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ABSTRACT 

Nutrient storage is an important, but understudied life history trait. One approach 

to characterizing the role of nutrient storage in insect life histories begins with 

determining the rules that organisms use to allocate nutrients to storage in comparison to 

other life history traits. My dissertation research focuses on understanding rules of 

allocation to nutrient storage in two types of insects that differ in their life histories, 

grasshoppers and ants. First, I showed that the grasshopper, Schistocerca americana, 

differs from other known grasshoppers by having only a single dominant storage 

hexamerin that occurs in both larvae and adults. Second, I showed that allocation 

between somatic growth and lipid storage at the last larval-adult molt in females of the 

grasshopper, Schistocerca americana, was plastic in response to larval resource 

availability. On the best growth diet, individuals were larger and contained proportionally 

greater lipid stores than individuals on the lowest nutrient content diet. Prioritization of 

nutrient allocation to somatic growth over lipid storage on poor diets in Schistocerca 

americana females suggests that larvally derived lipid stores have some role in adult 

fitness, but that body size is more important. Third, I showed that two closely related 

members of the Camponotus festinatus species complex of desert carpenter ants differ in 

their life histories with respect to lipid storage. Dark-form workers and soldiers stored 

significantly more lipid per unit lean mass than light-form workers or soldiers, but light-

form colonies involved a slightly larger proportion of soldiers in storing lipid. Fourth, we 

showed that there was a relationship between storage protein content of queens and 

founding strategies in five species of Harvester Ants in the genus Pogonomyrmex. 
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Independent claustral-foimding species contained the greatest protein stores, followed by 

independent facultative-foraging queens. Independent obligate-foraging queens, and 

queens of a dependent social parasite contained almost no protein stores. Last, we 

showed that arboreal and terrestrial ants differed in both seasonal foraging activity and 

nutritional preferences in a lowland neo-tropical forest. Differences in foraging and 

nutritional preferences likely reflect fundamental differences in nutrient availability in the 

two habitats. 
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CHAPTER 1 

INTRODUCTION 

Introduction to the Problem and its Context 

An amazing diversity of life history strategies exists among organisms and the 

factors promoting this diversification have been a central topic in biology for over a 

century (Fisher 1930, Pianka 1981, Townsend and Calow 1981, Zera and Harshman 

2001). Life history evolution is determined by the interaction of ultimate selective factors 

and proximate physiological and genetic factors. A large body of literature has focused 

on the genetics of life histories. However, much less attention has been paid to 

physiological mechanisms. This is unfortunate, because understanding physiological 

mechanisms is central to understanding how natural selection acts in modifying traits to 

produce life history diversity. While the number of studies addressing the evolution of 

life histories from a physiological perspective in non-model organisms is growing, the 

majority of studies have been primarily limited to a small number of model organisms, 

most notably the fruit fly, Drosophila melanogaster, and the plant, Arabodopsis lhaliana 

(Pigligucci 1998, Zera and Harshman 2001). Clearly, more studies of a wide variety of 

organisms are needed to increase our understanding of how physiological mechanisms 

affect the evolution of diversity in life histories. 

One approach to determining the physiological mechanisms underlying life 

history variation begins with documenting the rules organisms use allocate resources 

between various life history parameters. Detennining an organism's allocation rules is 

generally accomplished in one of two ways. Within a species, allocation rules are 
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determined by comparing allocation among traits in groups of individuals that have 

undergone various levels of resource limitation with individuals that have not (Zera and 

Harshman 2001, Glazier 2002). Individuals experiencing the greatest stress levels will 

allocate resources only to those traits with the highest priorities; while less stressed 

animals will also allocate to traits with lower priorities. In contrast, comparisons of 

allocation rules between species or populations within a species are generally made by 

either reciprocally transplanting individuals of each taxa into the environment of the other 

taxa, or by transplanting individuals of both taxa into a novel common environment and 

determining how allocation differs (Zera and Harshman 2001, Glazier 2002). Knowing 

the rules organisms use to allocate resources allows the development of directed 

hypotheses about the mechanisms underlying allocation decisions and the relative fitness 

benefits of the traits under study (Zera and Harshman 2001, Glazier 2002). 

My dissertation research focuses on documenting rules of allocation to nutrient 

storage in two groups of insects that differ vastly in their life histories, particularly their 

social organization. The first part of this dissertation identifies the primary storage 

protein in the grasshopper, Schistocerca americana. The second part focuses on rules of 

nutrient allocation between two major life history parameters, storage and growth, at the 

last larval-adult molt. The third part focuses on rules of allocation to a single storage 

parameter, lipid, at both the individual and colony-levels in two closely related desert 

carpenter ants in the Camponotus festinatus species complex. The fourth part tests 

whether protein storage is associated with colony founding strategy using five species of 

desert Harvester Ants in the genus Pogonomyrmex. The last part focuses on documenting 
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differences in seasonal foraging activity and nutritional preferences in arboreal and 

terrestrial ants in a lowland neo-tropical forest. 

A Review of the Literature 

Physiology of nutrient storage in insects 

Insects store three major categories of nutrients: neutral lipids, carbohydrates, and 

amino acids. Neutral lipid stores, consisting primarily of triacylglycerol, are the most 

energy-rich of the three classes of stored materials. Gram for gram lipid yields 2-3 times 

as much ATP as carbohydrates or amino acids (Hochachka and Somero 2002). Lipids are 

stored primarily in the fat body and account for the majority of stored nutrients in most 

insects (up to 50% of total body mass in some insects, Downer and Matthews 1976, 

Chapman 1998). Stored lipids are used for egg production, construction of structural 

components, and metabolism, where their functions range from supporting basal 

metabolism to fueling energy-intensive activities like flight. Due to their physiological 

prominence, lipids are also the most intensely studied stored nutrients in insects and other 

animals from a life history perspective. 

Carbohydrates, primarily the polysaccharide glycogen and the disaccharide 

trehalose, are the second major class of nutrients stored by insects (Steele 1985). 

Glycogen is stored in the fat body and muscles, and trehalose is stored in the hemolymph. 

These carbohydrates are generally stored in smaller quantities than lipid, but insects can 

accumulate significant glycogen and trehalose reserves, which can be used for both 

building structural components and metabolic activities (Steele 1985). Compared to 

lipids, which do not bind water, sugars generally occur in the body in hydrated form and 
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therefore take up proportionally more space per unit energy stored than lipids. If storage 

capacity is space limited, lipids should be stored in greater amounts than carbohydrates 

unless there is some specific advantage of carbohydrate over lipid stores. Because 

carbohydrate stores are usually small compared to lipid stores, differences in 

carbohydrate storage are not as easy to detect. 

The third class of nutrients, amino acid stores, is composed of two subcategories; 

tree amino acids and amino acids contained in specialized storage proteins. Some species 

of insects contain significant amounts of free amino acids, proline in particular, in their 

blood and muscles that are used to support metabolism, provide cold tolerance, or serve 

as a temporary store for excess nitrogen produced by deamination of other amino acids 

(Storey and Storey 1992, Auerswald and Gade 2002, Pennington et al. 2003). While free 

amino acid storage plays a major physiological role in some insects, most insects store 

their amino acid reserves in specialized storage proteins. Storage proteins are unique to 

arthropods among animals and have likely been critical to the evolution of several 

important insect life history traits, such as holometabolous development and restricted 

adult feeding (Teller and Kunkel 1991, Burmester 2001). Among insects, they are 

widespread, having been found in every species so far investigated (Burmester 2001). 

Several classes of proteins are known to serve storage functions, but the most common 

group in insects is the storage hexamerins. Insect storage hexamerins are a hemocyanin-

related group of proteins composed of six identical or similar subunits in the 70-90 kDa 

range (Telfer and Kunkel 1991, Haunerland 1996, Burmester 2001). These proteins can 

accumulate to high concentrations in concert with feeding and contribute amino acids to a 
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variety of functions including; tissue construction at molting, adult tissue construction, 

and reproduction (Chinzei et at. 1990, Miura et al. 1991, Koopmanschap ct al. 1992, Pan 

and Telfer 1996, 2001, Seo et al. 1998). Some hexamerins also function in binding small 

organic molecules, and may be involved in cuticle formation or humoral immune 

responses. Even so, storage is the most likely function for those that accumulate in high 

concentrations after feeding and are depleted during molting and reproduction (Burmester 

2001). 

Nutrient storage as a life history trait 

Life history theory provides a quantitative framework for describing the wide 

range of life cycles present in organisms and understanding how selection drives their 

diversification. Central to the theme of life histories is the study of resources. Organisms 

often have limited nutrients available to them, therefore, tradeoffs may occur between life 

history parameters, such as growth and reproduction. Life history theory provides an 

extensive framework to understand how organisms maximize fitness with limited 

resources (RofF 1992, Steams 1992, Boggs 1992, De Jong and van Noordwick 1992). 

Unfortunately, most practitioners in this field have not addressed the importance of 

proximate mechanisms in the evolution of their focal life history traits. Understanding the 

physiological and genetic mechanisms behind allocation patterns allows us to identify 

both the constraints on and potential for selection on life history traits, two factors 

essential to understanding life history evolution. Taking an approach that integrates both 

proximate physiological and ultimate evolutionary mechanisms is fundamental to 

understanding the diversification of life histories. 
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Historically, life history theory has focused on allocation to three major groups of 

traits: growth, maintenance, and reproduction (Roff 1992, Steams 1992). The importance 

of nutrient storage has long been recognized by physiologists, but storage has received 

less attention as a life history parameter (Boggs 1981, Perrin and Sibly 1993). Taking an 

integrative approach, life history theory can be expanded to include important 

physiological parameters not traditionally measured, such as nutrient storage. Nutrient 

storage is a physiologically dynamic trait that interacts with all other parameters that 

require resources, and consequently is central to understanding allocation strategies 

among the better-studied traits (Figure 1). Functionally, nutrient storage is an important 

life history trait because it allows organisms to decouple times of resource need from 

schedules of availability. The timing of investments can have serious effects on fitness 

(Roff 1992, Steams 1992), and storage allows organisms to control the timing of 

investment of nutrients into various life history parameters. 

Current theory posits that organisms should increase allocation to nutrient storage 

over allocation to other life history traits in two situations. First, allocation to storage 

should be increased prior to predictable declines in nutrient availability (Rogers 1987, 

Houston and McNamara 1993, Perrin and Sibly 1993, Rogers and Smith 1993, Rogers et 

al 1993, Bednekoff and Houston 1994, Jokela 1996). One example of this in insects is 

seasonal polyphenism in nutrient storage associated with diapause. In temperate areas, 

resource availability declines during the winter, and many insects cope with this 

predictable decline in resource availability by entering a state of dormancy termed 

diapause (Lees 1955, Den linger 1985). Individuals generally enter diapause prior to the 
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onset of winter conditions using predictable seasonal cues and emerge from dormancy 

only after the onset of spring, when resource availability increases again. Although 

metabolic rates are generally low during dormancy, prolonged diapause periods require 

significant amounts of nutrients to fuel sustained metabolism. Insects can compensate for 

this metabolic demand by increasing nutrient reserves prior to diapause so that diapause-

destined individuals contain significantly greater stores than non-diapause destined 

individuals (Lees 1955, Denlinger 1985). In niultivoltine insect species, late season 

diapause-destined individuals allocate nutrients differently from early-season individuals 

that do not diapause. Outside of insects, many other organisms including copepods, birds, 

and mammals show similar patterns of plasticity nutrient stores prior to seasonally 

predictable periods of reduced resource availability (Rogers 1987. Glicwicz and 

Guisande 1992, Houston and McNamara 1993, Rogers and Smith 1993. Rogers et al. 

1993. Witter and Cuthill 1993, Bednekoff and Houston 1994. Jokela 1996, Glazier 1998). 

The ability to store significant quantities of nutrients also enabled the evolution of 

metabolically active periods in the life cycle when feeding is impossible or restricted. 

Two examples of this occur in the Lepidoptcra. First, like all holometabolous insects, 

leipdopterans undergo complete metamorphosis in which larvae develop into adults 

through an intermediate pupal stage. Development during the pupal stage is a very 

nutrient and energy intensive process due to the break down of most larval tissues and the 

construction of remodeled or new adult tissues (Chapman 1998). Because pupae do not 

feed during this life stage, nutrients required for metabolism and adult development must 

be derived from stores accumulated during larval feeding (Telfer and Kunkel 1991, 
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Chapman 1998). Second, with few exceptions, most adult moths and butterflies do not 

feed on significant amounts of protein as adults. In the Monarch butterfly, Danaus 

plexippus, short day length induces a reproductive diapause that delays egg production 

until weeks or months after adult eclosion (Ackery and Vane-Wright 1984). Although 

female monarchs do not feed on protein as adults, they carry significant reserves of 

hexameric storage proteins over from larval feeding to support egg production (Pan and 

Telfer 2001). Larvally derived protein stores provide essential amino acids necessary for 

egg production that can not be synthesized by adults (O'Brien et al. 2000,2002). The 

ability to carry significant nutrient stores over from larval life has facilitated the evolution 

of restricted adult feeding in a wide variety of insects. 

The second situation in which organisms are expected to increase allocation to 

nutrient stores over other life history traits occurs under conditions of unpredictable 

variation in resource availability (Houston and McNamara 1993. Perrin and Sibly 1993, 

Rogers and Smith 1993. Rogers et al 1993, Bednekoff and Houston 1994). Allocating 

heavily to storage during times of plenty can act as a bet-hedging strategy for dealing 

with unpredictability in times of low resource availability (Rogers 1987, Phillippi and 

Seger 1989, Rogers et al. 1993). Variability in resource availability has been shown to be 

positively correlated with nutrient storage at various points in the life cycles of 

cladocerans and birds (Glicwicz and Guisande 1992, Houston and McNamara 1993. 

Rogers and Smith 1993. Rogers et al 1993, Witter and Cuthill 1993, Bednekoff and 

Houston 1994). Such bet-hedging has not yet been described in insects, but many insects 

live in environments that experience significant resource variability. Therefore, both 
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predictable and unpredictable declines in nutrient availability could select for increased 

allocation to nutrient stores in insects. Before we can understand the role of nutrient 

storage in the evolution of insect life histories, we must expand our knowledge of both 

the functional role and fitness consequences of nutrient stores in insect life history 

strategies. 

It is clear that both predictable and unpredictable variation in nutrient availability 

can influence the evolution of nutrient storage strategies, but the question of how specific 

patterns of allocation to various nutrient storage classes evolve remains. There is some 

functional overlap between the three classes; for example, all three can provide substrate 

for energy metabolism. However, their distinct biochemical properties suggest that each 

class could provide greater benefits based on specific needs. Therefore, organisms could 

evolve different nutrient storage strategies based on the relative fitness benefits of storing 

one class of nutrients over another. For example, protein stores would likely be more 

advantageous than carbohydrate or lipid stores to adult lepidopterans that feed on 

carbohydrate-rich nectar but do not protein-feed as adults. Most studies of nutrient 

storage have not considered all of the major storage parameters together, so it is difficult 

to determine how tightly their storage is linked. Physiological constraints might preclude 

an organism from accumulating significant stores of one class without proportionally 

accumulating stores of the other classes. I lowever. one series of studies on physiological 

adaptations to long-term selection on starvation and desiccation resistance in Drosophila 

melanogaster refutes this view (Gibbs et al. 1997, Chippindale et al. 1998). These studies 

subjected several lines of flies to one of three treatments: control, no food but ample 
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water (starvation), and no food or water (desiccation + starvation). At the end of the 

experiment, both starvation and desiccation + starvation lines contained greater lipid 

stores than control lines. However, the desiccation + starvation lines stored proportionally 

more carbohydrates than the starvation or control lines. Because metabolism of hydrated 

carbohydrate stores yields more free water than metabolizing lipid stores, it is believed 

that increasing allocation to carbohydrate storage was a physiological life history 

adaptation to promote survival under desiccation stress. The above selection experiments 

show that allocation to two different storage pools can evolve independently based on the 

relative fitness benefits of each of the storage classes across selective environments. 

Future work on allocation to storage should carefully consider the functions of various 

storage parameters in relation to their selective environments. Clearly, more holistic work 

needs to be done considering all classes of stored nutrients before we can develop an 

understanding of the evolution of life histories with respect to allocation between nutrient 

storage and other major life history traits. 

Explanation of the Dissertation Format 

This dissertation is a compilation of four manuscripts that will be submitted for 

publication and one manuscript that has already been published. I both conceived and 

executed the work detailed in the first three appendices myself. The fourth appendix 

results from a collaboration between myself and Dr. Robert Johnson of Arizona State 

University. We designed the project described in appendix four together. Dr. Johnson 

collected the material from the field, and I analyzed the material, interpreted the results, 

and wrote the manuscript. The fifth appendix is a manuscript that has already been 
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published in the journal Biotropica. This appendix resulted from a collaboration between 

my advisor Dr. Diana Wheeler and myself. Dr. Wheeler originally collected the data in 

the field, after which 1 analyzed the data, interpreted the results, and wrote the 

manuscript. 

