer eggs per day when more parasitized eggs were on 

the same seed (comparing ‘10 parasitized eggs on 20% of pods’ and ‘2 parasitized 

eggs on 20% of pods’), the same number of parasitized eggs were dispersed 

among more pods (comparing ‘10 parasitized eggs on 100% pods’ and ‘10 

parasitized eggs on 20% pods’), and when there were more pods with parasitized 

eggs (comparing ‘2 parasitized eggs on 20% pods’, ‘6 parasitized eggs on 60% of 

pods’, and ’10 parasitized eggs on 100% of pods’). Starting from the top line, the 

treatment and its letter of significance determined by Tukey-Kramer multiple 

comparisons: no eggs (A), 2 parasitized eggs on 20% pods (A), 10 unparasitized 

eggs on 100% of pods (AB), 10 parasitized eggs on 20% pods (BC),  6 parasitized 

eggs on 60% of pods (CD), and 10 parasitized eggs on 100% of pods.  
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Figure 6. Avoidance of pods with parasitized eggs. The dotted line in each bar 

indicates the null expectation of the proportion of eggs that would be laid on 

these pods if beetles were laying eggs uniformly.  Beetles avoided laying eggs on 

seeds that bore parasitized eggs. For each of the three treatments evaluated, we 

found that the observed distribution of oviposited eggs differed significantly 

from the expected distribution of eggs (10 parasitized eggs, 20% coverage, df = 1, 

!2 = 93.0, p< 0.0001; 2 parasitized eggs, 20% coverage, df = 1, !2 = 90, p < 0.0001; 6 

parasitized eggs, 60% coverage, df = 1, !2 = 160, p < 0.0001). Overall, the 

proportion of eggs laid on pods bearing parasitized eggs varied significantly 

among treatments (logistic regression, !2 = 20.6, p < 0.0001).  Letters indicate 

statistical differences in mean proportions across treatments (using Tukey-

Kramer multiple comparisons procedure). 
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EGG AND TIME LIMITATION MEDIATE AN EGG PROTECTION STRATEGY 
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SUMMARY 

1. The number of eggs remaining and the time left for oviposition strongly 

influence the reproductive decisions in insects. Egg limitation occurs if a female 

runs out of eggs before all available oviposition resources are used, whereas time 

limitation occurs if a female risks death or loses the ability to reproduce before 

using all of her eggs. 

2. The seed beetle Mimosestes amicus engages in protective egg stacking, when 

females modify eggs into shields in order to protect other eggs from attack and 

improve their survivorship. We extend life history theory to make predictions on 

whether egg and time limitation influence the decision to stack eggs. Egg 

stacking behavior is triggered by a parasitism cue; varying the timing of the cue 

then allows a novel test of theory in which state-dependent decisions are 

predicted to vary independently of the experience of the cue. 

3. We predicted: (1) when beetles have unlimited access to seed pod hosts and 

are exposed to parasitism at different ages, females exposed later (more egg-

limited) had higher reproductive investment compared to females exposed early. 

(2) When females are deprived of hosts for a longer period of time (and thus 

more time-limited), they increase reproductive investment compared to females 

deprived of hosts for fewer days. 

4. Females exposed to parasitism late laid a smaller proportion of stacks and 

fewer eggs per stack than females exposed early, consistent with egg-limitation. 

We also found that females that experienced longer periods of host deprivation 
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laid a greater proportion of stacks and more eggs per stack than females 

deprived of hosts for a shorter period, consistent with time-limitation.  

5. Our results show that being egg-limited or time-limited strongly influences 

whether a female will protect her offspring and the level of protection she invests 

per offspring. Further, contrasting patterns of egg-stacking with age can be 

achieved by varying the exposure to hosts and parasitism cues. Egg and time 

limitation theory apply to many areas of oviposition behavior including clutch 

size decisions, superparasitism, and habitat selection. Here, an extension of the 

theory reveals that, when parasitism cues are present, the egg limitation and time 

limitation mediate protective egg stacking. 

