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ABSTRACT 

 

This dissertation investigated the evolutionary ecology of a type of obligate mutualism, 

the form of agriculture found in ants.  It presents the results of two laboratory experiments with 

the fungus-gardening ant species, Trachymyrmex septentrionalis, a species occurring in the 

Apalachicola National Forest in Florida that is closely related to mostly tropical leaf-cutting ants 

in the genera  Atta and Acromyrmex.   Fungus-gardening ants supply substrates to their fungus 

garden and feed the products of the fungus to their larvae. Because ants make choices in the 

substrates they collect, an interesting topic is the relationship between the choice of substrates 

and the quality and amounts of fungus and ants produced. No previous studies have measured the 

consequences of these choices on the relative sizes of fungus gardens or the quality and quantity 

of ants produced. 

The first experiment indicated a positive relationship between subtrate preference and 

both ant and fungal performance but it was not perfect. The ants preferred bluejack oak (Quercus 

incana) catkins and caterpill ar frass over oak leaves or flowers (Gaylussacia dumosa).  Colonies 

on the high catkin diet produced more fungal biomass than could be subsequently used, 

indicating only indirect feedback between forager activity and the colony’s nutritional demands.  

The biomass of ant produced was similarin all groups, with the exception of being low in 

colonies that received only flowers.  Colonies that had rejected tussock caterpill ar frass were later 

able to produce as much ant biomass on a low catkin diet as those on the high catkin diet.  

In the second experiment, the successful replacement of T. septentrionalis’s fungal 

cultivar, with a foreign fungus obtained in Louisiana from colonies of A. texana, did not change 

the substrate preference of the ants or the amount or quality of the ants produced. However, T. 

septentrionalis colonies with A. texana fungus produced more fungal biomass. Under the 

conditions of these experiments, the relationship between T. septentrionalis and its native fungal 

cultivar appear to be mutually adaptive, but that mutualism does not seem to be the product of a 

tight feedback mechanism on an ecological scale.  
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CHAPTER 1 

 

L ITERATURE REVIEW AND CONCEPTUAL FRAMEWORK 

 

Interacting with other species is an unavoidable and often necessary fact of li fe for nearly 

all organisms on earth.  This was a point recognized by the earliest of farmers and beekeepers 

who knew which bees are necessary to produce the best fruit and which plants produce the best 

honey, much as contemporary pre-industrial societies do today (Buchmann and Nabhan 1996; 

Proctor et al. 1996; Diamond 1997).  Darwin viewed interspecific interactions as such important 

factors of evolution that he used the metaphor of ‘ an entangled bank’ , for an example, of a 

community composed of a multitude of interacting species (Darwin 1859).   

Since Darwin, interactions among species have been classified based on the outcome of 

the interaction on each of the actors (Bronstein 1994a; Bronstein 2001b).  This dissertation 

focuses primarily on one type of interaction: the mutualisms, which by definition are interactions 

where all actors receive a net benefit (Bronstein 2001b).  Other interactions are less benign; such 

as predation or parasitism where one actor receives a benefit at the other(s) expense or 

competition where the actions of all actors suffer the consequences of others.   

Mutualisms in particular have attracted the attention of naturalists because they appear to 

be at the core of many important ecological processes.  For example, many plants are dependent 

upon animals for seed dispersal (Howe and Westley 1988; Howe 1989; Loiselle and Blake 1999), 

polli nation (Howe and Westley 1988; Bawa 1990; Proctor et al. 1996) and on fungi and bacteria 

for nutrient uptake (West et al. 2002; Denison et al. 2003).  Additionally, mutualists can fulfill 

keystone roles in ecosystems, such the one between reef-building coral and algae that create a 

center of high productivity (coral reefs) in otherwise low productive environments (tropical seas) 

(Nybakken 1993; Edmunds and Gates 2003).  Other examples include figs and their specialist 

polli nators in tropical forests whose activities produce large quantities of fruits that support many 

vertebrates during dry seasons (Whitmore 1990; Terborgh 1992; Schaik et al. 1993).  