In the first appendix, I identified the primary storage protein occurring in the 

grasshopper. Schistocerca americana, and characterized its abundance with respect to 

two major life history events, molting and reproduction. This protein was a moderately 

aromatic amino acid rich hexamerin related to the Persistent Storage Protein described for 

another grasshopper, Locusta migratoria (ImPSP). The Schistocerca americana 

Persistent Storage Protein (saPSP) was the dominant soluble protein occurring in high 

concentrations in both larvae and adults. This pattern of storage hexamerin accumulation 

differs from patterns of accumulation in the other known grasshoppers, Locmta 

migratoria and Romalea microptera, suggesting that significant diversity has evolved in 

storage hexamerins expression and accumulation among grasshoppers. 

In the second appendix, I showed that allocation between somatic growth and 

lipid storage was plastic in response to larval resource availability at the last larval-adult 

molt in females of the grasshopper, Schistocerca americana. There was no detectable 

plasticity in glycogen, trehalose, or protein stores. On the best growth diet, individuals 

were larger and contained proportionally greater lipid stores than individuals on the 

lowest nutrient content diet. These results demonstrate that S. americana females 

prioritize investment into somatic growth over lipid storage at the last lan-al-adult molt. 
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suggesting that larvally-derived lipid stores have some role in adult fitness, but that body 

size is more important. 

In the third appendix, I showed that two closely related members of the 

Camponotus festinatus species complex of desert carpenter ants differ in their life 

histories with respect to lipid storage. Dark-form workers and soldiers stored significantly 

more lipid per unit lean mass than light-form workers or soldiers. However, there was no 

significant difference in the total amount of fat stored by the two forms at the colony-

level. Dark-form workers and soldiers storing more lipid per unit lean mass shows that in 

social insects, although the colony is the unit of selection, life history traits must be 

studied at both the colony and individual levels. 

In the fourth appendix, we showed that there was a clear relationship between 

storage protein content and colony founding strategy across queens of five species of 

Harvester Ants in the genus Pogonomyrmex. Queens of the two Mly claustral non-

foraging species P. rugosus and P. maricopa contained the greatest amount of these 

proteins, followed by the facultatively-foraging semi-claustral founding queens of P. 

occidentalis. The obligate foraging queens of P. californicus and queens of the 

dependent-founding social parasite P. anergismus contained significantly less storage 

protein than the other three species. Our results suggest that storage protein content has 

evolved in concert with colony founding strategies in the genus Pogonomyrmex. 

In the fifth appendix, we showed that arboreal and terrestrial ants in the tropical 

forest at Barro Colarado Island, Panama differed in seasonal foraging patterns and 

nutritional preferences. Baits, located on tree trunks, were primarily occupied by arboreal 
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species during the dry season, but during the wet season baits were occupied primarily by 

terrestrial species. Arboreal and terrestrial ants differed markedly in their preferences for 

protein or carbohydrate based baits. Arboreal ants preferred protein-based baits, and 

terrestrial ants preferred carbohydrate-based baits. Foraging preferences suggest that 

protein resources were limiting for arboreal ants, particularly during the dry season, and 

that carbohydrate resources were limiting for terrestrial ants. 
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CHAPTER 2 

PRESENT STUDY 

Most studies have approached nutrient storage in insects from either a 

physiological or life history perspective, however, few have integrated both. In my 

dissertation research. I have examined nutrient storage from both physiological and life 

history viewpoints. I describe the rules used in allocating resources to storage in two 

groups of insects with vastly divergent life histories. The first two appendices focus on 

nutrient storage in the solitary grasshopper, Schistocerca americana. The next two 

appendices focus on nutrient storage in workers of Carpenter Ants and Harvester Ants 

queens respectively. The last chapter is a slight departure, comparing foraging patterns 

and nutritional preferences among arboreal and terrestrial ants species in a neo-tropicai 

lowland forest. 

In the first appendix, I identified the primary storage protein occurring in the 

grasshopper, Schistocerca americana, and characterized its abundance with respect to 

two major life history events, molting and reproduction. A single moderately aromatic 

amino acid rich storage hexamerin related to the Persistent Storage Protein of anotlier 

grasshopper, Locusta migratoria, was the dominant soluble protein in both larvae and 

adults. The fact that S. americana has a single dominant storage hexamerin in both larvae 

and adults differs from patterns of accumulation in the other grasshoppers where storage 

proteins have been characterized, L migratoria and Romalea microptera. This difference 

suggests that significant functional diversity in storage hexamerin expression and 

accumulation has evolved among the grasshoppers. In larvae, abundance of the S. 
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americana Persistent Storage Protein (saPSP) started out low at the onset of the last instar 

and accumulated during larval feeding, peaking just prior to molting in both sexes. 

Female larvae contained greater amounts of saPSP than male larvae, but females also 

accumulated more mass over the last instar. Larvae of the two sexes did not differ in 

storage hexamerin content when mass was taken into account. Adults of both sexes 

contained significant amounts of saPSP just after eclosion. In adult males, saPSP content 

dropped continuously after eclosion and was lowest once individuals reached 

reproductive maturity. In contrast, adult females depleted storage hexamerin reserves 

during the first days of adulthood, but subsequently accumulated significant hexamerin 

stores with feeding. SaPSP stores peaked just prior to the completion of egg provisioning 

in adult females, which suggests that the primary storage hexamerin in S. americana has 

functions in both larvae and adults, perhaps in both somatic grovrth and reproduction. 

In the second appendix, 1 showed that allocation between somatic growth and 

lipid storage was plastic in response to larval resource availability at the last larval-adult 

molt in females of the grasshopper, Schistocerca americana. There was no detectable 

plasticity in allocation to any of the other storage parameters: glycogen, trehalose, or 

saPSP. Larval resource availability was manipulated using a series of artificial diets that 

varied in the concentration of the primary macronutrients, proteins and carbohydrates. 

Larval diet had a significant effect on allocation to somatic growth. An intermediate 

nutrient content diet supported the best growth, with the largest dilTerencc in growth 

occurring between the lowest nutrient content diet and all others. Larvae compensated for 

low-nutrient content by consuming more diet and extending development time. However, 
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compensatory feeding was not enough to eliminate differences between the best and 

worst diets. Across diets, larger individuals contained more stores, but when somatic 

growth was held constant, there was a significant effect of larval diet on l ipid content. 

Individuals fed the best growth diet allocated proportionally more resources to lipid 

stores than individuals fed the poorest diet. Female larvae allocated to both somatic 

growth and storage on the best diets, but only to growth on the worst diets, suggesting 

that larvally derived lipid stores play some role in adult fitness in S. americana, but that 

body size is even more important. 

In the third appendix, I showed that two closely related members of the 

Camponotus festinatus species complex of desert carpenter ants differ in their life 

histories with respect to lipid storage. In social insects, the colony is a primary unit of 

selection, but colony-level traits are the product of combined individual-level traits of its 

members. Therefore, social insects provide an interesting perspective on the regulation of 

fat storage compared to solitary insects. Newly mated queens were collected in the field 

and colonies were reared imder common conditions in the laboratory for two years before 

sampling. At the time of sampling, dark-form workers and soldiers stored significantly 

more lipid per unit lean mass than light-form workers or soldiers. There was no 

significant difference in the total amount of fat stored by the two forms at the colony-

level; although there was a trend towards light-form colonies having a greater proportion 

soldiers storing significant amounts of fat than dark-form colonies. Light-form soldiers 

stored less fat per unit lean mass than dark-form soldiers, but the slightly higher 

proportion of high gaster-distension soldiers in the light-form colonies probably led to the 
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lack of a detectable difference in total fat storage at the colony-le vel between the two 

forms. Dark-form workers and soldiers storing more lipid per unit lean mass shows that 

in social insects, although the colony is the unit of selection, life history traits must be 

studied at both the colony and individual levels. 

In the fourth appendix, we showed a clear relationship between storage protein 

content and colony founding strategy in queens of five Harvester Ant species in the genus 

Pogonomyrmex. Claustral colony founding, in which new queens rear their first clutch of 

workers solely from internal reserves, is common in the higher ant subfamilies and is 

believed to represent a major innovation in ant life histories. The ability to store large 

amounts of amino acids in storage proteins is an essential physiological trait for claustral 

colony founding by ant queens. Species in the harvester ant genus Pogonomyrmex 

(subfamily Myrmicinae) show a wide range of colony foimding strategies. We identified 

and quantified two major storage proteins in queens of fi ve species in this genus that 

differ in their colony founding strategies. Queens of the non-foraging ftilly-claustral 

species P. rugosus and P. maricopa contained the greatest amount of these proteins. The 

facultati veI y-foraging semi-claustral queens of P. occidentalis contained an intermediate 

amount. Queens of P. californicus from two di fferent populations that forage during 

founding contained significantly less storage protein than the other independent-founding 

species. Queens of the dependent-founding social-parasite P. anergismus also contained 

little storage protein. Our results suggest that storage protein content has evolved in 

concert with colony founding strategies in the genus Pogonomyrmex. 
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In the fifth appendix, we showed that arboreal and terrestrial ants in the tropical 

forest at Barro Colorado Island (BCI), Panama differed in seasonal foraging patterns and 

nutritional preferences. A yearlong arboreal baiting survey of ants was performed during 

1983 on Barro Colorado Island, Panama. Owing to a severe El Nino event, the 1983 dry 

season in Panama was exceptionally long and dry with a distinct boundary between the 

dry and wet seasons. Baits, located on tree trunks, attracted both terrestrial and arboreal 

ants, allowing comparisons between the two groups. Species composition at baits 

changed dramatically with season. Baits were primarily occupied by arboreal species 

during the dry season, while wet season baits were occupied by mostly terrestrial species. 

Arboreal and terrestrial ants differed markedly in their preferences for protein or 

carbohydrate based baits. Arboreal ants preferred protein-based baits, and terrestrial ants 

preferred carbohydrate-based baits. Foraging preference for protein suggests that protein 

resources were limiting for arboreal ants, particularly during the dry season, and that 

carbohydrate resources were limiting for terrestrial ants. Fundamental differences in 

arboreal and terrestrial habitats may promote the differences in foraging strategies 

observed during an annual cycle in a seasonal tropical forest. 
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APPENDIX A. PRESENCE OF A SINGLE ABUNDANT STORAGE HEXAMERIN 

IN BOTH LARVAE AND ADULTS OF THE GRASSHOPPER, SCHISTOCERCA 

AMERICANA. 

ABSTRACT 

I identified a single storage protein in the grasshopper, Schistocerca americana, 

and monitored its abundance through the iast larval instar and up until reproductive 

competence in adults of both sexes. This storage hexamerin. termed Schistocerca 

americana Persistent Storage Protein (saPSP) v^as the dominant soluble protein in both 

larvae and adults. In larvae, saPSP abundance started out low at the onset of the last instar 

and accumulated during larval feeding, peaking just prior to molting in both sexes. Adults 

of both sexes contained significant amounts of saPSP just after eclosion. In adult males, 

saPSP content dropped continuously after eclosion and was lowest once individuals 

reached reproductive maturity. In contrast, adult females depleted saPSP reserves during 

the first days of adulthood, but subsequently accumulated significant saPSP stores. 

Hexamerin stores peaked just prior to the completion of egg provisioning in adult 

females. This suggests saPSP has fimctions in both larvae and adults. In addition, this 

pattern of storage hexamerin accumulation differs from patterns of accumulation in the 

other known grasshoppers, Locusta migratoria and Romalea microptera, suggesting that 

significant functional diversity has evolved in storage hexamerins among the 

grasshoppers. 
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INTRODUCTION 

Insects can store significant quantities of amino acids in the form of storage 

proteins in the hemolymph and fat body. These proteins accumulate when amino acid 

intake is greater than demand and are used when amino acid demand exceeds intake. The 

ability to store amino acids has been essential in the evolution of a number of prominent 

insect life history traits, such as holometabolous development and reduced adult protein 

feeding (e.g., most Lepidoptera). Several classes of proteins are known to serve storage 

functions, but the most common group in insects is the storage hexamerins. Insect storage 

hexamerins are a hemocyanin-reiated group of proteins composed of six identical or 

similar subunits in the 70-90 kDa range (Telfer and Kunkel 1991, Burmester 2001, 2002). 

Storage hexamerins occur in a wide range of species spanning the phylogeny of insects 

and seemingly appeared with the first hexapods (Burmester 2002). 

Storage hexamerins are synthesized by the fat body and released into the 

hemolymph during feeding, after which some are sequestered back into the fat body 

(Telfer and Kunkel 1991, Burmester 2001). In holometabolous insects, these proteins 

accumulate in larvae and are thought to be critical in providing amino acids necessary for 

metamorphosis during the non-feeding pupal stage (Telfer and Kunkel 1991, Burmester 

2001). However, more recent work in both holometabolous and hemimetabolous insects 

suggests additional roles for these proteins in both larvae and adults, such as providing 

amino acids for egg production and rebuilding tissue after adult diapause (Chinzei et al. 

1990, Miura et al. 1991, Koopmanschap et al. 1992, Pan and Telfer 1996, Seo et al. 1998, 
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Pan and Telfer 2001). Clearly, storage hexanierins are involved in a variety of functions 

in both larvae and adults. 

This functional diversity is evident in the variation among insect species in both 

the number of storage hexamerins employed and the amino acid composition of those 

proteins. For example, within the Lepidoptera, larvae of the gypsy moth Lymantria 

dispar contain a single storage hexamerin, an aromatic amino acid-rich arylphorin 

(Karpells et al, 1989). In contrast, larvae of the luna moth, Actias luna, contain three 

storage hexamerins, two methionine-rich hexamerins and a single arylphorin (Pan and 

Telfer 1996). This example illustrates two important points about the diversification of 

storage proteins in insects. First, multiple classes of storage hexamerin have evolved 

distinct amino acid contents, presumably related to differences in their functions (e.g., the 

aromatic amino acid rich arylphorins and the methionine-rich hexamerins). Second, 

insect species, and even life stages within a single species, can differ in the types of 

storage hexanierins they produce and utilize (Telfer and Kunkel 1991, Ancsin and Wyatt 

1996, Burmester 2001). In addition, within a single life stage of a species, different 

storage proteins can be cleared from the hemolymph at different times (Fan and Telfer 

1992). 

A broad base of knowledge about the diversity of functions in storage 

hexamerins, both within and among insect species, is required to understand the evolution 

of this group of proteins. This knowledge has been slowly accumulating over the past 

three decades, however, the field has several biases. First, while storage proteins have 

been found in ail insects so far investigated, their study has been largely biased toward 
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the Diptera and Lepidoptera (Telfer and Kimkel 1991, Burmester 2001). Second, because 

of their prominence in the last larval instar of Diptera and Lepidoptera, the functional 

characterization of storage proteins has focused primarily on their role in metamorphosis. 

There are comparatively few cases in which the role of storage hexamerins in pre-

metamorphic molts or in adult functions has been studied. Unfortunately, those examples 

that do exist are in vastly divergent species making comparisons difficult. More studies of 

storage protein composition and function across the phylogeny of insects are needed, 

particularly in hemimetabolous insects. To this end, I identified the primary storage 

hexamerin occurring in the grasshopper, Schistocerca americana, and quantified its 

abundance in last instar larvae and adults through one reproductive cycle. 
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METHODS 

Insect Rearing and Sampling 

Insects used for this work were obtained from a Schistocerca americana colony 

maintained at The University of Arizona. This colony was founded from individuals 

collected near Lake Georgetown, Travis Co., Texas in October 2001. All insects were 

kept in a controlled environment room set at 28°C and 20% relative humidity, and 

provided with 100 watt light-bulbs on a 14L:10D cycle for radiant heat. Nymphs were 

reared in sibling groups from hatching through the penultimate (5^^) instar in 30 x 30 x 30 

cm screen cages. Upon passing into the last (6''^) instar, nymphs and subsequent adults 

were reared individually in 800 ml plastic and screen cages until sampling. All animals 

were fed wheat germ and romaine lettuce ad libitum. 