 

Keywords: egg stacking, parental investment, phenotypic plasticity, egg-

limitation, time-limitation, Mimosestes amicus, seed beetles 
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INTRODUCTION 

 Resource allocation theory proposes that animals have a finite amount of 

resources, and their various activities (e.g., reproduction, sensory perception, 

anti-predator behavior, foraging, growth, and maintenance) make conflicting 

demands on the allocation of those resources (Pianka 1981; Pianka 1988; Boggs 

2009). This is particularly important for females, in that a substantial proportion 

of this resource pool must be allocated to producing successful offspring. In 

insects, oviposition opportunities are often constrained by the need to place their 

offspring in or on a discrete and limited package of resources, on which their 

offspring develop (Diaz-Fleischer & Aluja 2003). The temporal and spatial 

variability in these oviposition resources has a major effect on the evolution of 

egg load (Ellers et al. 2000; Harvey et al. 2001). Females approach egg limitation 

when they deplete their egg supply before all available hosts can be used 

(Rosenheim 1996), and approach time-limitation when death or loss of ability to 

reproduce is imminent and they have yet to deposit all of their eggs (Sevenster et 

al. 1998). Of the two constraints, time limitation has been argued to be occur 

more often in natural conditions given that hosts are often scarce and female 

lifespans are short (Rosenheim & Rosen 1991). Egg limitation may play a larger 

role at the end of life when host densities are high or early when females have 

produced a few eggs (Driessen & Hemerik 1992). 

 The number of eggs laid before a female chooses another site, the clutch 

size, is one of the many reproductive decisions that has been shown to be 

influenced by sensitivity to host availability, life expectancy and egg load (Papaj 
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2000). When host availability decreases, females are expected to lay eggs 

regularly as they mature, and eventually become egg-limited. Females may 

switch tactics and become more selective, even if host encounter rates are low, 

and lay fewer eggs per clutch (Iwasa et al. 1984; Mangel 1987; Mangel & Heimpel 

1998). In this case, the cost of finding a host is low compared to the cost of 

producing an egg. Conversely, females experiencing low host density or host 

deprivation retain more eggs, and become time-limited. Females are expected 

become less selective, even if they must accept lower quality hosts, and lay more 

eggs per clutch, as females attempt to maximize the total number of offspring 

produced (Iwasa et al. 1984; Mangel 1987; Mangel & Heimpel 1998). The cost of 

finding a host is high compared to the cost of producing an egg. 

 In our study, we used these principles to investigate whether egg and time 

limitation affects the decision to stack an egg. The behavior can be triggered by a 

parasitism cue at any state of host experience, thus providing a novel 

opportunity to test general theory. We tested the effects of unlimited host access 

and host deprivation over time on the protective “egg stacking” behavior in the 

seed beetle, Mimosestes amicus. When exposed to egg parasitism cues, females 

respond by superimposing one to three eggs on top of a reproductive egg, thus 

reducing or preventing access to the egg parasitoid, Uscana semfumipennis. If host 

availability determines egg or time limitation in the lifespan of a female, then the 

decision to lay a stack is determined by both the physiological state of the female 

(number of eggs and amount of time left) and the state of the environment (risk 
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of egg parasitism). Here, we generated two predictions about how egg limitation 

and time limitation mediate the egg stacking response: 

1) Allowing females unlimited host access imposes egg limitation: When female 

beetles are supplied with unlimited access to oviposition sites (seed pods), 

those exposed to parasitism cues late in oviposition will lay (a) 

proportionately fewer stacks, (b) less eggs per stack, and (c) smaller eggs 

compared to females exposed to parasitism cues early in oviposition. 

2) Depriving females of hosts imposes time limitation: When female beetles are 

deprived of hosts and then supplied with access to seed pods and 

parasitism cues, females deprived for longer will lay (a) proportionately 

more stacks, (b) more eggs per stack, and (c) larger eggs compared to 

females deprived for fewer days. 