The simplest mutualisms are those where one partner provides a service in exchange for 

another service or commodity that may vary in time and space.  For example, bumblebees and 
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goldenrod are generalists, while clearly receiving a benefit from the other’s presence, neither 

necessarily require the other—clover or another bee species would probably do just as well 

(Westerkamp 1991; Gross and Mackay 1998; Thomson 2003).   Similarly, ants frequently tend 

aphids that provide them with honeydew secretions (Morales 2000; Billi ck and Tonkel 2003) but 

only when they receive a benefit to do so, otherwise they may eat them (Offenberg 2001).  

Similar dynamics appear to occur in the many mutualisms between plants and a variety of soil 

microorganisms (rhizobia, mycorrhizae, pseudomonads, etc.).  When a particular nodule or 

cluster of mycorrhizae fails to provide nutrients to the plant, the plant can essentially stop the 

flow of nutrients to that root, thereby selecting the most productive individuals (Denison 2000; 

Redman et al. 2001; Denison et al. 2003; Kiers et al. 2003).  The point of these studies is that 

both partners have their interests.  Only in some instances will t here be a net benefit for both 

partners, i.e., a mutualism.  Otherwise the interaction is by definition a form of antagonism 

(Bronstein 1994a; Thompson 2001).   

The most complex mutualisms are those where the species are not only obligately 

dependent on another, but the reproduction of the partners becomes essentially intertwined.  

These mutualisms are often vertically transmitted (the mutualists are passed from parent to 

offspring), and due to the intimate contact between the partners (e.g., one living inside the other), 

are often called symbiotic mutualisms (Douglas and Smith 1989; Bronstein 2001b).  In 

comparison with horizontal transmitted mutualisms, these rarely degrade into antagonisms (Herre 

et al. 1999) because both partners benefit from successful reproduction—there is littl e incentive 

for one to sabotage the other.  There is also generally littl e variation among symbionts within a 

host, which would lead to competition and a decrease in host (and symbiont) fitness (Douglas 

1998; Herre et al. 1999).  

Some of the most fascinating yet fairly unstudied obligate mutualisms are the various 

forms of insect agriculture (Mueller and Gerardo 2002; Mueller et al. 2005).  A group of ants, 

beetles, termites are the only animals that have evolved a form of agriculture besides humans 

(Diamond 1998; Farrell et al. 2001; Klepzig et al. 2001; Aanen et al. 2002; Mueller and Gerardo 

2002; Sillim an and Newell 2003).  The insect farmers have evolved obligate symbiotic 

relationships with fungi that they cultivate in ‘gardens’ .  These fungi are typically cultivated 

vegetatively in monoculture on food items (called substrates of botanical origin) that the animals 

feed the fungus.  For example, the fungus gardening ants cultivate their fungus on dead 
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vegetation, fresh leaves/flowers or processed leaves (i.e., caterpill ar frass).  The fungus in turn, 

digests these foods and provides the ants with simple nutrients that are readily metabolized 

(Weber 1972; Wetterer 1994a).  Of all of these mutualisms, the ant agriculture is the better-

understood agro-mutualism—this mutualism has a well -resolved phylogeny that is based on 

molecular and morphological traits (Chapela et al. 1994; Schultz and Meier 1995; Mueller et al. 

1998; Wetterer et al. 1998).  These phylogenies indicate that agriculture evolved only once in 

these ants and involved the ‘domestication’ of a basidiomycete fungus in the family Lepiotaceae 

(a gill mushroom), though not without subsequent losses and domestication of unrelated fungi 

(Mueller et al. 1998; Vill esen et al. 2004).   

The ant-fungus mutualism is an obligate relationship.  In the higher attines (Figure 1), 

Chapela et al. 1994, Mueller et al. 1998, Wetterer et al. 1998), the fungus provides the ants with 

food in the form of swollen hyphal tips (Gomes de Siqueira et al. 1998, Abril and Bucher 2002, 

Silva et al. 2003, Weber 1972). Moreover, the fungus provides the ants with enzymes that the 

ants ingest and apply to substrates that are fed to the fungus (Martin 1987).  The ants have lost 

their own digestive enzymes and rely on fungal enzymes to break down complex 

macromolecules into simple compounds that the ants can metabolize (free amino acids, simple 

carbohydrates, lipids, etc.).  The fungus appears to need the ants for the release of these enzymes 

by chewing up hyphal walls (Martin 1987) and also for the removal of weedy species and 

pathogens (Weber 1972; Quinlan and Cherrett 1978a; Carreiro et al. 1997; Currie et al. 1999a; 

Currie et al. 1999b; Currie et al. 2003). The fungus also produces sterols that are precursors to 

necessary insect hormones, which insects cannot synthesis de novo (Maurer et al. 1991; Maurer 

et al. 1992).  These traits make this mutualism a form of symbiosis due to their intimate contact 

(Douglas and Smith 1989; Bronstein 2001b). 