Male and female nymphs were sampled at three intervals during the 8-9 day-long 

last instar: within 12 hours of molting into the last instar, 4 days into the last instar, and 8 

days into the last instar. Nymphs were promptly frozen whole at -70°C. Adult females 

were sampled every four days between eclosion and just prior to egg laying, which 

occurs approximately 20 days into adulthood (Days 0, 4, 8, 12,16, and 20). At the time 

of sampling, adult females were anesthetized, their ovaries were dissected out, and frozen 

at -70°C. Egg development was observed in dissected ovaries, and the length of 

developing eggs was measured to the nearest 0.01 mm using a microscope-mounted 

optical micrometer as a measure of reproductive status. Adult males were sampled every 

five days for the first 20 days of life as they became reproductively mature (Days 0, 5, 10, 
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15, and 20). Some males are competent to mate within 15 days after eclosion, and all are 

competent by 20 days after eclosion. Males were promptly frozen whole at -70°C. After 

freezing, all individuals were freeze-dried until constant weight, and weighed. Dry 

masses were used to estimate somatic growth. All individuals were subsequently 

homogenized in liquid nitrogen and placed at --70®C until analysis. 

Sample Preparation and Electrophoresis 

Samples were prepared for electrophoresis by agitating a known quantity of 

homogenate from each individual in 0.3 ml of Tris-bulYered saline (20 mM Tris, 150 mM 

NaCl, 5 mM EDI A, pH 7.5) containing the following protease inhibitors: leupeptin, 

antipain, chymostatin, aprotinin (all at 17 y,g/ml), 1.7 jig/ml pepstatin A, and 1 mM 4-(2-

Aminoethyl) benzenesulfonyl Fluoride (AEBSF, an irreversible serine protease inhibitor). 

Samples were agitated m 1.5 ml plastic microcentrifiige tubes with a plastic pestle 

attached to a rotating shaft driven by a variable speed motor. Each sample was groimd for 

60 to 90 seconds at approximately 250 rpm, then centrifiiged at 12,000g for 20 min at 

4°C. Soluble proteins remained in the supernatant. 

Storage protein content differed greatly among individuals across the life stages 

sampled. Consequently, the supernatant for each sample was diluted using the above tris-

bufFered saline protease-inhibitor solution as needed to bring it into quantifiable range. 

Ten 111 aliquots were taken from the appropriate dilution, mixed with 20 lal of sample 

loading buffer, and loaded onto gels. 

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed following Laemmli (1970), adapted to 6-15% gradient slab gels. Gels were run 
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at 20 mA constant current and stained with 0.1% Coomassie Brilliant Blue R 250 

dissolved in a 5:4:1 solution containing methanol, water, and acetic acid. Gels were 

destained in a 5:4:1 solution of methanol, water, and acetic acid without Coomassie. 

Molecular weights of apoproteins were estimated in SDS-Page using standards in the 

high molecular weight calibration kit (Bio-Rad) containing proteins with the following 

molecular weights: myosin (200,000 kDa), galactosidase (116,250 kDa), phosphorylase 

B (97,400 kDa), BSA (66,200 kDa), and ovalbumin (45,000 kDa). 

To assess proteins in their native state, 4-20% native-PAGE gradient gels were 

used. The buffer system of Laemmli (1970) was used, with SDS and beta-

mercaptoethanol omitted. Molecular weights of native proteins were estimated using 

standards obtained from Pharmacia with the following molecular weights: thyroglobulin 

(669,000 kDa), ferritin (440,000), catalase (232,000 kDa), lactate dehydrogenase 

(140.000 kDa), and albumin (67.000 kDa). 

Amino acid composition 

Purification of storage proteins was performed using 4-20% native-PAGE 

gradient gel. Proteins were electrophoretically transferred to a PVDF (polyvinylidene 

difluoride) membrane (Problott®). After staining with 0.1% Coomassie brilliant blue R 

250, bands of interest were cut out. Amino acid analysis was performed at The University 

of Arizona Biotechnology Core Facility using a dedicated Applied Biosystems Model 

420A Amino Acid Analyzer with automatic hydrolysis (vapor phase at 160°C for 100 

min using 6M HCL) and pre-column phenylthiocarbamyl-derivatization. The primary 

storage hexamerin (saPSP) was analyzed from two independent samples purified from 
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female larvae and two independent samples purified from female adults. The mean value 

for each amino acid and one standard error for all four runs are presented in Table 1. 

Statistical Analyses of Amino Acid Composition 

If saPSP was a storage hexamerin I predicted that it would contain a similar 

amount of aromatic amino acids to the knovm L. migratoria storage hexamerins and a 

greater amount of aromatic amino acids than the average insect protein calculated from 

FlyBase. One-way ANOVA was used to compare the mean aromatic amino acid content 

of saPSP, the known Locusta migratoria storage hexamerins, and an estimate of the 

average insect protein. Groups within the ANOVA were compared using an aposterori 

Tukey's HSD test for multiple comparisons. Aromatic amino acid content was calculated 

as the mole percent phenylalanine content plus the mole percent tyrosine content for each 

protein. The values for the L. migratoria storage hexamerins were taken from de Kort and 

Koopmanschap (1987) and Ancsin and Wyatt (1996). To generate an estimate for the 

average insect protein, amino acid sequences for 50 Drosophila melanogaster proteins 

were obtained from the FlyBase database (www.flybase.org). These proteins were 

selected on the basis of gene ftinctions in biological processes as described by Gene 

Ontology (www.geneontology.org) in a manner that was consistent with the number of 

genes in each gene ontology frinction group identified in the D. melanogaster genome 

(Adams et al. 2000). Some function subcategories were too small to be included in a 

representative sample of 50 proteins. The FlyBase gene numbers of the proteins used 

were: 0000097, 0000229, 0000313, 0000340, 0000497, 0000536, 0000556, 0000557, 

0000635, 0000636, 0001075, 0002716, 0003285, 0003300,0003301,0003391, 0003502, 

http://www.flybase.org
http://www.geneontology.org
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0003411, 0003714, 0004170, 0004864, 0004956, 0005775, 0010109. 0010341, 0011762, 

0014075, 0015582, 0015609, 0016036, 0016131, 0016917, 0016920, 0020392, 0024732, 

0024836, 0027363. 0028406, 0028737, 0029176, 0031392, 0032117, 0032198, 0032655, 

0036485, 0036930, 0041184, and 0044872. This estimate agrees well with two other 

estimates of average amino acid composition, one compiled by King and Jukes (1969) for 

53 vertebrate proteins and one for thousands of proteins from a variety of organisms 

provided by the Swiss-Prot Database (us.expasy.org/tools/pscale/A.A.Swiss-Prot.html). 

Western Blotting 

G.R. Wyatt generously provided antibodies to two known L. migratoria storage 

hexamerins, one specific to larvae (ImLSP-l), and one that occurs in both larvae and 

adults (ImPSP) (Ancsin and Wyatt 1996). S. americana nymph and adult proteins were 

prepared as above, separated on a 4-20% native-PAGE gel, and blotted onto 

nitrocellulose paper. After blotting, the paper was rinsed thoroughly, air-dried, and stored 

at -20"C. Blots were probed with a 1:1,000 dilution of the primary antibody, incubated 

with a 1:3,000 dilution of goat anti-rabbit secondary antibody, conjugated with alkaline 

phosphotase and detected with BCIF NET color reagent (Bio-Rad). 

Protein Quantification 

Because S. americana PSP disassociated under native-PAGE conditions, SDS-

PAGE was used to quantify storage hexamerin apoproteins present in various stages of 

development. Apoproteins of saPSP and sub-units of two other proteins (a putative JH-

binding protein, and a putative lipophorin) co-migrated on SDS-PAGE gels and were 

quantified together. Because the dominant storage protein in both nymphs and adults 
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(saPSP) always occurred in much greater concentration than these other proteins in both 

larvae and adults, SDS-PAGE gels provided an adequate estimate of saPSP abundance. 

SDS-PAGE gels were run and stained with Coomassie as described above. To quantity 

storage proteins, gels were scanned at 633 nm using a laser densitometer (LKB Ultrascan 

XL). Standard curves were generated using known quantities of bovine serum albumin 

(BSA) that ranged from 0.2-4.0 iig. Internal standards of 1.0 and 3.0 |ig BSA were 

included on each gel to correct for gel to gel variation. 

Statistical Analysis of Storage Protein Content, Dry Mass, and Egg Development 

Patterns of storage protein accumulation were monitored during the last instar in 

larvae and until reproductive age in adults of both sexes. Accumulation in larvae was 

analyzed using multiple factor ANOVAs with age, sex and dry mass as effects in the 

models. Differences in accumulation of storage protein, dry mass and egg development 

between male and female adults were expected a priori. Therefore, adults of each sex 

were analyzed separately. Differences among age groups within each sex were assessed 

using one-way ANOVA, followed by an aposterori Tukey's HSD correction for multiple 

comparisons. 
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RESULTS 

Molecular Weights and Antibody Recognition 

A single storage hexamerin was the most abundant soluble protein in both 

nymphs and adults (Figure la and lb). Like the Persistent Storage Protein described by 

Ancsin and Wyatt (1996) in the grasshopper, Locusta migratoria (ImPSP). this 

hexamerin disassociated in native-Page, was present in both larvae and adults, and 

showed significant cross-reactivity with an antibody raised to ImPSP (Figure 2). 

Henceforth, this protein is referred to as Schistocerca americana Persistent Storage 

Protein (saPSP). SaPSP had an estimated native molecular weight of 470 kDa with 

apoproteins of approximately 72 kDa (Figure la and lb). Like ImPSP and some other 

storage hexamerins, the bulk of saPSP disassociated into smaller quaternary structures 

consisting primarily of tetramers (approximately 290 kDa) and dimers (approximately 

140 kDa) when run on native-PAGE gradient gels (Figure la). 

Amino Acid Composition 

The mean mole % amino acid composition and one standard error for the four 

saPSP amino acid analyses are listed in Table 1. Because insect storage hexamerins 

typically contain higher than average aromatic amino acid compositions, I compared the 

mean aromatic amino acid content, defined as mol % tyrosine plus mol % phenylalanine, 

for saPSP to the three known Locusta migratoria storage hexamerin estimates and an 

estimate of the average Drosophila melanogaster protein determined from 50 protein 

sequences obtained from FiyBase. As expected, both saPSP and the L. migratoria storage 

hexamerins contained significantly greater aromatic amino acid content than the average 
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D. melanogaster protein (ANOVA, F2,56=22.05, p<0.001, Tukey's USD p<0.05 for both. 

Figure 3). There was no significant difference in aromatic amino acid content between 

saPSP and the L migratoria storage hexamerins (Tukey's USD p>0.05). 

Patterns of Accumulation in Larvae 

For larvae of both sexes, storage protein content was low at the beginning of the 

last instar, increased through the instar, peaked just prior to molting and dropped again in 

newly eclosed adults (Figure 4a). Storage protein content was signilEicantly higher in 

female nymphs throughout the last instar and after adult eclosion (Figure 4a and Table 

2a). However, female nymphs gained significantly more mass than male nymphs during 

the last instar (Figure 4b and Table 2b), and when mass was added into the statistical 

model, the effect of sex on storage protein content lost significance (Table 2c). Therefore, 

sex specific differences in mass accumulation account for the observed differences in 

storage protein content between male and female nymphs. 

Patterns of Accumulation in Adult Males 

In males, storage protein content was highest just after eclosion and declined 

throughout adulthood (one-way ANOVA, F4^28'= 3.48, p = 0.022, Figure 5a). Significant 

somatic growth occurred in males after eclosion, with mass plateauing after 10 days of 

adulthood (one-way ANOVA, F4,28 ~ 12.82, p < 0.001, Figure 5b). 

Patterns of Accumulation in Adult Females 

As in adult males, storage protein content declined after eclosion in females 

(Figure 6a). However, in contrast to adult males, storage protein content rose again in 

aduJt females after the first week, peaked during the time of active egg provisioning, and 
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dropped off slightly as eggs reached maturation (one-way ANOVA, = 3.51, p ^ 

0.008). Egg provisioning began approximately 10 days into adulthood and progressed 

until 20 days of adulthood when all eggs were mature and ready to be laid (one-way 

ANOVA, F5,6i = 24.25, p < 0.001, Figure 6b). Total dry mass of females, not including 

ovaries and developing eggs, steadily increased from eclosion until egg provisioning was 

completed (one-way ANOVA, F.s.je = 26.17, p < 0.001, Figure 6c). 
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DISCUSSION 

I identified a single abundant storage hexamerin (saPSP) in the grasshopper, 

Schistocerca americana. SaPSP was the dominant soluble protein in both larvae and 

adults of both sexes. Due to its pattern of dlsassociation and strong antigenic cross-

reactivity, saPSP is likely homologous to the persistent storage protein described in 

larvae and adults of the African Migratory Locust, Locusta migratoria (ImPSP) (Ancsin 

and Wyatt 1996). 

As in other insects, this storage hexamerin accumulated during larval feeding, 

with larger female larvae accumulating greater amoxmts than male larvae, peaked just 

prior to molting, and was partially depleted during molting to adulthood. Individuals of 

both sexes contained significant saPSP reserves just after adult eclosion, but these 

reserves were largely depleted in the first few days of adulthood, a period of rapid 

somatic growth. The disappearance of post-eclosion protein stores suggests that saPSP 

accumulated during larval feeding is used to construct adult tissues both at the time of 

molting and after eclosion when rapid somatic growth occurs in both sexes. Because 

adults do not begin feeding until 12-24 hours after eclosion, storage hexamerins present 

just after eclosion must either be carried over from larval life or synthesized from surplus 

amino acids not used during metamorphosis. However, within 36 hours of eclosion all 

adults begin feeding. Therefore, amino acids available for use in the period of rapid 

somatic growth that occurs during the first week of adulthood can be derived from either 

larvally accumulated reserves or adult feeding. 
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In adults, patterns of storage hcxanierin content differed between the sexes. In 

males, storage hexamerin content declined during adulthood, reaching its lowest level 

just prior to reproduction when sperm and accessory gland proteins are produced. In 

addition to producing sperm, many male orthopterans invest significant amounts of 

amino acids in constructing a protein-rich spermatophore (Uvarov 1966). Therefore. S. 

americana males probably require significant amounts of amino acids to support 

reproduction. In contrast, while females also showed slight depletion of saPSP early in 

adulthood, females accumulated significant amounts of saPSP prior to egg laying, with 

the peak occurring just prior to egg maturation. This pattern of storage hexamerin cycling 

with egg provisioning suggests that females could be using saPSP as an intermediate 

amino acid store for provisioning eggs. Storage proteins are known to be used in egg 

provisioning in other insects, so it seems likely that S. americana uses them in this 

capacity as well (Chinzei et al. 1990, Pan and Teller 1996, Seo et al. 1998, Pan and Telfer 

2001). In addition, at the time of egg laying, S. americana females produce a protein-rich 

egg casing and foam plug which covers the egg pod and extends to the soil surface 

several centimeters above (Uvarov 1977). To understand the function of saPSP in S. 

americana adults, it will be necessary to document whether amino acids from this protein 

are utilized in reproduction, for gamete or accessory protein production, in either sex. 

SaPSP could contribute to reproduction either directly through incorporation of the intact 

proteins or indirectly by providing amino acids to synthesize other proteins. 

Interestingly, patterns of hexamerin accumulation identified in the American 

Locust, S. americana, differs from that observed in two other well-studied 
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heminietabolous insects; the Migratory Locust, Locusta migratoria and the German 

Cockroach, Blatella germanica. In L migratoria, two storage hexamerins are found only 

in larvae (ImLSP-l and lmLSP-2), and a third is found in both larvae and adults (ImPSP) 

(Ancsin and Wyatt 1996). In L. migratoria larvae, ImLSP-1 occurs in the highest 

concentration, followed by ImPSP, with lmLSP-2 only occurring in very low 

concentrations. In L. migratoria adults, ImPSP is the only detectable storage hexamerin, 

where it can occur in concentrations as high as those observed for ImLSP-1 in larvae. The 

case is similar for B. germanica where larvae contain two identified storage hexamerins 

(bgLSP and bgPSP), but only one remains in adults (bgPSP) (Duhamel and Kunkel 1987, 

Telfer and Kunkel 1991). In germanica larvae, bgLSP occurs in much higher 

concentrations than bgPSP, but in adults only bgPSP is detectable. In both of these cases, 

one protein occurs in much higher concentrations in larvae and the other in much higher 

concentrations in adults, leading these authors to suggest that these proteins may be 

specialized for larval and adult functions respectively. 