 

MATERIALS AND METHODS 

 Study system. Mimosestes amicus is a seed beetle (Chrysomelidae: 

Bruchinae) distributed from the southwestern United States throughout Mexico 

and Costa Rica (Kingsolver & Johnson 1978). The legumes Parkinsonia florida 

(blue palo verde), P. microphyllym (foothill palo verde), and Prosopis velutina 

(velvet mesquite) are the host plants commonly infested by M. amicus in central 

Tucson, but M. amicus attacks 22 other legume species as well (Kingsolver & 

Johnson 1978). Females lay their eggs on the outside of seed pods; larvae burrow 

into one of the seeds inside of the seed pod and emerge as adults in 30 days. 

Because P. microphyllum seeds confer the highest survivorship, we used these 
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seeds for maintaining laboratory colonies and experiments. Mimosestes amicus 

individuals are synovigenic, maturing eggs throughout their 2-week laboratory 

lifespan, and lay eggs for an average of 8 days (maximum 12 days). Upon 

hatching, larvae burrow through the pod and into one of the interior seeds, 

where they feed, pupate, and emerge as adults. In the field, eggs are often under 

threat of parasitism by Uscana semifumipennis (Trichogrammatidae), a solitary 

parasitoid that is sympatric with M. amicus and specializes on seed beetle eggs 

(Fursov 1995).  

Mimosestes amicus females may lay single eggs or produce “egg stacks”, in 

which one to three top eggs are laid directly on top of another egg. Top eggs in a 

stack protect the bottom egg from parasitism by U. semifumipennis. They do not 

produce beetle progeny even in the absence of parasitoids, but may support the 

development of the parasitoid (Deas & Hunter 2012). Female beetles do not stack 

eggs in the absence of parasitism cues. However, they stack in the presence of 

adult parasitoids and parasitized eggs, or parasitized eggs alone (Deas and 

Hunter, in prep). While parasitized eggs are a sufficient cue, we used adult 

parasitoids and their developing progeny to induce stacking; the wasps start to 

oviposit in beetle eggs as soon as beetles begin laying them in cages.  

 Insect rearing. During late June of 2010 and 2012, P. microphyllum trees in 

Tucson, AZ were inspected for pod infestation by seed beetles. We collected 

uninfested seed pods from trees and stored them at -20° C to exterminate any 

developing larvae of M. amicus, and beetle larval/adult parasites such as the 

straw itch mite, Pyemotes tritici (Southgate 1979). All beetles used in experiments 
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were descended from developing beetles collected in central Tucson (vic. 

Sentinel Peak) early to mid-August of 2010 and 2011. Seed pods were supplied to 

beetles in plastic containers without supplementary food or water. All adults of 

the trichogrammatid egg parasitoid U. semifumipennis used in experiments 

descended from individuals that emerged from M. amicus eggs collected in the 

field in August 2010. They were reared on the eggs of Callosobruchus maculatus, 

another seed beetle species, and these beetles were reared on cowpea (Vigna 

unguiculata) seeds. 

Experiment 1: Egg limitation conditions. Emerging adult beetles were sexed, 

weighed, paired for matings, and separated into four treatment groups (N = 15 

replicates each) before allowing them to lay eggs: beetles exposed to parasitoids 

on day two (early), four (middle), or six (late) of the oviposition period, and 

control beetles not exposed to parasitoids. If beetles laid any eggs at all during 

the experiment, we assumed they had been mated. All beetle mating pairs were 

placed in 60 mm Petri dishes, and given enough seed pods to equal five seeds. 

Dishes in the experimental treatments received five mated, female parasitoids at 

the time specified by their treatment. After a two-day exposure interval, 

treatment beetles were placed in a clean dish with fresh pods. The seed pods we 

used varied between 1-3 seeds per pod, and have been observed to carry more 

depending on the tree and collection locale. Five seeds was the number chosen 

because we could consistently fit that many within a Petri dish. Pods were 

collected and replaced with fresh pods daily. Except during the treatment period 

of two days, seed pods were collected and replaced daily with fresh seed pods. 
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The proportion of egg stacks was calculated as the total number of stacks divided 

by the total number of ovipositions; this calculation and the average number of 

eggs per stack are analogous to ‘the proportion of large clutches’ and ‘average 

clutch size’. We compared the proportion of stacks laid and average number of 

eggs per stack laid during the 2-day interval between parasitoid introduction and 

removal for the early, middle, or late treatments. We used body weight as a 

covariate in our statistical analyses; weight was measured after adult emergence 

but before any mating could occur. 