The fungus has also lost the abilit y to reproduce sexually, and cultivation occurs by 

vegetative growth (Mueller et al. 1998; Mueller et al. 2001).  Moreover, this mutualism is 

vertically transmitted—fungal cultivars are passed from parent to daughter colony.  Female 

offspring take a small fragment of the parental fungus garden with them on their mating flight 

that serves as the inoculum for their subsequent fungus garden (Quinlan and Cherrett 1978b; 

Mueller et al. 2001).  This type of mutualism tends to be fairly stable, rarely if ever degrading 

into an antagonism because both partners benefit from successful reproduction—there is littl e 

incentive for one to sabotage the other (Herre et al. 1999).  Another trait probably conferring 
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additional stabilit y to the mutualism is that the fungus garden is composed of one genetic 

individual, which minimizes competition among cultivars and a decrease in the fitness of the unit 

(Douglas 1998; Herre et al. 1999). 

Although it is debatable, the apparent evolutionary outcome of vertically transmitted 

mutualisms is a genetically uniform host containing genetically uniform symbiont(s) that more or 

less function as a unit.  This situation approximates the requirements of a so-called 

‘superorganism’ (Wilson and Sober 1989).  While the possibilit y of selection occurring at levels 

higher than the individual has been the subject of much debate (Willi ams 1966), the theoretical 

possibilit y for group selection nonetheless exists (Lewontin 1970; Corning 1997), especially in 

complex insect societies (Korb and Heinze 2004).  As Darwin proposed, evolution by natural 

selection only requires that a population contain 1) phenotypic variation, 2) differential fitness 

among the phenotypes and 3) heritable fitness.  The population could be composed of genes, 

cells, conventional individuals, subpopulations or communities.  Selection will occur at the level 

of most variation—for group selection to occur, individuals comprising the group must be 

comparatively homogeneous, otherwise individual selection will overwhelm the selection 

occurring at the group level (Lewontin 1970; Wilson and Sober 1989).  The alignment of 

interests in vertically transmitted mutualisms imparts littl e potential for selection to act on the 

individuals comprising the mutualism individually.  Rather selection probably acts on traits of 

the mutualism.   

The appreciation that this mutualism consists of several parts that require one another to 

function appears to have been under-appreciated in much research on these organisms.  This 

dissertation addresses two long-standing questions about these organisms’ evolutionary ecology.  

The first experiment builds on work focused on the foraging behavior of leaf-cutting ants, which 

are highly derived fungus gardening ants that are important herbivores in many neotropical 

forests (Wirth et al. 2003).   Like all fungus gardening ants, when these ants forage they are 

actually collecting food for their fungus garden which in turn converts the food into a form that 

the ants can easily consume.  Leaf-cutting ants make clear choices in the leaves they harvest.  

Many have argued that the ants are collecting the best substrates for the growth of their garden 

and colony, even though no studies have ever measured the consequences of these choices on the 

performance of colonies or fungus gardens.   
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The second experiment follows up on several findings produced from the first study; 

specifically it investigates whether the fungus garden can influence the substrate preference of 

foragers.  This experiment also addresses several predictions formulated by Mueller (2002).  

Specifically he argues that like most mutualisms, the attine system could have evolved from an 

antagonism where ants used the fungus as food and the fungus used the ants as a dispersal vector.   