In contrast to the above examples, a single storage hexamerin (saPSP) is the most 

abundant soluble protein in both larvae and adults of S. americana. This suggests that 

saPSP serves significant functions in both life stages. It is possible that S. americana 

contains other storage hexamerins, but they were not detectable using the methods in this 

study. Regardless of whether other storage hexamerins occur in S. americana, the fact 

that a single storage hexamerin occurs in large quantities in both larvae and adults 

demonstrates a clearly different pattern from the other described grasshopper and 

cockroach. In addition, recent work shows that the lubber grasshopper, Romalea 
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microptera, contains three putative storage hexamerins, all three of which occur in 

significant quantities in both larvae and adults (Hatle et al. 2001, J.D. Hatle personal 

communication). Therefore, studies of the storage hexamerins in three species of short-

homed grasshoppers (Acrididae) show three different patterns of accumulation and 

depletion. Because all three species represent different subfamilies and have somewhat 

different life histories, it is not surprising that there are differences in their biochemistry 

and physiology. However, this level of diversity in abundance between species within a 

family suggests that more comparisons of storage hexamerin identity and function are 

needed. 

The observed differences in storage hexamerin accumulation between life stages 

of the three grasshopper species is likely due to a combination of differences in the 

expression patterns of storage hexamerin genes and utilization of the mature proteins. It is 

possible that the differences in accumulation between the three grasshopper species have 

evolved due to selection for the presence of one specific type of protein or another based 

on differences in the life histories of the three species. In addition to their roles in amino 

acid storage, some hexamerins function in binding organic molecules or humoral immune 

responses, so it is possible that these additional functions are important in maintaining the 

abundance of multiple hexamerins in some insect species (Burmester 1999). Ho wever, it 

is also possible that storage is the selected function for these proteins and they could be 

functionally equivalent as a source of stored amino acids. Although the primary nymphal 

and adult storage hexamerins differ in L. migratoria, both contain higher than average 

amounts of aromatic amino acids as does saPSP (Ancsin and Wyat 1996). Evidence for 
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functional equivalence between different storage hexamerins exists for two lepidopteran 

species (Pan and Telfer 1999). In the Cecropia Moth. Hyalopha cecropia, amino acids 

from two different radiolabeled storage hexamerins, an aromatic amino acid rich 

arylphorin and a riboflavin-binding hexamerin, were injected into larvae and were found 

to be equally distributed among tissue types in resultant adults, suggesting that the two 

proteins contributed equally in providing amino acids for the construction of adult 

tissues. In addition, Pan and Telfer (1999) injected radiolabeled riboflavin-binding 

hexamerin from H. cecropia into the Luna Moth, Actias luna, a species which contains 

only an arylphorin having no riboflavin-binding hexamerin of its own. Radiolabeled 

amino acids from the H. cecropia riboflavin-binding hexamerin were found in the same 

tissues as amino acids as the endogenous A. luna arylphorin, suggesting that these two 

hexamerins were functionally equivalent across species as well. If the three different 

hexamerins observed in L. migratoria and R. microptera are equivalent sources of stored 

amino acids, the differences in accumulation in the three grasshopper species may have 

no functional consequence as long as one storage hexamerin is expressed and 

accumulates in significant amounts in larvae and adults. In this case, patterns of storage 

hexamerin expression could have evolved differently in these three groups due to random 

processes, such as drift, rather than as a direct product of selection on their fiinction. 

Future research in S. americana will focus on documenting the functions of saPSP 

in larvae and adults. One focus will be determining what proportion of amino acids used 

in somatic growth after eclosion are derived from storage hexamerins accumulated by 

larvae versus those derived from adult feeding and the timing of utilization of each. A 
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second focus will determine the contributions of saPSP to reproduction in S. americana, 

potentially in production of both gametes and accessory proteins. These studies will 

provide valuable insight into the roles of storage hexamerins in adult function. A third 

focus will involve determining whether saPSP is involved in functions other than amino 

acid storage. Future efforts to understand how the observed differences in storage 

hexamerin accumulation between the three grasshopper species arose should focus on 

both the regulation of stage-specific expression of storage hexamerin genes as well as the 

roles of the mature proteins in both storage and other functions. To determine whether 

differences in storage hexamerin expression and accumulation have evolved in concert 

with life history differences between insect species, future studies should be done in a 

phylogenetic framework spanning a number of levels including sampling of closely 

related species that differ in their life histories. I encourage others to document the 

presence, accumulation patterns, and functions of storage hexamerins in a variety of taxa 

as a first step towards understanding the diversification of fimctions and expression 

patterns in this group of proteins. 
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Table 1. Amino acid composition of the Schistocerca americana storage hexamerin 

compared with values for three known Locusta migratoria storage hexamerins, the 

average of the proteins in the Swiss-Prot database, King-Jukes averages, and the averages 

for 50 Drosophila melanogaster protein sequences from FlyBase. 

Amino Acid 
(Mol %) 

Schistocerca americana 

PSP* 

Locusta migratoria 

PSP^ LSP-1' LHP'' 

DM 50 
Average 
Protein 

SWISS 
-PROT 

King-
Jukes 

Asparagine/ 
Aspartic Acid 

9.13+0.17 8.8 8.1 10.1 10.7 9.6 10.3 

Glutamine/ 
Glutamic Acid 

12.33 + 1.2 11.7 10.9 10.2 10.9 10.4 9.5 

Serine 6.05 + 0.44 6.5 4.5 4.5 8.2 7.1 8.1 

Glycine 10.1 +1.38 8.6 5.3 6.9 6.0 6.9 7.4 

Histidine 1.25 +0.19 4.2 2.0 1.2 2.6 2.2 2.9 

Arginine 4.03 + 0.34 6.0 10.8 7.0 5.6 5.2 4.2 

Threonine 3.13 +0.22 4.5 3.3 4.0 5.7 5.6 6.2 

Alanine 7.25+0.21 9.9 8.0 8.4 7.2 7.6 7.4 

Proline 6.73 + 0.46 4.9 6.4 6.2 5.5 4.8 5 

Lysine 4.5 +0.24 5.5 3.9 6.1 5.6 6.0 7.2 

Valine 7.33+0.38 7.4 6.6 7.4 6.5 6.6 6.8 

Isoleucine 4.75 + 0.24 3.7 5.2 5.6 5.0 5.9 3.8 

Leucine 11.28 + 0.5 8.4 9.0 9.0 9.1 9.5 7.6 

Phenylalanine 6.58 + 0.48 4.9 5.4 5.5 3.4 4.1 4.3 

Tyrosine 5.42 + 0.46 4.1 8.3 6.8 3.2 3.2 3.3 

Total Aromatics 11.95 + 0.95 9.0 13.7 12.3 6.6 7.3 7.6 

* Data are the mean and one standard error for four different analyses of this protein. 
Data taken from Ancsin and Wyatt 1996 

'' Data taken from de Kort and Koopmanschap 1987 
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Table 2. ANOVA tables for effects on dry mass and storage protein content in nymphs 

2a. Effects of age and sex on storage protein content in nymphs. 

Source df F P 

Whole Model 4 10.16 <0.001 

Age 3 9.70 <0.001 

Sex 7.81 0.008 

Error 40 

Total 44 

2b. Effects of age and sex on dry mass in nymphs. 

Soiirce df F P 

Whole Model 7 32.38 <0.001 

Age 1 0.55 0.464 

Sex 3 53.85 <0.001 

Age X Sex 3 3.18 0.034 

Error 39 

Total 46 

2c. Effects of age, sex, , and dry mass on storage protein content in nymphs. 

Source df F P 

Whole Model 5 11.48 <0.001 

Age 3 2.16 0.108 

Sex 1 0.08 0.780 

Dry Mass 1 8.80 0.005 

Error 39 

Total 44 
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FIGURE CAPTIONS 

Figure 1.1a. 4-20% native-PAGE gradient gel showing the most abundant storage 

hexamerin (saPSF) and the products of its disassociation in nymphs, adult males, 

and adult females (solid arrows), and nymphs, lb. 6-15% SDS-PAGE gradient gel 

showing apoproteins of saPSP in nymphs, adult males, and adult females (solid 

arrow). Molecular weights for native-PAGE are listed on the left and those for 

SDS-PAGE on the right (black squares). 

Figure 2. Western blot analysis of larval, adult female, and adult male samples. Proteins 

were separated on a 4-20% native-PAGE gradient gel, blotted to nitrocellulose, 

and exposed to antiserum raised to the Persistent Storage Protein of Locusta 

migratoria (Ancsin and Wyatt 1996). Note the pattern of disassociation. 

Figure 3. Mean aromatic amino acid compositions of Schistocerca americana PSP, three 

Locusta migratoria storage hexamerins, and the average Drosophila 

melanogaster protein. Horizontal bars represent one standard error. The same 

letter denotes groups that are not significantly different after a Tukey's HSD 

correction for multiple comparisons (a = 0.05). 

Figure 4.4a. Storage hexamerin content of male (gray circles) and female (black 

squares) nymphs, and newly eclosed adults. 4b. Dry mass of male (gray circles) 

and female (black squares) nymphs, and newly eclosed adults. Horizontal bars 

represent one standard error. 
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Figure 5. 5a. Storage hexamerin content of adult males until the time of reproductive 

competency. 5b. Dry mass of adult males until the time of reproductive 

competency. Horizontal bars represent one standard error. The same letter denotes 

groups that are not significantly different after a Tukey's HSD correction for 

multiple comparisons (a = 0.05). 

Figure 6. 6a. Storage hcxamerin content of adult females until the time of egg laying. 6b. 

Development of eggs (egg length) in females until the time of laying. 6c. Dry 

mass of adult females until the time of egg laying. Horizontal bars represent one 

standard error. The same letter denotes groups that are not significantly different 

after a Tukey's HSD correction for multiple comparisons (a = 0.05). 
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APPENDIX B. RESOURCE INDUCED PLASTICITY IN ALOCATION TO 

GROWTH AND STORAGE DURING A CRITICAL LIFE HISTORY TRANSITION 

IN INSECTS, THE LAST LARVAL-ADULT MOLT. 

ABSTRACT 

Documenting the rules that organisms use to prioritize resource allocation 

between life history traits is essential to understanding plasticity in life histories. The last 

larval-adult molt is a critical life history transition in insects and provides an excellent 

system for studying priority rules. At eclosion, resources accumulated by larval feeding 

can be allopated to two major life history parameters: somatic growth, and the resultant 

adult body size, or nutrient storage for use in adulthood. I investigated patterns of 

plasticity and priority rules for resource allocation between somatic growth and nutrient 

storage in insects by determining the effects of resource limitation on allocation to these 

two traits at the last larvaJ-adult molt in the grasshopper, Schistocerca americana. Larval 

resource availability was manipulated using a series of artificial diets that varied in the 

concentration of the primary macronutrients, proteins and carbohydrates. Larval diet had 

a significant effect on allocation to somatic growth. An intermediate nutrient content diet 

supported the best growth, with the largest difference in growth occurring between the 

lowest nutrient content diet and all others. Larvae compensated for low-nutrient content 

by consuming more diet and extending development time. However, these compensatory 

behaviors were not enough to eliminate differences between the best and worst diets. 

Across diets, larger individuals contained more stores, but when somatic growth was held 
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constant, there was a significant effect of larval diet on lipid content. Individuals 

exhibited resource-based plasticity in allocation to lipid storage, but no other storage 

parameter. Individuals fed the best growth diet allocated proportionally more resources to 

lipid stores than individuals fed the poorest diet. On low nutrient content diets, larvae 

prioritized allocation to body size whereas individuals on intermediate nutrient content 

diets grew larger and allocated more to lipid stores suggesting that larvally derived lipid 

stores play some role in adult fitness in S. americana, but that body size is even more 

important. 
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INTRODUCTION 

A fundamental problem in evolutionary ecology is identifying the mechanisms 

that control plasticity in resource allocation to various phenotypic and life history traits 

(Roff 1992, Steams 1992). One approach to doing that begins with documenting the rules 

organisms use to prioritize allocation of resources between life history parameters. 

Understanding priority rules across environments that generate plastic responses is 

central to determining the proximate (i.e., physiological and genetic) and ultimate (i.e., 

evolutionary) factors shaping plasticity in life history traits (Zera and Harshman 2001, 

Glazier 2002). The last larval-adult molt represents an important life history transition in 

insects and provides an excellent system for studying plasticity in allocation. Resources 

accumulated during larval feeding that are not used for maintenance (e.g., basal 

metabolism) can be allocated to two major life history parameters: growth and the 

resultant adult body size, or storage for later use in adulthood. This sets up an interesting 

potential for trade-offs in allocation to occur between somatic growth and nutrient storage 

at the last larval-adult molt. 

I investigated patterns of plasticity and priority rules for resource allocation 

between somatic growth and nutrient storage in insects by determining the effects of 

resource limitation on allocation to these two traits at the last larval-adult molt in the 

grasshopper, Schistocerca americana. Because allocation priority rules are commonly 

revealed by applying resource stress (Glazier 2002); I manipulated resource availability 

by forcing larvae to develop on one of a range of artificial diets differing in their 

concentrations of the primary macronutrients, carbohydrates and proteins. After allowing 
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larvae to develop under varying levels of nutrient stress, I measured allocation to somatic 

growth and nutrient storage in freshly eclosed adults. 

Adult body size is a correlate of fitness in many organisms, and in insects, large 

body sizes have been associated with greater survival and fecundity (Roff 1992, Steams 

1992, Nylin and Gotthard 1998, but see Leather 1988). Despite this correlation with 

fitness, insects display an amazing amount of plasticity in body size, and body size is 

known to respond to a wide variety of environmental factors, including nutrition, 

temperature, competition, predation, and light cycle (Slansky and Scriber 1985, Berrigan 

and Chamov 1994, Nylin and Gotthard 1998). The fact that large-range plasticity in body 

size is common among insect species and responsive to a high number of factors, 

suggests that the ability of body size to respond across environments is an important trait 

(Abrams et al. 1996). For all pterygote insects, adult body size is determined at the last 

larval-adult molt. While adult body mass may change after molting, the size of all rigid 

cuticular structures is fixed (Chapman 1998). Because body size is an important correlate 

of fitness, one might expect insects to prioritize al location of resources accumulated 

during larval feeding into somatic growth and the resulting adult body size. 

However, some insects are known to carry significant nutrient reserves over from 

larval life into adulthood (Boggs 1981, Wheeler 1996, Telang et al 2002). These 

resources can be used for a variety of adult functions including: dispersal, post-molting 

somatic growth (e.g., mass gain in internal tissues), reproduction, and maintenance. 

Functionally, nutrient storage is an important life history trait because it allows organisms 

to decouple times of resource need from schedules of availability. The timing of 
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investments can have serious effects on fitness (Roff 1992, Steams 1992), and storage 

allows organisms to control the timing of investment of nutrients into various life history 

parameters. Therefore, when larvally-derived nutrient reserves contribute significantly to 

adult fitness, it is expected that insects will allocate significant quantities of resources 

acquired by larvae to storage carried over into adults. A large number of studies have 

focused on plasticity in body size in insects, but only a few have focused on plasticity in 

allocation to nutrient storage during the last larval-adult molt (Boggs 1981, Adedokun 

and Denlinger 1985, Strohm 2000, Telang et al 2002). 

In insects, storage is primarily composed of three major categories of nutrients; 

neutral lipids, carbohydrates, and proteins. Neutral lipid stores, consisting primarily of 

triacylglycerol, are the are the most energy-rich of the three stored materials and the most 

widely studied. Lipids are stored primarily in the fat body and usually account for the 

majority of stored nutrients (up to 50% of total body mass in some insects. Downer and 

Matthews 1976, Chapman 1998). Stored lipids are primarily used for egg production, 

construction of structural components and metabolism, where their fionctions range from 

supporting basal metabolism to fueling energy-intensive activities like flight. The second 

class of stored nutrients is the carbohydrates, which consist primarily of the 

polysaccharide glycogen and the di saccharide trehalose. While these carbohydrates are 

generally stored in smaller quantities than lipid, insects can accumulate significant 

reserves of these compounds, which are used for both metabolic activities and building 

structural components (Steele 1985). The third class of nutrients, the storage proteins, is 

unique to arthropods among animals and has likely been critical to the evolution of 
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several important insect life history traits, such as holometabolous development and 

restricted adult feeding (Telfer and Kunkel 1991, Burmester 1999). Several classes of 

proteins are known to serve storage functions, but the most common group in insects is 

the storage hexamerins. Insect storage hexamerins are a hemocyanin-related group of 

proteins composed of six identical or similar subunits in the 70-90 kDa range (Telfer and 

Kunkel 1991, Burmester 2002). These proteins are known to contribute amino acids to a 

variety of functions including; tissue construction at molting, adult tissue construction, 

and reproduction (Chinzei et al. 1990, Miura et al. 1991, Koopmanschap et al. 1992, Pan 

and Telfer 1996, 2001, Seo et al. 1998). In addition, it has been suggested that the 

accumulation of storage proteins acts as a marker for life history transitions in insects 

(Hatle et al. 2001). To determine how larval resource ability affects allocation to somatic 

growth and the various components of nutrient storage, I quantified investment into 

somatic growth and all three classes of stored nutrients in S. americana and considered 

allocation to each parameter. 