Experiment 2: Time limitation conditions. Emerging beetles were sexed and 

placed in a 1.2 ml vial sealed with cotton to restrict movement and access to seed 

pods. Beetles were then isolated for one, four, or eight days before mating pairs 

were established and beetles were allowed to oviposit. Each of these groups was 

further divided into groups exposed or not exposed to parasitoids. Each 

treatment in the 2x3 factorial design had 35 replicates. The exposed group 

received five mated, female parasitoids in a ventilated 266.2 ml cup with enough 

seed pods to contain 20 seeds. The size of the container and the number of seeds 

given ensured beetles had ample hosts for oviposition. The experiment lasted 

five days from the initial exposure to hosts, after which we recorded the type 

(single, protective, bottom) and number of eggs laid on each pod. We also 

estimated the egg load of females in the different host deprivation treatments by 

dissecting a sample of non-experimental females and counting the total number 

of mature oocytes in the ovaries. 
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Statistical analyses. A MANOVA and repeated measures analysis was 

performed to assess the changes in eggs laid over time. Logistic regression was 

used to analyze the proportion of protective eggs and proportion of 2-egg stacks 

laid by beetles, with body size fitted as a covariate in the egg limitation 

experiment. Because the data values in our egg limitation experiment were more 

variable than expected by a binomial distribution (overdispersion), we fitted a 

quasi-binomial model. Analyzing data from the egg limitation experiment was 

performed using R version 2.12.1 (R Development Core Team 2010). All other 

analyses were performed using JMP v.7.0 (SAS Institute Inc., Cary, NC, 1989-

2007). 

 

RESULTS 

Experiment 1: Egg limitation conditions. The timing of exposure to a 

parasitism cue had a significant effect upon the proportion of egg stacks laid 

(logistic regression, F3,44 = 67.5, p < 0.0001; Fig. 1). Those females exposed to 

parasitoids earlier in their oviposition period laid a higher proportion of stacks 

while females exposed to parasitoids later laid a lower proportion of stacks. In 

contrast, female body size did not influence stacking (F1,44 = 1.18, p = 0.2839), nor 

was there was an interaction between female body size and total number of eggs 

(F3,44 = 0.6026, p = 0.6174). We repeated the analysis to see if the experimental 

treatments still differ without the control, and found the same patterns of 

significance, although a somewhat weaker treatment effect (treatment effect, F2,31 

= 7.07, p = 0.0035; body size, F1,31 = 1.13, p = 0.2971; interaction treatment and 
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body size, F2,31 = 0.79, p = 0.4658). Although there appears to be a trend for 

younger beetles to produce a higher proportion of stacks with 2 or more top eggs 

than older beetles (Fig. 1), this effect was not statistically significant for treatment 

(logistic regression model, F3,24 = 0.79, p = 0.5148). However, larger beetles 

produced a greater proportion of stacks with 2 or more top eggs (F1,24 = 6.72, p = 

0.019). There was no significant interaction between treatment and body size (df 

= 3, !2 = 0.2691, p = 0.8467).  

The number of eggs laid per day decreased over the lifetime of a female 

(Fig. 2), shown by a statistically significant effect of time (in days) on the daily 

number of eggs laid (repeated measures MANOVA, F6,46 = 73.5, p < 0.0001). 

There was no significant difference in the number of eggs laid among females 

exposed to parasitoids on different days (repeated measures MANOVA, F3,51 = 

1.82, p = 0.1560). The decrease in daily oviposition over time varied significantly 

among treatments (significant interaction between time and treatment, repeated 

measures MANOVA, Hotelling-Lawley F-test, F6,86 = 2.82, p = 0.0198). Single egg 

weight did not vary among treatments (Fig. 3, one-way ANOVA, r2 = 0.11, F2,88 = 

1.87, p = 0.1484). 