He rejects the notion that the fungus is a hapless member dominated by the ants and proposes 

specifically that there is a ‘ tug-of-war’ of sorts occurring between the ants and fungi.  He 

prescribes cultivar-switch experiments to ill ustrate these conflicts and thus the basis of the 

mutualism.  An equally li kely possibilit y is that conflicts have long been resolved so that 

rebelli ous ant and fungal li neages have gone extinct to yield only lineages that are truly 

cooperative.  It is quite possible that the attine system is very similar to mitochondria and 

chloroplasts, which in all li kelihood evolved from a proto-eukaryotic cell engulfing aerobic or 

photosynthetic bacteria, respectively (Margulis and Sagan 1997; Margulis and Sagan 2002; Dyall 

et al. 2004).  The bacteria were never consumed but remained metabolically active inside their 

host.  The end result is essentially a new organism (species) produced by the merger of two or 

more sets of genomes (Margulis and Sagan 2002), since both organisms cease to exist as 

independent individuals.   

 

The Study System 

 

This dissertation focuses on the higher attine group, which is comprised of species in four 

genera that occupy the most derived positions in the tribe (Figure 1) (Chapela et al. 1994; 

Mueller et al. 1998; Wetterer et al. 1998).  Two of these, the so-called leaf-cutting ants 

(Acromyrmex and Atta) have large colonies and are ecologically dominant.  Their sister genera, 

Trachymyrmex and Sericomyrmex, have much smaller colonies; typically a few hundred workers 

compared to the thousands if not milli ons in Atta and Acromyrmex colonies (Hölldobler and 

Wilson 1990).  All higher attines appear to share the same fungus cultivar lineage, which 

possesses swollen hyphal tips (gongylidia) that serve as food for the ants (Weber 1972). They 

also share many of the specialized garden parasites (Mueller et al. 1998; Adams et al. 2000; 

Currie et al. 2003).  Additionally higher attines, in contrast to other attines, tend to cultivate their 

garden on fresh vegetation (Leal and Oliveira 2000), to which their fungus appears 
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physiologically adapted (Martin 1987).   Therefore studies on these two genera may produce 

findings that are relevant to the evolution of this clade and the behavioral ecology of these ants.     

These studies focus specifically on Trachymyrmex septentrionalis, a common fungus-

gardening ant in sandy soils of eastern North America from 40°N (Weber 1972) and south to the 

Florida Keys, Texas and New Mexico.  This species is among the most abundant ants in longleaf 

pine-turkey oak sandhill s of the Apalachicola National Forest (ANF) in northern Florida— a 

hectare may contain over 1000 nests (Seal and Tschinkel 2006).  Like most temperate ants, this 

ant has a seasonal phenology with a dormant period in the winter and sexual production in the 

spring.  Sexual production is a highly synchronized event in early summer, with few colonies 

producing sexuals later in the season (Seal and Tschinkel in press).  Fungus gardens during the 

dormant period are also greatly reduced (<1.0 cm3) and are built up rapidly in the spring (J. N. 

Seal, unpub. data). Therefore experiments performed in the spring should have consequences for 

the production of sexual brood, a direct correlate of f itness.   

 

All T. septentrionalis colonies used in this dissertation were collected in the Apalachicola 

National Forest (Wakulla District) located approximately 15km south of Tallahassee, Florida 

(30º22’ N, 84º22’W) in mid to late March and early April of all years, just after the ants ended 

their winter dormancy. 
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CHAPTER 2 

 

COMPLEXITY AND SELF-ORGANIZATION IN AN OBLIGATE MUTUALISM: DO 

FUNGUS GARDENING ANTS KNOW WHAT MAKES THEIR GARDEN GROW? 

 

“How much behavioral information needs to be coded explicitly in the genome of a self-

organized system?  Although we cannot provide a precise answer, we suggest that it is far less 

information than might have been assumed in the past.” Camazine et al. (2001, p. 39). 

 

Maintaining a fully functional agricultural society probably requires a high degree of 

behavioral complexity.  Fungus gardening ants are thought to possess a more diverse behavioral 

repertoire than non-farming ants (Wilson 1980a).  Behavioral complexity is thought to arise from 

two modes.  The traditional behavioral ecological approach would argue that individual social 

insects possess complex behaviors.  Since social insects are central-place foragers, they should be 

under selection to optimize those of their behaviors that result in the highest net profit in some 

currency, such as energy or fitness (Stephens and Krebs 1986; Kramer 2001).  A problem with 

this way of thinking is that it assumes that individual social insects are inherently capable of 

complex behaviors and that optimization occurs at the level of the individual (Bonabeau et al. 