In addition to direct responses to the environment, plasticity in allocation to one 

set of traits may be affected by plastic responses in functionally related traits (Roff 1992, 

Stems 1992). In the case of variation in the availability of nutritional resources, plasticity 

in nutrient acquisition can dampen the effects of differences in availability across 

environments. Compensatory feeding behavior is a tactic that many animals employ in 

response to sub-optimal nutrient availability (Slansky and Scriber 1985, Simpson et al. 

1995). Compensatory feeding behavior allows animals eating dilute diets to increase the 

amount of nutrients ingested by increasing their consumption to reach some optimal 
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nutrient intake. To determine whether S. americana larvae compensated for dietary 

nutrient availability by increasing consumption, I quantified both total food intake, and 

intake of the primary macronutrients, proteins and carbohydrates, across treatments 

differing in nutrient content. 

In addition, because nutrient intake and processing is a time-limited process, I 

expected that larval resource availability would also have significant impacts on 

development time and growth rate (Slansky and Scriber 1985, Simpson et al. 1995). 

Increased development time is a common response of animals to sub-optimal nutrition 

(Slansky and Scriber 1985, Simpson et al. 1995, Abrams et al. 1996, Nylin and Gotthard 

1998, Flanagin et al. 2000). While compensator^' feeding can dampen the effects of 

differences in availability across environments, increased development time is a cost of 

this tactic. Increases in development time typically also lead to lower growth rates. To 

determine whether larval resource availability affected development time or growth rate, 

I quantified both parameters across treatments differing in nutrient content. 

Predictions 

Growth and Storage 

Based on and whether allocation patterns are fixed or plastic, and the priority 

rules used by S. americana, I expected one of the following outcomes. If allocation was 

fixed, the amount of stores carried over into adulthood would be proportionally the same 

across all diet treatments. In this case, if nutrient stores had a low allocation priority, I 

expected that stores would be small or negligible across diet treatments. In contrast, if 

nutrient stores had a high allocation priority, I expected that individuals across all diets 
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would contain significant and proportionally similar stores. If allocation were plastic, the 

amount of stores carried over into adulthood would differ between diet treatments. In this 

case, I expected that allocation to stores would depend on the relative fitness benefits of 

stores compared to body size in the various environments. If body size was always more 

important than nutrient stores, I expected that individuals would invest in stores only after 

minimum investment in body size was met. In this case, individuals on poor quality diets 

would contain little or no stores, and individuals on high quality diets would have both 

larger bodies and greater stores. If stores were more important than body size in poor 

environments, I expected that individuals fed poor quality diets would contain greater 

stores than individuals fed high quality diets. 

In addition, organisms are expected to prioritize allocation to traits based on 

relative fitness benefits (Roff 1992, Steams 1992, Glazier 2002). Therefore, the above 

predictions can be used to generate hypotheses about the fitness benefits of body size and 

nutrient storage to S. americana adults across a gradient of nutritional resource 

availability. First, if allocation to storage is large and proportionally steady across all 

diets, I would expect that larvally derived nutrient stores have high fitness effects in 

adults. Second, if allocation to storage is consistently low or non-existent across all diets, 

I expect larvally derived nutrient stores to have low fitness effects in adults. Last, if 

allocation to storage is plastic, I expect that larvally derived nutrient stores have moderate 

or environment-dependent fitness effects in adults. 
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Feeding Behavior and Development Time 

Compensatory feeding behavior occurs in most animals and has been shown to 

occur in several species of grasshopper (Simpson et al. 1995). Therefore, I predicted that 

feeding behavior in S. americana larvae would be plastic in response to dietary nutrient 

content. Specifically, 1 expected that larvae fed artificial diets with low nutrient contents 

would consume more than individuals fed higher nutrient content diets. Compensatory 

feeding would reduce differences in overall nutrient intake among the diet treatment 

groups. However, because diets with a wide range of nutrient contents were used, I 

expected that compensatory feeding responses would not be large enough to equalize 

nutrient intake across all diets. Specifically, individuals fed the lowest nutrient content 

diets would not consume enough food to equal the nutrient intake of individuals fed 

higher nutrient content diets. 

Increased development time is a common byproduct of feeding on sub-optimal 

diets (Slansky and Scriber 1985, Simpson et al. 1995, Abrams et al. 1996, Nylin and 

Gotthard 1998, Flanagin et al. 2000). Therefore, I predicted that larval diet would have 

effects on development time and growth rate. Specifically, I expected that individuals fed 

low nutrient content diets would take longer to reach adult eclosion than individuals fed 

nutrient-rich diets. As a consequence of this increase in development time, I expected that 

individuals fed low nutrient content diets would have lower growth rates than individuals 

fed nutrient-rich diets. 
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METHODS 

Insects and Rearing 

Insects were obtained from a Schistocerca americana colony maintained at The 

University of Arizona. This colony was founded from individuals collected near Lake 

Georgetown, Travis Co., Texas in October 2001. Insects used in this study were the 

second generation of individuals reared in the laboratory. All insects were kept in a 

controlled environment room set at 28°C and 20% relative humidity and provided with 

100 watt light-bulbs as a source of radiant heat on a 14L:10D cycle. To hold genetic 

background constant, twelve female nymphs were equally sampled from four full-sib 

families and placed on one of six diet treatments. Nymphs were reared in sibling groups 

from hatching through the second instar in 30 x 30 x 30 cm screen cages. First and 

second instar nymphs were provided with the standard rearing diet of Romaine Lettuce 

and wheat germ ad libitum. Upon passing into the third instar, female nymphs were 

separated out and reared individually in 2 L plastic containers. Each 2 L container 

contained a 2 x 10 cm strip of 0.5 cm mesh hardware cloth for perching, one 10 ml plastic 

petri dish with a slit cut in the top containing deionized water, and one 10 ml plastic petri 

dish containing artificial diet. Nymphs were provided only artificial diet and water from 

the onset of the third instar until adult eclosion. Fresh water was provided every day and 

fresh diet was provided every second day. On the standard laboratory rearing diet, S. 

americana individuals typically have six larval instars and approximately 90% of their 

body mass at adult eclosion is accumulated in instars 3-6 (Hahn, unpublished). Therefore, 
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this was an appropriate time-period within larval development to manipulate resource 

availability. Within 12 hours of adult eclosion, food was removed from the rearing 

containers and adults were sampled 12-24 hours later to allow the cuticle time to harden. 

Adults were immediately frozen at -70°C. 

Artificial diet treatments 

Artificial diets were based on those for Locusta migratoria by Simpson et al. 

(1988). Six artificial diet treatments that differed in their contents of the primary 

macronutrients, proteins and carbohydrates, were used to manipulate larval resource 

availability. The diet treatments were as follows: 14, 28,42, 56, 70, or 84% of the dry 

mass of the diet consisting of a 1:1 ratio of proteins and carbohydrates. The protein 

source consisted of a 3:1:1 mixture of casein, albumin, and peptone, and the carbohydrate 

source was a 1:1 mixture of sucrose and dextrin. Approximately 5% of the dry mass of all 

diets consisted of micro-nutrients (vitamins, salts, cholesterol, and linolenic and linoleic 

acids). The remainder of the dry mass of each diet was made up of a non-nutritive 

bulking agent (alpha-cellulose). Diets were presented as dried homogenized powders. 

Measuring somatic growth 

Two estimates of somatic growth were taken: storage-free dry weight and hind 

femur length. Frozen individuals were freeze-dried until they reached constant mass, and 

weighed. Storage free dry weight was calculated as the total dry weight of the individual 

with the four stored materials subtracted off (i.e., storage free dry weight = dry weight -

[total storage protein + total glycogen + total trehalose + total lipid]). After weighing, the 

length of the left hind femur of each individual was taken to the nearest 0.05mm using a 



72 

mechanical caliper to use as a non-mass based measure of somatic investment. Hind 

femur length is a commonly used as a non-mass based measure of body size in 

grasshoppers (Uvarov 1977). 

Measuring storage 

After dry mass and hind femur length were measured, dried adult grasshoppers 

were homogenized in liquid nitrogen. Sub-samples of this homogenate were used for 

biochemical analysis of storage compounds. Glycogen, trehalose, and lipid content were 

assessed using the method of Van Handel (1965) as modified by S. Flowers, J. Horton, 

and M.A. Wells. This method separates glycogen, trehalose, and lipids. Lipids are further 

processed to remove phospholipids by running the lipid-containing extract through a 

column containing 0.2 g of 100 mesh silicic acid which is subsequently washed eight 

times with 1 ml of pure chloroform each time. Lipids were spectrophotometrically 

assayed against a range of known standards using the vannilin-phosphoric acid method. 

Similarly, trehalose and glycogen were also spectrophotometrically assayed against a 

range of known standards using the anthrone-sulfiiric acid method. 

Storage protein content was likewise quantified using a sub-sample of the 

grasshopper homogenate according to the method of Hahn and Wheeler (in prep). The 

primary storage protein in newly-eclosed adults is a hexamerin identified as S. americana 

persistent storage protein (PSP). The sub-units of PSP were the most abimdant soluble 

protein appearing on 6-15% SDS-PAGE gradient gels. To quantify the PSP subunits, gels 

were scanned at 633 nm using a laser densitometer (LKB Ultrascan XL). Standard curves 

were generated using known quantities of bovine serum albumin (BSA) that ranged from 
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0.2-4.0 yg. Internal standards of 1.0 and 3.0 iig BSA were included on each gel to correct 

for gel to gel variation. 

Measuring food consumption and development time 

Uneaten food and frass were removed every second day. and a known mass of 

fresh food was supplied. Uneaten food was collected over the course of the experiment, 

dried to constant weight in an oven at 60°C, and weighed. The total amount of food 

consumed by a larvae over the experimental period was calculated as the total amount of 

food provided minus the total amount uneaten. The total amount of macronutrients 

consumed was calculated as the total amount of food consumed multiplied by the 

proportion of the diet composed of protein and carbohydrate. 

The date that an individual molted into the third instar was recorded, and the 

number of days elapsed between molting into the third instar and adult eclosion was used 

as development time. Growth rate was calculated as the total dry weight in milligrams of 

the individual at sampling, just after adult eclosion, divided by the development time in 

days. 

Statistical analyses 

Two-way ANOVA was used to assess whether there were significant family-level 

effects on the relationship between larval diet and any of the variables of interest. Two 

variables (storage protein content and development time) showed significant family-level 

effects. Additional analyses of these variables included family as an effect in all models. 

There were no significant interaction effects between family and diet. For those traits that 

did not show significant family-level effects, one-way ANOVA was used to assess the 
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effects of larval diet. Once the effects of larval diet on the parameters of interest were 

documented, Pearson's correlations were used to determine whether there were any 

relationships between measures of somatic investment and storage investment. There 

were positive correlations between both measures of somatic investment and several 

storage parameters. To determine whether S. americana displayed resource-based 

plasticity in allocation to nutrient storage at adult eclosion, ANCOVA was used to 

determine if larval diet had an effect on storage when somatic investment was held 

constant as a covariate. Resource-based plasticity in allocation was considered to occur 

when larval diet had a significant effect on storage when somatic investment was held 

constant. The proportion of total mass accounted for by somatic investment and each of 

the storage parameters was used to describe reaction norms. Where necessary, traits were 

transformed to meet the assumptions of normality and homogeneity of variances. Using 

the natural logarithm of most variables sufficed, with the exception of hind femur length, 

where the reciprocal transformation was used. All analyses were performed using the 

J MP IN statistical package (SAS Institute 1996). 
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RESULTS 

Somatic growth 

Larval diet had significant effects on both measures of somatic growth, 

specifically storage-free dry mass and hind femur length, and there were no significant 

family level effects on either measure (Table 1). Intermediate nutrient content diets • 

supported greater somatic growth than the lowest nutrient content diet for both measures 

of somatic investment (Fig la,lb, one-way ANOVAs, log storage-free dry mass, 

F5,4i=6.64, p < 0.001, and reciprocal hind femur length, F5,6i= 3.12, p= 0.015 ). The diet 

containing 56% macronutrients supported the greatest somatic growth, and hereafter is 

termed the best growth diet. 

Nutrient storage 

Effects of larval diet on nutrient storage were more complex than for somatic 

growth. Larval diet had a significant effect on both lipid and trehalose content (one-way 

ANOVAs, log lipid content, 25.89, p <0.001, and trehalose content, F5,47= 3.21, 

p=0.015 respectively). Larvae fed the best growth diet contained significantly more lipid 

stores at adult eclosion than larvae fed either of the lowest nutrient content diets (Figure 

2a, Tukey's HSD p<0.05). Trehalose stores at adult eclosion displayed a similar, but less 

pronounced pattern. Individuals fed the best growth diet contained significantly greater 

trehalose stores than individuals fed the lowest nutrient content diet (Figure 2b, Tukey's 

HSD p<0.05). In contrast, there was no effect of larval diet treatment on stored glycogen 

content (Figure 2c, one-way ANOVA, glycogen content, F5,47= 1.07, p=0.390). There 

were no significant family-level effects on lipid, trehalose or glycogen content, but there 
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was a significant family-level effect on storage protein content (Table 1). Holding family-

level effects constant, there was no significant affect of larval diet on storage protein 

content at adult eclosion when the adjusted means from the two-way ANOVA were 

compared (Figure 2d, Tukey's HSD all p's >0.05). The observed family-level effect was 

due to a single family (family 3) that contained more stored protein than any of the other 

three families across all diets. 

Plasticity in allocation 

In addition to growing larger, larvae fed intermediate nutrient content diets 

contained more lipid and trehalose stores, and there were positive correlations between 

both measures of somatic investment and lipid, trehalose, and protein stores (Table 2). 

Two-way ANOVAs were used to determine the relative effects of larval diet and somatic 

investment on patterns of allocation to lipid and trehalose storage at adult eclosion (Table 

3a). Two-way ANOVAs were calculated separately using each of the measures of 

somatic investment (storage-free dry mass and hind femur length). Somatic investment 

had a significant effect on lipid content, for both measures, larger individuals contained 

more lipid (Table 3a). When each measure of somatic investment was held constant, 

larval diet had a significant effect on lipid storage (Table 3a). Therefore, there was 

plasticity in allocation to lipid storage across diets. In contrast, when considered together, 

neither somatic investment nor larval diet contributed significantly to trehalose content 

(Table 3a). Because of the significant family-level effect on protein storage, a three-way 

ANOVA with family, larval diet, and somatic investment was used for both somatic 

investment parameters, storage-free dry mass and hind femur length (Table 3b). The 
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effects of larval diet, family, and somatic investment on storage protein content differed 

between the two measures of somatic investment. Although the two analyses differed 

based on the somatic investment parameter used, larval diet had no significant effect on 

storage protein content in either analysis (Table 3b). When considering storage-free dry 

mass, somatic investment had a significant effect on storage protein content, while larval 

diet and family did not (Table 3b). On the other hand, when considering hind femur 

length, both somatic investment and family had significant effects on storage protein 

content, while the effect of larval diet was slightly suggestive, but not significant (Table 

3b). 

Larval diet had a significant effect on lipid storage when somatic investment was 

held constant, indicating that allocation to lipid storage was plastic in response to larval 

diet. This plasticity was also evident when the proportions of mass at adult eclosion 

accounted for by the following four parameters were compared: storage-free dry mass 

(i.e., somatic investment), lipid content, trehalose content, glycogen content, and storage 

protein content (Figure 3). The reaction norms for allocation to trehalose, glycogen, and 

storage protein were essentially flat across the larval diet treatments. In contrast, 

allocation to lipid stores was much greater in the intermediate nutrient content diets (56% 

P+C) than the lowest nutrient content diets (14% and 28% P+C) (ANOVA, log % mass 

lipid, F5,49= 27.45, p<0.001) In addition, the best growth diet, which yielded the largest 

somatic investment (56% P+C), also yielded significantly greater allocation to lipid 

storage than the two lowest nutrient content diets (14% and 28% P+C), or the highest 

nutrient content diet (84% P+C) (Tukey's HSD p<0.05). This suggests that the diet 
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containing 56% macronutrients was the best diet for supporting both growth and nutrient 

storage and that diets, with both too low or too high a concentration of nutrients were sub-

optimal. 