 Experiment 2: Time limitation conditions. In females exposed to parasitism, 

time without hosts had a significant effect on the proportion of stacks they laid 

(Fig. 4, logistic regression, (χ2	  =	  38.61,	  p	  <	  0.0001,	  n	  =	  94) as well as the average 

number of eggs per stack (Fig. 4, logistic regression,	  F2,86	  =	  3.71,	  p	  =	  0.0286). 

Females isolated for 4 or 8 days laid a significantly higher proportion of 

protective eggs than females isolated for 1 day, and the proportion of egg stacks 
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laid increased with isolation time. In contrast, females that were not exposed to 

parasitoids produced a very low and relatively constant proportion of stacks 

regardless of treatment (Fig. 5, logistic regression, χ2	  =	  0.1,	  p	  =	  0.7597,	  n	  =	  98)	  and 

similarly produced very few stacks with more than two eggs (Fig. 5, logistic 

regression, (F2,41 = 1.59, p = 0.2171). 

 The number of days a beetle was deprived of hosts also had a significant 

effect on its egg load (Fig. 6, one-way ANOVA, F5,221 = 6.64, p < 0.0001). 

Regardless of the number of days isolated, most beetles carried no mature eggs 

before encountering hosts (median egg load for all treatments = 0). At some point 

between 2-4 days of isolation, beetles may be reabsorbing eggs, shown by the 

drop in mature eggs in females isolated for 4 days or more (Fig. 6). Lastly, single 

egg weight was affected by host deprivation and parasitoid treatments (Table 1, 

two-way ANOVA, r2 = 0.07, F5,161 = 2.40, p = 0.0391). However, only parasitoid 

exposure contributed significantly to the model (F1,161 = 6.06, p = 0.0149), with 

beetle eggs in cages with parasitoids being larger on average (Table 1), while host 

deprivation period did not have a significant effect (F2,161 = 0.934, p = 0.3949) nor 

did an interaction between parasitoid treatment and host deprivation (F2,161 = 

2.05, p = 0.1317). 

 

DISCUSSION 

For insects that use discrete resources for oviposition, opportunities to lay 

eggs are variable across time and space, which influences how often a female can 

oviposit within her lifetime (Ellers et al. 2000). As females deplete their egg 
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supply before all available hosts can be used, they approach egg-limitation 

(Rosenheim 1996); when they have yet to deposit all of their eggs when death or 

loss of ability to reproduce is imminent, they approach time-limitation (Sevenster 

et al. 1998). When egg-limited, females are expected to lay smaller clutches per 

host, and while time-limited they are expected to lay larger clutches per host 

(Iwasa et al. 1984; Mangel 1987; Mangel & Heimpel 1998). We used these notions 

to generate predictions about protective egg stacking in Mimosestes amicus: (1) 

when egg-limited, females will lay proportionately fewer stacks, fewer eggs per 

stack, and smaller eggs; (2) when time-limited, females will lay proportionately 

more stacks, more eggs per stack, and larger eggs.  

Our results suggest that the constraints of egg and time limitation in M. 

amicus mediate the egg stacking response to parasitism risk. The results are 

consistent with our predictions; when exposed to a parasitism cue late during 

oviposition, females with unlimited host access laid proportionately fewer stacks, 

and fewer eggs per stack than younger females.  Conversely, females kept 

without hosts until late in life, laid proportionately more stacks with and more 

eggs per stack with decreasing access to hosts. Our results show contrasting 

patterns with beetle age, depending on access to hosts, as predicted by theory. In 

general, host deprivation leaves old females with an abundance of eggs and less 

time to lay them (creating a state of high time limitation) whereas continuous 

host access leaves old females with fewer eggs and more time (creating a state of 

high egg limitation). Older females kept without hosts throughout their life 

behaved as if time-limited; when exposed to hosts and a parasitism cue, they 
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stacked more than older females exposed to unlimited hosts and a parasitism 

cue. To our knowledge, this is the first study looking at the effects of host 

availability and natural enemies on oviposition behavior. 