1997; Bonabeau 1998; Kramer 2001).  Conceptual advances in the study of complex systems, 

such as social insect colonies, emphasize self-organization (decentralized control) among cells, 

organisms or groups (Bonabeau et al. 1997; Camazine et al. 2001).  Accordingly, behaviors of 

individuals in response to their environment may be simple stimulus-response (‘ if-then’) 

behaviors (Deneubourg et al. 1999), and complex behaviors are essentially emergent phenomena 

that arise from the interactions of the otherwise simple behaving individuals (Bonabeau et al. 

1997; Camazine et al. 2001).  This implies that individual worker performance may be poorly 

related to a unit of currency, such as fitness, but a foraging strategy may still be adaptive if it 

maximizes aspects of colony performance.  In other words, optimal foraging and self-

organization are not necessarily mutually exclusive; rather they may complement each other by 

shifting emphasis from individuals to colonies. 

Leaf-cutting ants are dominant herbivores in warm latitudes of the western hemisphere 

(Hölldobler and Wilson 1990; Wirth et al. 2003).  Naturalists have long observed that these ants 
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make clear choices among available leaves and often employ complex recruiting strategies in the 

process (Hubbell et al. 1980; Rockwood and Hubbell 1987; Hölldobler and Wilson 1990).  The 

central question for several decades has been to understand why these ants prefer certain leaves 

over other seemingly equivalent leaves (Cherrett 1968; Rockwood 1976; Roces 2002).  Adding a 

layer of complexity is the fact that these ants are collecting leaves not for their own direct 

consumption, but for that of their symbiotic fungus, which nourishes the ants and their brood 

throughout most of their li fe cycle (Martin 1987; Silva et al. 2003; Richard et al. 2005).  Foragers 

of these ants must somehow ‘know’ which substrates meet the needs of their fungus garden and 

their own nutritional demands.   

Among the explanations was one that these choices reflect the optimal gain of resources 

(Rockwood and Hubbell 1987).  The implication was that individual leaf-cutting ants could be 

expected to ‘know’ and therefore choose the best leaves for the production of ant and fungal 

biomass.  In support of this notion were positive correlations with the leaf preference of leaf-

cutting ant foragers and leaf nutrients (Berish 1986), water content (Bowers and Porter 1981), 

relatively non-toxic plant secondary metabolites (Hubbell et al. 1984; Howard 1987; Howard 

1988; Folgarait et al. 1996) and leaf age (Nichols-Orians and Schultz 1990; Nichols-Orians 

1992).   Negative correlations were found between preference and tough leaves (Waller 1982) 

and toxic plant metabolites (Hubbell et al. 1983; Howard 1987; Howard 1988; LaPointe et al. 

1996).  However, these findings describe broad patterns. Outside of extreme cases where ants 

avoid toxic leaves, (Hubbell et al. 1983; LaPointe et al. 1996), nutrient content and secondary 

chemistry are not strongly related to preference (Howard 1987; Howard 1988).   

Furthermore, in clear violation of optimal foraging predictions (Kramer 2001), leaf-

cutting ant foragers rarely maximize the amount of leaf tissue harvested during their foraging 

trips (Kacelnik 1993; Burd 2000; Roces 2002).  Foragers cut smaller leaves and ran faster when 

recruiting to more nutritious leaves (Roces and Nunez 1993) and when starved or exposed to 

unfamiliar leaves (Roces and Hölldobler 1994).  While leaf-cutting ants frequently use ‘bucket-

brigades’ as a means to transfer leaf bits along foraging trails (Hubbell et al. 1980; Anderson et 

al. 2002), transport time was actually greater than when an individual ant carried pieces back to 

the nest (Röschard and Roces 2003).  Therefore there are many aspects of leaf-cutting ant 

behaviors that appear to deviate significantly from optimal predictions.   
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If preference behavior is a consequence of self-organization among workers and that 

individual performance has not been maximized, there should be littl e relationship between 

individual forager behavior and colony productivity (i.e., fitness).   Worker traits are simply one 

of many that natural selection is thought to act upon in social insect colonies (Hölldobler and 