Consumption 

There were no significant family-level effects on total food consumption, or 

macronutrient intake (Table 1). Total food consumption stood out as notably higher in the 

lowest nutrient concentration diet than any other diet (Figure 4a, ANOVA, F5ji=79.68, 

p<0.001, Tukey's HSD p<0.05). Among the other diets, intake decreased steadily with 

nutrient concentration. The extreme difference between the lowest concentration diet and 

all other diets was less when total macronutrient intake was considered (total proteins + 

carbohydrates). Total macronutrient intake was lowest on the lowest nutrient 

concentration diet, and increased as nutrient concentration increased (Figure 4b, 

ANOVA, F5ji=3.84, P=0.004). Plasticity in feeding was evident, with total consumption 

the highest on low nutrient content diets and consumption lowest on high nutrient content 

diets. This compensatory feeding response decreased the variation in macronutrient 

intake among all diet treatments. However, individuals fed the lowest nutrient content 

food did not compensate enough to equal the macronutrient intake of those individuals 

fed diets that were more concentrated. 

Development Time 

There was a significant family-level effect on total development time in response 

to larval diet (Table 1). Total development time was notably longer in individuals fed the 

lowest nutrient content diet, and not significantly different among individuals fed all 
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other diets (Figure 5 a, Two-way AN OVA, Whole model F8,68-8.18, p<0.001. Diet 

effects, F5_68- 9.34, p<0.001. Family-level effects, F3.68-6.89, p<0.001, Tukey's HSD 

p<0.05 using adjusted means from the two-way ANOVA). The family-level effect was 

due to a single family (family 2) that took longer to develop than any of the other three 

families across all diets. There was no significant effect of family on growth rate (Table 

1). In a pattern similar to development time, growth rate was lowest among individuals 

fed the lowest nutrient content diet, but not significantly different among individuals fed 

all other diets (ANOVA, F5,4i= 10.29, p<0.001, Tukey's HSD p<0.05). 
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DISCUSSION 

There was resource-based plasticity in allocation to lipid storage, but no other 

storage parameter in response to larval diet. Individuals fed the best growth diet allocated 

proportionally more resources to lipid stores than individuals fed the poorest diet. Larval 

resource availability had a significant effect on allocation to somatic growth. An 

intermediate diet supported the best growth (56% P+C), but the largest difference in 

growth occurred between the lowest nutrient content diet and all others. Individuals fed 

the lowest nutrient content diet had both significantly lower mass and shorter hind femurs 

than individuals fed the best growth diet. Similarly, larval diet had a significant effect on 

both lipid and trehalose storage, but not glycogen or protein storage. Across diets, larger 

individuals contained more stores. When somatic growth was held constant, there was a 

significant effect of larval diet on lipid content only. 

It is not surprising that plasticity was only detected in allocation to lipid storage. 

Because of its high energy content, lipid is the primary stored nutrient in insects and most 

other animals (Downer and Matthews 1976). Some insects, such as the diamondback 

moth, Plutella xylostella, carry significant storage protein reserves over into adulthood 

from larval feeding (Wheeler et al. 2000). However, this moth does not feed on protein 

resources as adults and therefore must carry over enough stored essential amino acids 

from larval life to produce eggs. Schistocerca americana feed on both protein and 

carbohydrate resources as adults, and adult females undergo a significant period of 

feeding and somatic growth before they begin to provision eggs (Hahn and Wheeler in 

prep). Therefore, they are able to accumulate the protein needed for both post-eclosion 
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somatic growth and reproduction through adult feeding. Why then do females on the best 

growth diet allocate a significant portion of their larvally derived resources to lipid 

storage? This work suggests that larvally derived lipid stores have either moderate or 

diet-dependent fitness effects in adult females. The function of larvally derived lipid 

stores in adults is currently unknown. Lipid stores could be used for several functions, 

including metabolism, dispersal, and post-eclosion somatic growth. Adult females feed 

for over a week before egg provisioning begins, so it is unlikely that larvally derived 

lipids are used directly in reproduction. However, larvally derived stores could contribute 

to fitness in a number of ways. They could allow the animal to accumulate the fuel 

reserves to disperse more quickly, or allow individuals to reproduce earlier by providing 

anabolic material to accelerate the period of somatic growth prior to egg provisioning. 

Another interesting pattern that appeared in both measures of somatic investment, 

and with lipid storage was that individuals fed the two highest nutrient content diets were 

smaller and contained less lipid stores than individuals fed the best growth diet. While 

this difference was not statistically significant, it occurred in all three measures, and 

suggests that the best growth diet represents a nutrient concentration nearer the optimum. 

Consuming foods with nutrient concentrations greater than the optimum could be 

detrimental to growth, storage, or both. Because it is possible for individuals to 

compensate for dilute diets by increasing consumption, it should be possible to 

compensate for concentrated diets by consuming less (Slansky and Scriber 1985, 

Simpson et al. 1995). One explanation for this is while macronutrient concentration 

varied across diets in this experiment, the concentration of micronutrients (e.g., vitamins. 
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minerals, etc.) did not. It is possible that individuals on the most concentrated diets had to 

over-consume proteins and carbohydrates to meet their micronutrient requirements. In 

this case, individuals would pay the physiological costs of processing and excreting these 

excess nutrients, perhaps yielding lower net availability of nutrients for allocation to 

growth and storage. Another possible explanation is that micronutrients may not have 

been limiting in any diet and costs could have been due to overloading the digestive 

system with proteins and carbohydrates or a lack of dietary fiber. Further work will be 

needed to determine whether diets with high protein and carbohydrate concentrations are 

sub-optimal, and if so, identifying the mechanisms underlying their detrimental effects 

Plasticity in feeding behavior was also observed in response to larval diet. 

Individuals fed low nutrient diets consumed significantly more than individuals fed high 

nutrient diets. However, increased consumption was not enough to completely 

compensate for diet dilution. Individuals fed low nutrient diets consumed less total 

macronutrients, proteins and carbohydrates, than individuals fed high nutrient diets. In 

addition, the inadequacy of compensatory feeding was evident in the growth differences 

between individuals fed low versus high nutrient diets. Compensatory feeding might have 

been able to decrease differences in nutrient gains between diets that were close in 

nutrient content. However, it was clearly not successful in compensating across the wide 

range of nutrient concentrations used in this study. In addition, to the compensatory 

feeding response observed here, insects are also capable of plasticity in post-ingestive 

processing that could ameliorate some of the differences in diet quality (Slansky and 

Scriber 1985, Simpson et al. 1995). By increasing digestive efficiency as well as 
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consumption, larvae fed low nutrient diets could have absorbed the same gross amount of 

nutrients as individuals fed higher content diets. While this is possible, the observed 

differences in growth and allocation to storage suggest that net nutrient input available 

for allocation differed between individuals on low and high nutrient diets. Therefore, the 

edges of the presented range of diets were outside the compensatory abilities of S. 

americana larvae. 

Larval diet treatment also had significant effects on development time and growth 

rate. Individuals fed the lowest nutrient content diet took significantly longer to reach 

adulthood and had a significantly lower growth rate than individuals on all higher 

nutrient content diets. These results were expected considering the well-known 

relationship between food quality and development time (Slansky and Scriber 1985, 

Simpson et al. 1995, Nylin and Gotthard 1998). Growth rates are dependent on 

development time, and some authors have suggested that growth rates control the timing 

of larval-adult transitions in both insects and anurans (Lepis and Travi s 1994, Bradshaw 

and Johnson 1995, Nylin and Gotthard 1998, Flanagin et al. 2000, D'Amico et al. 2001). 

Therefore, describing the relationship between diet and growth rate is important for 

understanding nutrient allocation at the last larval-adult molt. As discussed above for 

consumption, the only major difference in growth rates between diet groups occurred on 

the lowest nutrient content diet; reinforcing the idea that compensatory feeding was 

effective in making up small differences in diet nutrient content, but the lowest nutrient 

content diet was outside the range of compensatory ability. 
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In addition to the effects of nutrient availability , there were significant family-

level effects on both storage protein content and development time. However, none were 

detected for the other eight response variables, and the observed responses were not 

consistent across traits (i.e., the family with the greatest storage protein response did not 

have the greatest response when other variables were considered). Because many life 

history traits exhibit significant heritabilities, maternal effects, or a combination of both, 

it is not surprising that family-level effects were detected in this study (Roff 1992, 

Steams 1992, Mousseau and Fox 1998). In fact, it is noteworthy that more family-level 

effects were not found. However, the lack of family-level effects detected in this study 

can not be taken as evidence for limited heritabilities or maternal effects in the focal 

traits. Families were only used to limit genetic and maternal factors that could have 

affected comparisons across diet treatments. The small number of families (4) and small 

number of individuals per family included in each treatment (3), limited the power of this 

study to detect and interpret family-level differences. This area of inquiry would be 

benefited by future research on family-level effects concentrating on the two diets that 

produced the greatest differences in growth and allocation patterns. 

I have shown that female S. americana larvae exhibit nutritionally induced 

plasticity in allocation patterns between somatic growth and lipid stores at adult eclosion. 

This established, many important questions remain. Future work should focus on 

determining the function of larvally derived lipid stores in adult females, and assessing 

the fitness benefits associated with both body size and lipid storage across environments. 

In addition, a comparison of sex-based differences in allocation between somatic growth 
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and nutrient storage at eclosion in S. americana males would be useful. Male larvae gain 

less mass during larval life than female larvae, but adult females prefer larger males 

(Kosal and Niedzlek-Feaver 1997, Hahn and Wheeler in prep). Therefore, one might 

expect that males would give a higher priority to allocating resources to somatic growth 

than females. However, adult males may also have alternative functions for larvally 

derived nutrient stores. Further research on both the physiology and evolutionary ecology 

of resource allocation at the last larval-adult moult in S. americana and other groups 

differing in their life histories and uses for larvally-derived stores in adulthood are clearly 

needed to develop an understanding of how life histories shape allocation priority rules at 

the last larval-adult molt. 
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Table 1. Two-way ANOVA tables for family-level effects and larval diet effects on 
focal traits in this study. ** Denotes a significant family-level effect. 

Trait Source df F P 
Ln (Storage Free Diy Mass) Whole Model 8 4.14 0.002 

Larval Diet 5 6.09 0.004 
Family 3 0.47 0.703 
Error 33 
Total 41 

Recriprocal (Hind Femur Length) Whole Model 8 3.03 0.012 
Larval Diet 5 3.96 0.007 
Family 3 1.2 0.395 
Error 32 
Total 40 

Ln (Lipid Content) Whole Model 8 12.69 <0.001 
Larval Diet 5 19.11 <0.001 
Family 3 0.59 0.628 
Error 33 
Total 41 

Trehalose Content Whole Model 8 1.66 0.146 
Larval Diet 5 2.32 0.066 
Family 3 0.37 0.775 
Error 33 
Total 41 

Glycogen Content Whole Model 8 0.686 0.701 
Larval Diet 5 0.816 0.547 
Family 3 0.724 0.545 
Error 33 
Total 41 

Storage Protein Content Whole Model 8 3.59 0.004 
Larval Diet 5 2.68 0.039 
Family 3 4.91 0.006** 
Error 33 
Total 41 

Total Food Consumed Whole Model 8 
Larval Diet 5 57.84 <0.001 
Family 3 90.88 <0.001 
Error 62 2.32 0.084 
Total 70 

Total P+C Consumed Whole Model 8 3.80 0.001 
Larval Diet 5 4.91 0.001 
Family 3 2.12 0.107 
Error 62 
Total 70 

Development Time Whole Model 8 8.18 <0.001 
Larval Diet 5 9.34 <0.001 
Family 3 6.89 <0.001** 
Error 60 
Total 68 

Ln (Growth Rate) Whole Model 8 7.85 <0.001 
Larval Diet 5 11.76 <0.001 
Family 3 2.14 0.114 
Error 33 
Total 41 
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Table 2. Pearson's correlations between two measures of somatic growth and nutrient 
storage parameters. 

Nutrient Storage Parameter 

Lipid Trehalose Glycogen Storage Protein 
Somatic Growth 
Parameter 

PC P PC P PC P PC P 

Storage Free 
Dry Mass 

0.859 <0.00 
1 

0.436 0.004 -0.165 0.296 0.488 0.001 

Hind Femur 
Length 

0.730 <0.00 
1 

0.283 0.054 -0.237 0.109 0.457 <0.001 
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Table 3.3a. ANCOVA tables for the effects of somatic growth parameters on lipid and 
trehalose storage. 3b. ANCOVA table for effects of somatic growth parameters and 
family of origin on protein storage. 

3a. Trait Source df F P 
Ln (Lipid Content) Whole Mode! 6 35.98 <0.001 

Larval Diet 5 8.39 <0.001 
Ln (Storage Free Dry Mass) 1 29.78 <0.001 
Error 35 
Total 41 

Ln (Lipid Content) Whole Model 6 27.32 <0.001 
Larval Diet 5 13.81 <0.001 
Reciprocal (Hind Femur Length) 1 13.59 <0.001 
Error 40 
Total 46 

Trehalose Content Whole Model 6 2.72 0.028 
Larval Diet 5 1.33 0.275 
Ln (Storage Free Dry Mass) 1 2.84 0.101 
Error 35 
Total 41 

Trehalose Content Whole Model 6 2.49 0.038 
Larval Diet 5 2.18 0.075 
Reciprocal (Hind Femur Length) 1 0.14 0.706 
Enror 40 
Total 46 

3b. Trait Source df F P 
Storage Protein Content Whole Model 9 3.49 0.004 

Larval Diet 5 0.96 0.455 
Ln (Storage Free Dry Mass) 3 4.16 0.014 
Family 1 1.93 0.174 
Error 32 
Total 41 

Storage Protein Content Whole Model 9 4.29 <0.001 
Larval Diet 5 2.08 0.086 
Reciprocal (Hind Femur Length) 3 4.07 0.012 
Family 1 4.33 0.043 
Error 45 
Total 54 
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FIGURE CAPTIONS 

Figure 1. Effects of larval diet on somatic investment parameters, la. Plot of the natural 

log of storage free dry mass by larval diet treatment, lb. Plot of the reciprocal of hind 

femur length by larval diet treatment. Significant differences in both parameters occurred 

between individuals fed the lowest nutrient content diet, and intermediate nutrient content 

diets. Horizontal bars represent one standard error. The same letter denotes groups that 

are not significantly different after a Tukey's HSD correction for multiple comparisons 

(a = 0.05). 

Figure 2. Effects of larval diet on stored nutrient content. 2a. Plot of the natural log of 

lipid content by larval diet treatment. 2b. Plot of trehalose content by larval diet. 2c. Plot 

of glycogen content by larval diet treatment. 2d. Plot of the adjusted means for storage 

protein content by larval diet when family-level effects were held constant. Individuals 

fed the best growth diet (56%) contained significantly more lipid and trehalose than 

individuals fed the lowest nutrient content diet (14%). There was no effect of larval diet 

on glycogen or storage protein content. Horizontal bars represent one standard error. The 

same letter denotes groups that are not significantly different after a Tukey's HSD 

correction for multiple comparisons (a = 0.05). 
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Figure 3. Breakdown of the proportion of total mass accounted for by allocation to 

somatic growth (storage free dry mass) and storage (lipid, glycogen, trehalose, and 

storage protein). Individuals fed the best growth diet (56%) allocated proportionally more 

to lipid storage than individuals fed the lowest nutrient content diet (14%). Individuals 

fed other diets were intermediate in their allocation to lipid. The same letter denotes 

groups that are not significantly different in allocation to lipid after a Tukey's HSD 

correction for multiple comparisons (a = 0.05). 

Figure 4. Effects of larval diet on feeding. 4a. Mean quantity of artificial diet consumed 

by individuals in each treatment group. 4b. Mean quantity of macronutrients (proteins + 

carbohydrates) consumed by individuals in each treatment group. Individuals fed lower 

nutrient content diets consumed considerably more diet than individuals fed intermediate 

or high nutrient content diets. However, plasticity in feeding behavior did not completely 

compensate for diet dilution. Total macronutrients consumed were not equal across 

groups, but increased steadily with diet nutrient content. 

Figure 5. Effects of larval diet on development time and growth rates. 5a. Plot of 

development time in days by larval diet treatment. 5b. Plot of the adjusted means for the 

natural log of growth rate by larval diet when family-level effects were held constant. 

Individuals fed the lowest nutrient content diet took the longest to develop and had the 

lowest growth rate. There were no differences in development time or growth rate among 

all other diets. Horizontal bars represent one standard error. The same letter denotes 

groups that are not significantly different after a Tukey's HSD correction for multiple 

comparisons (a = 0.05). 
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APPENDIX C. ALTERNATIVE LIFE HISTORY TACTICS IN TWO CLOSELY 

RELATED MEMBERS OF THE CAMPONOTUS FESTINATUS COMPLEX OF 

DESERT CARPENTER ANTS: DIFFERENCES IN ALLOCATION TO FAT 

STORAGE. 