Time and egg constraints on females have been argued to be major 

mediators in the reproductive behavior of insects (Rosenheim 2011). Host 

availability may be the most important factor influencing whether a female is 

egg-limited or time-limited (Ellers et al. 2000; Diaz-Fleischer & Aluja 2003; Xu et 

al. 2012). Egg and time limitation have been shown to mediate oviposition 

behavior among species of herbivorous insects and parasitoids that use discrete 

patches of food for oviposition. When assessing host quality or availability, 

females are generally more selective when egg-limited, and less selective when 

time-limited (Iwasa et al. 1984; Parker & Courtney 1984; Odendaal & Rausher 

1990; Javois & Tammaru 2004). For example, when egg-limited fruit fly species 

are egg-limited, they more often rejected lower quality hosts and laid fewer eggs 

per fruit; but when time-limited, females accepted more lower quality hosts and 

laid more eggs per fruit (Diaz-Fleischer & Aluja 2003; Xu et al. 2012). Egg-limited 

solitary parasitoids often avoid ovipositing in hosts that have been parasitized, 

but superparasitize hosts more often when time-limited (van Alphen & Visser 

1990). When eggs are not limiting, even marginal oviposition sites are better than 

none if females can save time or reduce ovipositor wear (Lalonde & Mangel 1994; 

Mangel & Heimpel 1998). Furthermore, where females fall on the spectrum 

between strictly synovigeny (all eggs are matured sometime after emergence) 

and strict proovigeny (females emerge with all of their eggs mature) determines 



	  

111	  

whether one observes reproductive plasticity in response to these constraints. 

Strict synovigeny has been shown to confer considerable reproductive plasticity 

to females, allowing them ample time to modify reproductive effort in response 

to variation in resource availability (Ellers & Jervis 2003; Jervis & Ferns 2004). 

Strict pro-ovigeny (having all or most of one’s eggs matured by adult emergence) 

confers the ability to maximize egg-laying early in life, at the cost of the inability 

to alter reproduction in response to environmental variation.  

It is well-documented that host stimuli may trigger egg maturation 

(reviewed for seed beetles and other insects in Papaj 2000). We found that no 

newly emerged M. amicus females contained any eggs, indicating this beetle has 

an ovigeny index of 0 (strict synovigeny; Fig. 7). It may be that egg maturation is 

at least somewhat dependent on exposure to hosts. Although egg load seemed to 

increase initially under host deprivation, the average number of eggs in these 

host-deprived beetles was many fewer than the average number of eggs laid by 

beetles with hosts (Fig. 2). Egg load declines after two days; this is likely 

indicative of egg resorption, commonly found in synovigenic parasitoids when 

host access is restricted (Flanders 1942; Droste & Carte 1992; Rosenheim et al. 

2000; Asplen & Byrne 2006). Interestingly, M. amicus females also exhibited 

behaviors associated with transient and permanent egg limitation, which are 

found in strongly synovigenic (and reproductively plastic) species. Characteristic 

of permanent egg-limitation, females went through a post-reproductive period in 

which females continued to live on beyond the oviposition period (Rosenheim 

1999). This has occurred in other laboratory experiments involving synovigenic 
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organisms (Jervis et al. 1994; Carey et al. 1998), and may be linked to the 

senescence of somatic and germ stem cells in the ovarioles (Margolis & Spradling 

1995). Oviposition rate decreased over time, which suggests beetles also 

experience transient egg limitation, in which females have to periodically wait 

for more eggs to mature before they can lay them (Tatar 1991; Casas et al. 2000; 

Rosenheim et al. 2000). These older females with continuous access to hosts then 

were egg-limited both because they were maturing fewer eggs per day, and 

because their reproductive period was coming to an end. 

Contrary to our predictions, the size of reproductive eggs did not vary in 

either experiment among groups exposed to parasitoids at different points 

during oviposition. We predicted that more time-limited females would produce 

larger eggs, while more egg-limited females would produce smaller eggs. 