Wilson 1990; Tschinkel 1993; Bourke and Franks 1995; Korb and Heinze 2004).  Therefore one 

must evaluate the consequences of worker choices on a measure of colony performance, such as 

the growth or reproduction of colonies. This is problematic because obtaining relevant measures 

of colony performance generally involves destructive sampling by collecting a number of entire 

colonies (Tschinkel 1993; Tschinkel 1999).  The collection of leaf-cutting ant colonies can 

require bulldozers (Moser 1963) or a small army outfitted with shovels and pick-axes (Stahel and 

Geijskes 1939; Wetterer et al. 2000).  This problems is alleviated if one studies related species, 

such as T. septentrionalis.   

The goal of this experiment is to determine the relationship between substrate (fungus 

food) preference at the individual level and the production of ant and fungal biomass.  A positive 

relationship would support the notion that selection has acted to produce individually complex 

workers.  Alternatively, littl e or no relationship would provide evidence that this mutualism is 

self-organized and thus composed of relatively simple actors (foragers, nestmates and fungus 

garden) that must interact for decisions and therefore for complex behaviors to occur.  In the 

following study I tested these predictions by comparing the effect of substrates preferred and 

unpreferred by individual workers on the performance of T. septentrionalis colonies and fungus 

gardens.    

 

Materials and Methods 

 

Collection and maintenance of colonies 

 

Colonies were collected by excavating a 1m3 pit approximately 30cm from the nest 

entrance.  Tunnels and fungus garden chambers were found by carefully removing soil from the 

face of the pit toward the entrance with a trowel and kitchen spoons.  All tunnels were followed 

until all ants had been collected.  This entire process took about 45-90 minutes per colony and 
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resulted in a >95% chance of collecting the queen of this monogynous species.   Between 2001 

and 2004 over 250 colonies were collected in this way.  

Colonies were housed in the laboratory under standard conditions.  Each colony was 

housed in a tray coated with Fluon © (Northern Products, Woonsocket RI) along the sides to 

prevent escapes.  The ants grew their garden in a cylindrically-shaped, 175 cm3 depression in a 

polystyrene box lined with dental plaster (Figure 2). The top of this chamber was completely 

covered with a piece of plexiglass. Two 9 mm diameter holes were drill ed in the side of each 

plaster nest for the ants to enter and exit the fungus garden chamber.  Additional plaster nests 

were added and interconnected with 5 cm segments of clean, rubber hoses as colonies grew 

larger gardens.  A 10mm test tube half f ill ed with water and plugged with cotton was placed in 

each tray.  The plaster nest was watered weekly by filli ng each of four 9mm diameter holes 

located in each of the four corners.  

The growth of the fungus garden was measured approximately every 10 days by 

estimating its volume.  The width and length of each fungus garden was measured with a ruler 

placed on top of the plexiglass cover.  The height of the garden was obtained by extending a 

straight wire marked in 5mm increments through five 1mm diameter holes predrill ed into each 

plexiglass cover (2 cm apart, from the center of the cover).  The average height was then 

obtained from these five measurements. Since the general shape of this chamber was cylindrical, 

the volume was calculated using the formula for a cylinder ( )
4

2 hd ·p .   

Substrates 

 

Upon collection, fungal substrates were stored in the freezer (-20º C).  In 2002 

preferences were based on nine substrates.  Frass (fecal pellets) was obtained from rearing 

several species of caterpill ars on natural host plants in the laboratory.  In the fall of 2001, 

oleander caterpill ars (Syntomeida epilais Walker (Arctiidae)) and fall webworm larvae 

(Hyphantria cunea Drury (Arctiidae)) were reared on oleander (Nerium oleander) and 

persimmon (Diospyros virginiana L.) leaves, respectively. The remainder of substrates tested in 

the preliminary studies in 2002 was acquired during the spring of that year.  Frass from eastern 

tent caterpill ars (Malacosoma americanum F. (Lasiocampidae)) was obtained by rearing several 

colonies on cherry leaves (Prunus serotina Ehrh.).  Catkins (staminate flowers) were obtained 
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from two oak species:  turkey (Quercus laevis Walt.) and live oaks (Q. virginiana Mill .).  