ABSTRACT 

I investigated whether two closel y related members of the Camponotus festinatus 

species complex of desert carpenter ants, the light and dark-desert forms differed in their 

life history tactics with respect to fat storage. Newly-mated queens were collected in the 

field and colonies were reared imder common conditions in the laboratory for two years 

before sampling. I show that the two forms differ in their life histories with respect to fat 

storage. Dark-form workers and soldiers stored significantly more fat per unit lean mass 

than light-form workers or soldiers. However, there was no significant difference in the 

total amount of fat stored by the two forms at the colony-level. There was also no 

significant difference in the proportions of workers or storing significant amounts of fat; 

although there was a trend towards light-form colonies having a greater proportion fat 

storing soldiers than dark-form colonies. The slightly higher proportion of high gaster-

distension soldiers in the light-form colonies probably led to the lack of a detectable 

difference in total fat storage at the colony-level between the two forms. 
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INTRODUCTION 

A fundamental problem in evolutionary ecology is identifying the mechanisms 

that control patterns of resource allocation to various phenotypic and life history traits 

(Roff 1992, Steams 1992). One approach to identifying mechanisms begins with 

comparing the rules used to allocate resources between closely related species with 

differing life histories. Understanding these rules is central to determining the proximate 

(i.e., physiological and genetic) and ultimate (i.e., evolutionary) factors shaping life 

history traits (Zera and Harshman 2001, Glazier 2002). Social insects provide an 

interesting perspective on this problem because colonies are the primary unit of selection, 

but most colony-level traits are the product of integrating multiple individual-level traits 

(Bourke and Franks 1995). Therefore, understanding allocation in social insects involves 

studying traits of interest at both the individual and colony levels. 

Allocation to fat storage is an important physiological life history trait in most 

organisms. Storage is a functionally important trait because it allows organisms to 

decouple times of resource need from times of availability. This, in turn, allows 

organisms to optimally time their investments into various life history parameters. In 

social insects, fat storage is a central characteristic of seasonal life cycles (Ricks and 

Vinson 1972, Jensen 1978, Tschinkel 1987, 1993, 1999, Bourke and Franks 1995). In 

many ant species, the timing of sexual production and maximal nutrient need occurs 

during the spring, preceding the peak of nutritional resource availability, which usually 

occurs in the summer (Ricks and Vinson 1972, Jensen 1978, Tschinkel 1987, 1993, 

1999). Several species of ant have been shown to accumulate fat reserves during times of 
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high resource availability, which are depleted coincident with sexual production several 

months later (Ricks and Vinson 1972, Jensen 1978, Tschinkel 1987, 1993,1999). In these 

cases, fat reserves provide the necessary resources to allow colonies to produce sexuals at 

the most advantageous time, even if resource availability at that time is relatively low. 

Ant colonies can increase their fat stores through two main tactics (Tschinkel 

1993). First, individual workers can increase the amount of fat they store per unit lean 

mass. Second, a greater proportion of individuals within the colony can store significant 

amounts of fat. Most ant species employ a combination of these two tactics (Ricks and 

Vinson 1972, Jensen 1978, Tschinkel 1987, 1993, 1999, Hasegawa 1993). In some 

species with polymorphic workers, fat storage scales isometrically with body size so that 

larger individuals contain proportionally greater fat stores than smaller individuals 

(Wilson 1974, Hasegawa 1993, Tschinkel 1993, 1999, Porter and Tschinkel 1985). 

Isometric scaling suggests that nutrient storage is a primary function of the soldier caste 

in polymorphic ant species. In addition, colony size is positively related to fat storage; 

where larger colonies contain greater fat stores, and greater mean individual size due to a 

higher proportion of large individuals (Jensen 1978, Hasegawa 1993, Tschinkel 1993, 

1999). In addition to fat stores, many species of ants store significant amounts of liquid 

food in the crops of replete individuals (Holldobler and Wilson 1990). Across species, 

repletism is positively related to worker size, and large colonies with the greatest 

proportions of large workers contain the greatest crop stores (Rissing 1984, Tsuji 1990, 

Haack et al. 1995, Borgesen 2000). Individual body size, colony size, and the 

distributions of body sizes within a colony are important factors in determining the 
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amounts of both fat and liquid stores, highlighting their importance to colony life 

histories. 

I investigated patterns of allocation to fat storage in two closely related desert 

carpenter ants thought to differ in their fat storage strategies. Members of the 

Camponotus festinatus (Buckley) species complex are distributed throughout the 

Southwestern United States and Northern Mexico (Creighton 1950). This species 

complex encompasses a wide range of morphological, ecological, and molecular genetic 

variation throughout its distribution (Lazaruz, Hahn, and Werengreen, unpublished data; 

Goodisman and Hahn, unpublished data; S.P. Cover, personal communication) In 

Southern Arizona, where the complex has been best studied, four distinct forms have 

been identified based on consistent morphological variation (Lazaruz, Hahn, and 

Werengreen, unpublished data; Goodisman and Hahn, unpublished data; S.P. Cover, 

personal communication). Two of these forms occur sympatrically in low-elevation 

desert areas in the Tucson Basin. Colonies of these two desert forms differ slightly in 

color with the light-form ranging from very pale yellow to a light brown-yellow, and the 

dark-form ranging from brown-yellow to very dark brown. In addition, colonies of the 

two desert forms can be reliably distinguished by the lengths of their antennal scapes. 

Workers and soldiers of the two desert fonns are similar in size. However, workers and 

soldiers of the light-form have significantly longer scapes than workers and soldiers of 

the dark-form. In addition, recent molecular genetic studies of the C. festinatus species 

complex show that these two desert forms are more closely related to each other than the 

other two forms, but are genetically distinct (Lazarus, Hahn, and Werengreen, 



104 

unpublished data; Goodisman and Hahn, unpublished data). Preliminary observations of 

these two forms in the field and laboratory suggested that they differed in their life 

histories with respect to fat storage. 

To determine whether these two forms differed in their fat storage strategies, I 

performed a common garden experiment wherein queens were collected during mating 

flights and colonies were reared under the same controlled conditions in the laboratory 

for two years. Subsequently, colonies were sampled to answer the following questions. 

First, does colony size or total fat storage differ between colonies of the two forms? 

Second, do colonies of the two forms differ in the tactics they use to store fat? 

Specifically, are there differences in the amount of fat stored per worker, or in the 

proportion of workers storing significant amounts of fat? Last, is there caste-level 

specialization in nutrient storage? 
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METHODS 

Insect Collection and Rearing 

Queens of both Camponotus festinatus forms were collected at an ultraviolet light 

trap located at approximately 1000 m elevation on the University of Arizona Santa Rita 

Experimental Range, in Pima County Arizona. Queens and males initiate mating flights 

on clear evenings just after summer-afternoon rains, and are attracted to the ultraviolet 

light traps during these flights. Roughly half of the queens collected produce brood in the 

laboratory and approximately ten percent produce viable laboratory colonies after one 

year. Collections for this study were taken on July 14 and July 19, 1999. 

After collection, queens were confined in 30 ml disposable glass test tubes filled 

with approximately 10 ml of deionized water plugged with cotton to provide moisture. 

Queens and resulting colonies were maintained in an environmental chamber kept at 

30°C with no light for the duration of the experiment. Tubes were checked every few 

days for the presence of brood. After eight weeks, a number of queens of both forms had 

produced 2-5 pupae. Tubes containing pupae were checked every second day for eclosion 

of the first worker. Once the first worker had emerged, the tube containing the incipient 

colony was unplugged and placed in a 200 ml plastic petri dish containing fresh cotton-

plugged test tubes as a water source. Colonies resided in these petri-dish nests for 

approximately nine months while they grew in size. After twelve months, colonies were 

moved to 33 x 18 x 10 cm plastic boxes. From the time of first worker eclosion until 

sampling, colonies were fed ad libitum with a combination of frozen larvae of the 

cockroach, Nauphoeta cinera, and the moth, Manduca sexta, and a 1:1 honey-water 



106 

mixture supplemented with 0.5% Vanderzant's vitamin mix and 0.5% Wesson's salts 

mix. 

Sampling 

After having been maintained in the laboratory for two years, five healthy 

colonies of each form were sampled during July 2001. Sampling consisted of separating 

all workers and soldiers from the colony. Workers and soldiers of both forms are capable 

of accumulating significant stored fat and protein reserves in their fat bodies (Martinez 

and Wheeler 1994, Rosell and Wheeler 1995). Consequently, the abdominal fat body 

increases in size and causes the gaster to become distended. In extreme cases, the cells of 

the abdominal fat body are observable by the naked eye through the intersegmental 

membranes of the gaster (D.A. Hahn, personal observation). In this study, gaster-

distension was used as a visual proxy of fat body development and consequently fat 

storage. Workers were further sorted into three categories based upon observable gaster-

distension; low, medium, and high distension. Differences in gaster-distension in soldiers 

were not as obvious; therefore, soldiers were sorted into two groups, low and high gaster-

distension. The number of workers and soldiers in each of the gaster-distension groups 

was counted for each colony. Twenty individuals from each gaster-distension group were 

haphazardly selected for further analyses. The width of the head just behind the eyes and 

the length of the antenna! scape were recorded for each of these individuals using a 

microscope-mounted micrometer. After measurements were taken, each individual was 

placed into a 1.5 ml plastic microcentrifuge tube and frozen at -20°C until further 

analysis. Colonies of each form were sampled alternately so that bias in sampling time 
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throughout was minimized (i.e., light-form colony 1 was sampled, then dark-form colony 

1 was sampled, etc.). 

Fat Extraction and Quantification 

Six to nine individuals from each gaster-distension group within each colony were 

selected for further analysis to yield a total of 312 individuals. These samples were 

Ireeze-dried until constant weight, weighed, and stored at -20°C until fat analysis. Fat 

content was analyzed using a modification of the procedure of Van Handel (1985). In 

brief, samples were homogenized in 1:1 (v:v) chloroformimethanol solvent in 1.5 ml 

microcentrifuge tubes with a plastic pestle attached to a rotating shaft driven by a variable 

speed motor. Each sample was ground for 60 to 90 seconds at approximately 250 rpm, 

then centrifuged at 12,000g for 20 min at 4°C. The supernatant was removed, and the 

above procedure was repeated once with a 1:1 chlorofonn and methanol mixed solvent, 

and once with pure chloroform. The pooled supematants were subsequently run through a 

column containing 100 mesh silicic acid that had been dried at 100°C ovemight to 

remove phospholipids. The column was washed eight times with 1 ml pure chloroform 

each time. The resulting solution was dried under nitrogen gas and resuspended in a 

known amount of pure chloroform. A sub-sample of this solution was used to 

spectrophotometrically assay fat content against a range of known standards using the 

sulphophosphovannilin method. 

Lean mass for each individual was calculated as the total dry weight minus the fat 

content. Total fat storage for each gaster-distension group was estimated by taking the 

mean fat storage value for the individuals sampled from that group and multiplying it by 
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the total number of individuals in the group. Colony-level fat storage was calculated by 

taking the sum of the total fat storage values for each gaster-distension groups within a 

colony. 

Statistical Analyses 

Analyses of colony-level and gaster-distension group-level traits between the two 

forms were performed using one-way ANOVA where each colony contributed a single 

value to the analysis. Where necessary, variables were transformed to meet the 

assumptions of nonnality and homogeneity of variances. The square root transformation 

was used in the case of the total number of individuals in each colony and caste, and the 

natural log transformation was used in the cases of fat content and the ratio of fat mass to 

lean mass. Because there is often significant between-colony variation in social insects, 

nested ANOVAs with colony as a factor nested within form were used in individual-level 

analyses where colonies contributed more than one value. Pearson's correlations were 

used to determine whether there was a relationship between lean mass and fat storage 

within each gaster-distension group. Because there was a significant relationship within 

all gaster-distension groups except one, lean mass was used as a covariate in nested 

ANOVAs to test whether gaster-distension groups differed in fat storage between the two 

forms. Linear regression was used to determine the relationship between lean mass and 

fat storage for each form. Because scaling relationships often differ between castes, and 

the two castes are non-overlapping in all species in the genus Camponotus, workers and 

soldiers were considered separately (Oster and Wilson 1978, Holldobler and Wilson 

1990). To determine if the relationship between lean mass and fat storage differed 
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between the two forms, the slopes and elevations of regression lines were compared 

within each caste according to the method described in Zar (1996). To determine whether 

soldiers act as a nutrient storage caste in these two forms, the total fat mass and the fat 

mass to lean mass ratios were compared between the two castes within each form using 

nested ANOVA with colony and caste nested within colony as the explanatory variables. 
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RESULTS 

Colony and Caste-level Attributes Between Forms 

Head width is commonly used as a non-mass based measure of body size in ants. 

Neither workers nor soldiers differed in head width between the two forms (Table la. 

Figure 1). Therefore, the size of both workers and soldiers did not differ between the two 

forms. In contrast, both light-form workers and soldiers had significantly longer scapes 

than dark-form workers and soldiers, quantitatively illustrating a distinct morphological 

difference between the two forms (Table la. Figure 1). 

Light and dark-forms did not differ in colony size, total number of workers, or 

total number of soldiers (Table lb. Figure 2a). In addition to being the same size, 

colonies of the two forms did not differ significantly in overall fat storage, or the total 

amount of fat stored by each caste (Table Ic, Figure 2b). 

Individual-level Allocation to Fat Storage Between Forms 

In agreement with the similarity in head widths between workers and soldiers of 

the two forms, there was no significant form-based difference in lean mass across most of 

the gaster-distension groups sampled (Table 2, Figure 3). The only significant difference 

occurred in the low gaster-distension group of workers, where light-form individuals had 

slightly greater lean masses. There were significant colony-level effects on lean mass 

across all gaster-distension groups sampled (Table 2). Within each form, individuals from 

certain colonies had consistently greater or lesser lean masses across all gaster-distension 

groups sampled. 



I l l  

There were significant positive correlations between lean mass and fat content 

across all sampling groups except low gaster-distension workers (Table 3). Therefore, 

lean mass was added as a covariate in all nested ANOVAs testing for form-based 

differences in fat storage. Dark-form workers and soldiers in the high gaster-distension 

sampling group stored significantly more fat than light-form workers or soldiers 

displaying high gaster-distension when colony identity and lean mass were held constant 

(Table 4). No form-based differences were found in the other gaster-distension groups. 

As expected, lean mass had a significant effect on fat storage across all gaster-distension 

groups, except low gaster-distension workers. In addition, there were significant colony 

effects across groups. As above, individuals from certain colonies contained more fat 

stores across gaster-distension groups. Interestingly, the colonies that produced 

individuals with the greatest lean masses in each form were not always the same colonies 

that produced individuals with the greatest fat storage. 

Although gaster-distension groups provided a convenient tool for categorizing 

workers to study colony-level allocation patterns, gaster-distension was a continuous 

trait. Therefore, all gaster-distension groups were combined to determine the overall 

relationship between lean mass and fat storage within each caste. There was a significant 

positive, linear relationship between lean mass and fat storage in both castes of both 

forms (Figure 5). Regression slopes did not differ between the two forms in either caste 

(workers t=0.18, df=191, p>0.05, soldiers t=0.88, df=l 13, p>0.05). Therefore, the scaling 

relationship between lean mass and fat storage was the same in both forms. In contrast, 

the elevations of the regression lines were significantly greater for both dark-form 



112 

workers and soldiers (workers t=2.94, df=192, p<0.0()l; soldiers t=2.30, df=l 14, p<0.05). 

Therefore, dark-form workers and soldiers stored significantly more fat per unit lean 

mass than light-form workers or soldiers across all gaster-distension groups in both 

castes. 

Gaster-distension Group Characteristics Between Forms 

Light-form colonies contained a slightly but not significantly greater proportion of 

high gaster-distension soldiers than dark-form colonies (Table 5, Figure 6). Surprisingly, 

there was no difference between the two forms in any gaster-distension group, although 

there was also a trend towards light-form colonies containing a lower proportion of low 

gaster-distension soldiers (Table 5, Figure 6). These data suggest that although dark-form 

workers and soldiers store more fat per unit lean mass than light-form workers and 

soldiers, light-form colonies may involve a slightly greater proportion of their soldiers in 

storing significant quantities of fat. 

Proportional Storage Attributes Between Castes Within Each Form 

In both forms, soldiers contained significantly greater fat mass than workers 

(Table 6a, Figure 7a). In contrast, for both forms, workers contained a significantly 

greater amount of fat per unit lean mass than soldiers (Table 6b, Figure 7b). As expected, 

there were significant colony-level effects on both total fat mass and the fat to lean mass 

ratio in both forms (Tables 6a and 6b). 
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DISCUSSION 

I have shown that two forms within the Camponotus festimtm species complex 

differed in fat storage tactics. Dark-form workers and soldiers stored significantly more 

fat per unit lean mass than light-form workers or soldiers. However, the total amount of 

fat stored by the two forms did not differ at the colony level. There was no significant 

difference in the proportions of workers or soldiers with highly distended gasters between 

the two forms, although there was a trend towards light-form colonies having a greater 

proportion of high distension soldiers than dark-form colonies. While light-form soldiers 

stored less fat per unit lean mass than dark-form soldiers, the slightly higher proportion of 

high gaster-distension soldiers in the light-form colonies probably led to the lack of a 

detectable difference in total fat storage at the colony-level between the two forms. 