Instead, egg size did not vary or gradually decrease over the lifetime of a female 

(Fig. 2, Table 1). A gradual decrease in egg size, number, and absolute 

provisioning over time is common in insects (Wiklund & Karlsson 1984; Begon & 

Parker 1986; Fox & Czesak 2000; Geister et al. 2008; Pöykkö & Mänttäri 2012), and 

can be explained as an unavoidable constraint of dwindling reproductive 

resources (Wiklund & Karlsson 1984). Others argue that the reduction in egg size 

is an adaptive response to maintain the number of offspring produced under 

declining resources (Pöykkö & Mänttäri 2012). It would be difficult to separate 

these non-adaptive and adaptive explanations for egg provisioning without 

performing a thorough physiological analysis of absolute (i.e., amount of 

nutrients) versus relative (i.e., composition of nutrients) provisioning of nutrients 
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to eggs across time, and tracking changes in offspring development. Incidentally, 

this has been done for another seed beetle, Stator limbatus, which provisions eggs 

differently in response to host quality (Fox & Czesak 2009). Interestingly, we did 

find that eggs were heavier in the parasitoid treatments of our host deprivation 

experiment, but we are unsure if this reflects a real change in beetle egg 

allocation pattern, or is possibly an artifact of changes to the metabolic 

physiology of eggs due to the presence of parasitoid offspring, as has been found 

in other systems (Potter & Woods 2012). We found that top and bottom eggs in a 

stack differ in size and change in size over time, but the size difference (7 µg) 

between top and bottom eggs does not change across the lifetime of a female, 

perhaps suggesting that a physiological constraint prevents more variable 

allocation of resources to the top or bottom eggs. The lower fitness that 

parasitoid offspring experience in top eggs relative to reproductive eggs (Deas & 

Hunter 2012) is a likely consequence of the smaller size of the top eggs. 

We have found considerable variation in the proportion of stacks a beetle 

lays regardless of the presence or absence of parasitism risk (Deas and Hunter 

2012). Even when the parasitism risk cue is absent, we have observed some 

individuals producing mostly stacked eggs (see maximum proportion of stacks, 

Fig. 5b). Conversely, when parasitism risk is present, some individuals never 

stack eggs (Fig. 4b). We found highly variable egg loads as well (Fig. 7): while the 

median egg load of females isolated without hosts was consistently zero, some 

females had as many as 35 eggs in their ovaries. Our data cannot explain these 
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different patterns in stacking, but they suggest that egg maturation is dependent 

upon sensitivity to host and parasitism cues. 

In conclusion, the results of this study suggest that egg- and time-

limitation mediate the egg-stacking strategy in M. amicus. We determined that 

when exposed to parasitism risk, protective stacking behavior in M. amicus was 

influenced by egg load and age-specific resource allocation. Female beetles 

showed a weaker stacking response when exposed to the same level of 

parasitism risk at an older age; they used fewer of their eggs to protect other eggs 

from being parasitized. The results further showed the response of an offspring 

protection behavior to the constraints that have long been applied to oviposition 

decisions concerning clutch size, superparasitism, and habitat selection. This 

inducible behavior of egg-stacking further provides a general test of resource 

allocation theory in which physiological state and experience of the cue 

triggering the cue can be separated. We hope that more studies will examine how 

oviposition strategies in insects are influenced by egg and time costs that are 

mediated by the ecology of hosts and natural enemies. 
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Figure	  1.	  The	  timing	  of	  exposure	  to	  a	  parasitism	  cue	  had	  a	  significant	  effect	  upon	  

proportion	  of	  stacks	  laid.	  Females	  exposed	  later	  laid	  a	  smaller	  number	  of	  eggs	  per	  

stack,	  but	  this	  was	  not	  statistically	  significant.	  Letters	  indicate	  statistically	  

significant	  differences	  among	  the	  mean	  proportion	  of	  stacks	  (capitals)	  and	  number	  

of	  eggs	  per	  stack	  (lowercase;	  using	  Tukey-‐Kramer	  multiple	  comparisons	  

procedure).	  Grey	  and	  black	  bars	  together	  equal	  the	  proportion	  of	  eggs	  allocated	  to	  

protection;	  grey	  represents	  stacks	  with	  one	  protective	  egg,	  while	  black	  represents	  