It is not unusual that dark-form colonies employed the tactic of storing more fat 

per unit lean mass. This phenomenon has been well documented as a method for 

increasing fat storage during ontogeny among colonies of a number of ant species (Jensen 

1978, Hasegawa 1993, Tschinkel 1993, 1999). To my knowledge, this is the first time 

that this tactic has been shown to generate interspecific differences in fat storage. As 

expected, there was a positive relationship between lean mass and fat stores within both 

castes of both forms in this study. When the two forms were broken down in to gaster-

distension groups, the only difference in fat storage occurred in the high gaster-distension 

groups in both workers and soldiers. Neither the low or medium distension workers, nor 

the low distension soldiers showed any form-based differences. This lack of a difference 

is not unexpected because individuals in these groups had smaller lean masses and less 
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fat stores than the high gaster-distension groups, making any differences between the two 

forms more difficult to detect with my sample size. In addition, the relationship between 

lean mass and fat content had a slope far less than one in both castes of both forms, 

suggesting that differences would be smaller and more difficult to detect at the low end of 

the size ranges in both castes of both forms. Also, in contrast to other ant species, while 

soldiers of both forms stored significantly greater total amounts of fat than workers, 

soldiers stored proportionally less fat than workers per unit lean mass in both forms. 

It may seem contradictory that we found strong support for a difference in 

allocation tactics at the individual-level between the two forms and weak to no support 

for form-based differences in colony-level traits, such as total fat storage and the 

proportion of the colony accounted for by high gaster-distension workers. If dark-form 

workers and soldiers really did store more fat per unit lean mass than light-form workers 

and soldiers, one of two outcomes should have occurred. Either dark-form colonies 

should have contained significantly greater fat stores, or the two forms could have 

achieved the same colony-level fat stores through light-form colonies containing a greater 

proportion of individuals storing significant amounts of fat (e.g., a greater proportion of 

high gaster-distension individuals). In the second case, even if light-form high gaster-

distension individuals stored significantly less fat per individual, having proportionally 

more individuals storing significant amounts of fat would have made up the individual-

level differences. We found neither. However, we propose that this was due to a lack of 

statistical power to detect colony-level differences compared to our ability to detect 

individual-level differences between the two forms, rather than an actual lack of colony-
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level differences. All of our individual-level analyses included at least 31 individuals 

from each form, with most analyses containing more, yielding high statistical power to 

detect differences. In contrast, because we were limited by the number of colonies that 

could be reared and sampled under constant conditions in the laboratory, all of our 

colony-level analyses contained only five data points for each form. Although this study 

does not provide any strong evidence for differences in colony-level traits between the 

two forms, the trend towards light form colonies containing a greater proportion of high 

gaster-distension soldiers merits further study. Clearly, more effort must be invested into 

sampling a greater number of colonies of each form to detect any cqlony-level 

differences. 

An alternative, but not mutually exclusive, explanation for why we observed no 

significant differences in colony level traits between the two forms could be due to the 

young age of the colonies used in this study. Colony-level fat storage is known to 

increase with colony age and size in several species of ants (Jensen 1978, Tschinkel 

1993,1999). In this study, we used two-year old colonies that had been raised under 

constant conditions in the lab since founding. Differences in fat storage at the colony-

level between the two forms could become more pronounced with time as the colonies 

reach their peak size. Because the colonies used in this study were significantly smaller 

than peak colony size in the lab or field, and in the lab colonies have a life-span of 7-10 

years (D.A. Hahn, unpublished data), the colonies used in this study were likely early on 

in their growth and smaller than their potential peak size. This combined with the low 

sample sizes used probably contributed to the lack of differences detected between the 
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two forms at the colony-level. A through study of changes in fat storage during colony 

ontogeny in both forms is needed to clarify this matter. 

Another subject requiring further study is the significant variation observed 

among colonies within each form. The importance of colony-level effects is illustrated by 

the fact that colony of origin had a significant affect on nine of the ten analyses of 

individual-level traits in this study. Individuals from certain colonies in each form had 

consistently higher lean mass across all gaster-distension groups. Similarly, individuals 

from certain colonies in each form contained consistently greater fat stores across all 

gaster-distension groups. Interestingly, individuals from colonies with the greatest 

average lean masses across gaster-distension groups did not always contain the greatest 

lipid stores. This suggests that colonies within a form can differ in their fat storage 

tactics. Significant variation between colonies is a well-known feature of social insects. 

This variation can be caused by numerous factors including colony genotype, maternal, 

environmental, size, and age-related effects (Holldobler and Wilson 1990, Bourke and 

Franks 1995). Because environment, age, and size were kept the same among colonies in 

this study, it seems likely that the strong colony-level effects we observed are due to 

genetic effects, maternal effects, a combination of both, or perhaps even demographic 

stochasticity. 

This work has shown that two closely related members of the Camponotus 

festinatus species complex differ in their fat storage tactics. In addition to determining 

whether colonies of the two forms differ in overall fat storage, future work should focus 

on understanding the selective forces that have led to this divergence in fat storage 
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tactics. Deserts are notoriously variable places in terms of environmental conditions, 

particularly rainfall, which is directly related to productivity and resource availability in 

these moisture-limited systems (Inouye 1991, Packe and Venable 1996). For perennial 

organisms, such as ant colonies, investing heavily in nutrient stores when nutrient 

availability is high is a potential bet-hedging strategy for dealing with times of reduced 

resource availability (Rogers 1987, Phillippi and Seger 1989, Rogers et al. 1993, Hopper 

1999). Storing significant quantities of nutrients may also represent a strategy for dealing 

more specifically with unpredictability in the magnitude and timing of resource 

availability (Rogers 1987, Phillippi and Seger 1989, Rogers et al. 1993, Hopper 1999). 

If differences in fat storage tactics between the two forms have evolved as a part 

of differing bet-hedging strategies, it is expected that colonies exhibiting different fat 

storage tactics would differ in survival and reproduction based on resource availability. 

The fitness consequences of the two fat storage tactics could be tested using a series of 

demographic studies on both forms focusing on colony size, mortality, and reproduction 

in response to rainfall and resource availability. While the two forms occur in close 

sympatry in the Tucson Basin and many other areas throughout their range, there are 

portions of the ranges of each form where they are allopatric (D.A. Hahn, unpublished 

data). Therefore, the observed differences in fat storage tactics could have evolved in one 

of two contexts. First, differences in fat storage between the two forms could have 

evolved in response to local conditions in areas of allopatry, and are carried over into 

areas of sympatry as a byproduct of range expansion after allopatric evolution. Second, 

differences in fat storage between the two forms could have evolved in sympatry as a 
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byproduct of differing success between the two strategies among years that vary in 

resource availability. In the short-term, this could be addressed by studying colony 

demography at a number of sites differing in resource availability throughout the range of 

these two forms, both where they are allopatric and sympatric. In the long-term, it would 

be useful to perform demographic studies on a number of allopatric and sympatric sites 

through time to detennine how colonies of each form respond to year-to-year temporal 

variation in resource availability. Clearly, additional studies are needed to determine the 

function of fat stores in the two forms, and to assess the fitness consequences of the two 

fat storage tactics in the field to elucidate the factors that may have promoted the 

evolution of life history differences in these two forms with respect to fat storage. 
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Table 1. One-way ANOVA tables testing for between-form differences at the colony 
level and between castes. * Denotes a significant difference between the two forms. 

la. ANOVA table of form differences in head width and scape length separated by 
caste 

Workers Soldiers 
Trait Source df F p df F P 
Head Width Model 1 1.92 0.99 1 <0.01 0.988 

Error 598 278 
Total 599 ' 279 

Scape Length Model 1 174.11 <0.001* 1 439.98 <0.001* 
Error 598 278 
Total 599 279 

lb. ANOVA tables of between-form differences in colony size and the number of 
individuals in each caste. 

All Individuals Workers Soldiers 
Trait Source df F p df F p df F p 
Square Root Model 1 0.51 0.498 1 0.54 0.485 1 0.02 0.907 
# Individuals Error 8 8 8 

Total 9 9 9 

Ic. ANOVA tables of between-form differences in total fat content at the colony level, 
and between castes. 

All Individuals Workers Soldiers 
Trait Source df F p df F p df F p 
Fat Content Model 1 0.54 0.483 1 0.57 0.471 1 <0.01 0.957 

Error 8 8 8 
Total 9 9 9 
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Table 2. Nested ANOVA table for the effects of form and colony on lean mass. 
** Denotes a significant form-level effect. 

Sampling Category Source df F P 

Low Gaster Distension Workers Whole Model 9 4.23 <0.001 
Form 1 7.29 0.009** 
Colony (Form) S 3.61 0.002 
Error 58 
Total 67 

Medium Gaster Distension Workers Whole Model 9 2.34 0.026 
Form 1 0.01 0.984 
Colony (Form) 8 2.63 0.017 
Error 54 
Total 63 

High Gaster Distension Workers Whole Model 9 1.84 0.082 
Form 1 3.29 0.075 
Colony (Form) 8 1.68 0.124 
Error 53 
Total 62 

Low Gaster Distension Soldiers Whole Model 6 2.77 0.021 
Form 1 0.40 0.532 
Colony (Form) 5 3.26 0.013 
Error 50 
Total 56 

High Gaster Distension Soldiers Whole Model 7 4.00 0.001 
Form 1 2.42 0.126 
Colony (Form) 6 4.27 0.001 
Error 52 
Total 59 
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Table 3. Pearson correlations between lean mass and lipid content for all gaster-
distension groups. 

Gaster-Distension Group 

Low Distension Medium Distension High Distension Low Distension High Distension 
Workers Workers Workers Soldiers Soldiers 
PC ; p PC p PC p PC p PC p 

-0,146 ; 0.235 0.309 0.013 0.379 0.002 0.613 <0.001 0.468 <0.001 
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Table 4. Nested ANCOVA table for the effects of colony nested within form and 
lean mass on lipid content. ** Denotes a significant form-level effect. 

Sampling Category Source df F P 

Low Gaster Distension Workers Whole Model 10 8.96 <0.001 
Form 1 2.39 0.128 
Colony (Form) 8 10.59 <0.001 
Lean Mass (mg) 1 • 0.96 0.332 
Error 57 
Total 67 

Medium Gaster Distension Workers Whole Model 10 4.91 <0.001 
Form 1 0.14 0.711 
Colony (Form) 8 4.92 <0.001 
Lean Mass (mg) 1 12.65 <0.001 
Error 53 
Total 63 

High Gaster Distension Workers Whole Model 10 9.73 <0.001 
Form 1 1.37 <0.001** 
Colony (Form) 8 7.31 <0.001 

Lean Mass (mg) 1 16.65 <0.001 

Error 52 
Total 62 

Low Gaster Distension Soldiers Whole Model 8 11.13 <0.001 

Form 1 3.51 0.066 
Colony (Form) 6 4.99 <0.001 

Lean Mass (mg) 1 17.99 <0.001 

Error 56 
Total 64 

High Gaster Distension Soldiers Whole Model 7 10.58 <0.001 
Form 1 13.86 <0.001** 
Colony (Form) 5 7.27 <0.001 
Lean Mass (mg) 1 8.07 0.007 
Error 44 
Total 51 
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Table 5. One-Way ANOVA tables testing for between form differences in the proportion 
of the colony accounted for by a particular gaster distension group. 

Sampling Category Source df F P 

Low Gaster Distension Workers Model 1 0.64 0.447 
Error 8 
Total 9 

Moderate Gaster Distension Workers Model 1 0.13 0.726 
Error 8 
Total 9 

High Gaster Distension Workers Model 1 0.13 0.727 
Error 8 
Total 9 

Low Gaster Distension Soldiers Model 1 0.91 0.368 
Error 8 
Total 9 

High Gaster Distension Soldiers Model 1 4.39 0.069 
Error 8 
Total 9 
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Table 6. Nested ANOVA tables for the effects of caste and colony on total fat storage 
and the fat mass to lean mass ratio ** Denotes a significant caste-level effect. 

6a. ANCOVA tables for caste differences in the natural log of total fat mass in the two fonns 
Form Source df F P 

Dark Form Whole Model 9 9.50 <0.001 

Caste 4 7.77 <0.001 
Colony 5 10.64 <0.001 

Error 145 
Total 154 

Light Form Whole Model 9 15.02 <0.001 
Caste 4 16.57 <0.001 
Colony 5 12.26 <0.001 
Error 147 
Total 156 

6b. ANCOVA tables for caste differences in natural log of fat mass/ lean mass ratio in the two forms 
Form Source df F p 

Dark Fotm Whole Model 9 19.28 <0.001 
Colony 4 9.98 <0.001 
Caste (Colony) 5 20.64 <0.001 
Error 145 
Total 154 

Light Form Whole Model 9 29.66 <0.001 

Colony 4 18.51 <0.001 
Caste (Colony) 5 31.42 <0.001 

Error 147 
Total 156 
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FIGURE CAPTIONS 

Figure 1. Plot of head width by antcnnal scape length for workers and soldiers of the two 
Camponotus festinatus forms. Workers and soldiers of the two forms did not differ in 
head width, but light form workers and soldiers had significantly longer antennal scapes. 
Means are represented by the center of the cross and each arm represents a 95% 
confidence interval. 

Figure 2.2a. Colony-level comparisons of the square root of the total number of 
individuals (triangles), total number of workers (circles), and total number of soldiers 
(squares) between the two forms. There were no significant differences between forms in 
these three parameters. 2b. Colony-level comparisons between the two forms in the total 
amount of fat stored by all individuals in the colony (triangles), total amount of fat stored 
by workers (circles), and the total amount of fat stored by soldiers (squares). There were 
no significant differences between forms in these three parameters. Symbols represent 
means from Tables la and lb. Horizontal bars represent one standard error. 

Figure 3. Comparison of lean mass between forms among the different gaster-distension 
groups in workers and soldiers. Light form low distension workers have significantly 
greater lean mass than dark form low distension workers (denoted by *). There were no 
significant form-based differences in the other gaster-distension groups. Symbols 
represent adjusted means from the nested ANOVAs in table 2. Horizontal bars represent 
one standard error. 

Figure 4. Comparisons of the natural log of lipid content between the two forms among 
the different gaster-distension groups in workers and soldiers. Dark-form individuals in 
both worker and soldier high gaster-distension groups contained significantly greater 
lipid stores than light form workers or soldiers in these two groups (denoted by *). There 
were no significant form-based differences in any of the other gaster-distension groups. 
Symbols represent adjusted means from the nested ANCOVAs in table 4. Horizontal bars 
represent one standard error. 

Figure 5. Plots of the relationship between lean mass and lipid mass in workers and 
soldiers of dark (solid lines) and light forms (dashed lines). While the slopes of the lines 
do not differ between the two forms in workers or soldiers, the elevation of the lines are 
significantly greater in dark form individuals of both castes. Therefore, dark form 
workers and soldiers contain significantly more fat stores per unit lean mass than light 
form workers or soldiers. 
Dark Workers Fat Mass = 0.046 + 0.062 Lean Mass, R^=0.30, df=92, F=38.16, p<0.001 
Light Workers Fat Mass = 0.028 + 0.060 Lean Mass, R^=0.36, df=101, F=54.95, p<0.001 
Dark Soldiers Fat Mass == 0.030 + 0.041 Lean Mass, R^=0.40, df=61, F=40.32, p<0.001 
Light Soldiers Fat Mass = 0.034 + 0.033 Lean Mass, R^=0.34, df=54, F=27.48, pO.OOl 
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Figu re 6. Comparisons of the proportion of the total number of individuals in the colony 
accounted for by different gaster-distension groups between the two forms. There were 
no form-based differences within any of the gaster-distension groups. Symbols represent 
means from table 5 and horizontal bars represent one standard error. 

Figure 7. 7a. Comparisons of the natural log of total fat storage between workers and 
soldiers in each form . Soldiers stored significantly more fat than workers in both forms 
(denoted by *). 7b. Comparisons of the natural log of the fat mass to lean mass ratio 
between workers and soldiers in each form. Workers stored proportionally more fat per 
unit lean mass than soldiers in both forms (denoted by *). Symbols represent adjusted 
means from the nested ANOVAs in table 6. Horizontal bars represent one standard error. 
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