stacks	  with	  two	  or	  more	  protective	  eggs.	  
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Figure	  2.	  The	  total	  number	  of	  eggs	  laid	  per	  day	  decreases	  over	  the	  lifetime	  of	  a	  

female.	  	  
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Figure	  3.	  Single	  egg	  weight	  did	  not	  vary	  among	  treatments.	  For	  each	  symbol,	  black	  

circles	  indicate	  the	  mean,	  white	  diamonds	  indicate	  the	  median,	  top	  and	  bottom	  

borders	  of	  the	  box	  indicate	  25%	  and	  75%	  quartiles	  of	  the	  mean,	  and	  the	  lines	  above	  

and	  below	  the	  boxes	  indicate	  the	  minimum	  and	  maximum	  values.	  
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Figure	  4.	  When	  exposed	  to	  parasitoids,	  females	  that	  were	  deprived	  of	  host	  for	  longer	  

laid	  more	  stacks	  and	  more	  eggs	  per	  stack	  than	  females	  deprived	  for	  fewer	  days.	  (A)	  

indicates	  the	  proportion	  of	  stacks	  and	  viable	  eggs.	  (B)	  shows	  the	  variation	  in	  

stacking	  response.	  Letters	  indicate	  statistically	  significant	  differences	  among	  the	  

mean	  proportion	  of	  stacks	  (capitals)	  and	  number	  of	  eggs	  per	  stack	  (lowercase;	  using	  

Tukey-‐Kramer	  multiple	  comparisons	  procedure).	  In	  (B)	  for	  each	  symbol,	  black	  

circles	  indicate	  the	  mean,	  white	  diamonds	  indicate	  the	  median,	  top	  and	  bottom	  

borders	  of	  the	  box	  indicate	  25%	  and	  75%	  quartiles	  of	  the	  mean,	  and	  the	  lines	  above	  

and	  below	  the	  boxes	  indicate	  the	  minimum	  and	  maximum	  values.	  
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Figure	  5.	  Host-‐deprived	  females	  not	  exposed	  to	  parasitoids	  did	  not	  differ	  in	  the	  

proportion	  of	  stacks	  or	  number	  of	  eggs	  per	  stack	  among	  treatments.	  (A)	  indicates	  

the	  proportion	  of	  stacks	  and	  viable	  eggs.	  (B)	  shows	  the	  variation	  in	  stacking	  

response.	  Letters	  indicate	  statistically	  significant	  differences	  among	  the	  mean	  

proportion	  of	  stacks	  (capitals)	  and	  number	  of	  eggs	  per	  stack	  (lowercase;	  using	  

Tukey-‐Kramer	  multiple	  comparisons	  procedure).	  In	  (B)	  for	  each	  symbol,	  black	  

circles	  indicate	  the	  mean,	  white	  diamonds	  indicate	  the	  median,	  top	  and	  bottom	  

borders	  of	  the	  box	  indicate	  25%	  and	  75%	  quartiles	  of	  the	  mean,	  and	  the	  lines	  above	  

and	  below	  the	  boxes	  indicate	  the	  minimum	  and	  maximum	  values.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



	  

129	  

Parasitoids	  
[present/absent]	  

No.	  of	  days	  of	  host	  deprivation	   	  

	   1	   4	   8	   Average	  
absent	   0.028	  ±	  0.001	   0.027	  ±	  

0.0009	  
0.030	  ±	  	  0.001	   0.028	  ±	  	  

0.0006	  
present	   0.031	  ±	  

0.0006	  
0.030	  ±	  
0.0007	  

0.029	  ±	  	  0.001	   0.030	  ±	  	  
0.0004	  

	  

Table	  1.	  Single	  egg	  weight	  (in	  milligrams)	  among	  treatments	  in	  the	  host	  deprivation	  

experiment.	  	  
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Figure	  6.	  Egg	  load	  rose	  then	  fell	  as	  deprivation	  time	  increased.	  Most	  isolated	  beetles	  

had	  no	  eggs	  when	  dissected	  (median	  egg	  load	  for	  all	  treatments	  =	  0).	  
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