Flowers came from plum (P. umbellata Ell .) and eastern redbud (Cercis canadensis L.) trees and 

early spring leaves from turkey and bluejack ((Q.  incana Bartr.) oaks. With the exception of 

oleander frass, all of these substrates were collected from sandhill habitat, if not the study sites 

specifically.   

In 2003 preference determination and the subsequent feeding experiments used four 

substrates: bluejack oak catkins, frass from the orange-striped tussock moth caterpill ar (Orgyia 

detrita Guérin-Ménevill e (Lymantriidae)) reared on turkey oak leaves during the spring, bluejack 

oak leaves, and dwarf huckleberry (Gaylussacia dumosa Andr. (Ericaceae)) flowers.  Orgyia 

detrita egg masses were collected from buildings in Gainesvill e, Florida (ca. 200 km away) but 

were fed leaves collected near Tallahassee.  All of these plant types are highly typical of Florida 

sandhill s (Myers 1990) and in most cases T. septentrionalis ants have been observed to collect 

these substrates.  Since they were collected in the spring, they are likely substrates to be 

discovered by T. septentrionalis ants foraging at this time of year.    

 

Preference Determination 

Preference tests were conducted after the colonies had been acclimated to laboratory 

conditions (approximately 5-7 days).  Preferences were established during preliminary studies in 

2002.  Preferences were determined by exposing ants to equal substrate amounts (the number of 

substrate pieces) and preferences were inferred by counting the number of pieces removed by 

foragers.  The substrates were placed on a piece of waxed weighing paper near the nest entrance.  

Choices were inferred when an ant carried a piece off the paper.  At this point the ant and the 

substrate item were removed temporarily to a box outside the tray.  In this way neither the 

substrate nor the ant could have influenced the behavior of other ants.  Furthermore, they were 

performed at only one time and therefore represent the initial substrate preference of workers .   

All substrates were standardized by size after initial observations during the preliminary 

stages indicated that ants periodically would collect an item that was too large for them to carry 

and instead tried to drag it across the foraging arena.  This was not uncommon and sometimes 

resulted in success. Nevertheless, the size (and therefore its weight) were roughly standardized to 

a size that ants could carry without resorting to dragging it along the ground.  Therefore pieces of 

leaf were cut using a insect-point punch to a size <25mm2, flowers were stripped along their 
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veins and torn into similarly sized small fragments and the catkin flower buds were separated 

from the pendulant stalk—only the catkin buds were placed on the weighing paper in other 

words.   Effort was also made to ensure that the frass morsels were fully independent units—not 

stuck together with silk or moisture.   

During preference determination, thirty-six colonies collected in the spring of 2002 were 

exposed to eight substrates.  The number of pieces removed from the wax paper was recorded in 

a 30-minute period with the paper rotated 120º every 10 minutes.  The wax paper was replaced 

for each trial and colony.  This method was repeated twice on each colony.  The results from this 

method ill ustrated that some substrates were clearly preferred and others unpreferred (Figure 

3A).  A Mann-Whitney test between the three frass and two catkin types (left side of Figure 3A) 

versus the flowers and catkins (right side of Figure 3A) indicated that these groups were 

significantly different.  Specifically more frass and catkin pieces were collected than flowers and 

leaves (12.2 ± 0.46 versus 2.52 ± 0.15 (mean ± SE) pieces removed, respectively) (Mann-

Whitney U = 10253, Z=17.1, p<0.05).  Therefore it appears that these ants exhibit a preference 

for catkins and frass over leaves and flowers.   

Because this method of determination took several days time, a second method was used 

in subsequent studies to determine whether the preferences of colonies was consistent with the 

pattern described above.  This method was a pairwise method that analyzed the numbers of 

pieces removed between a substrate thought to be preferred and one unpreferred.  The one 

condition was that one of the substrates had been assigned for the feeding experiment.  In 2002 

the choice of the other substrate was haphazardly chosen whereas in 2003 and 2004 each 

substrate was paired against the same substrate in all trials.  For example, in the experiments 

described in this chapter, frass was always compared with leaves and catkins always paired with 

flowers (see Appendices 1-4).   

The pairwise method proceeded by placing equal amounts of the two preference types on waxed 

paper near the entrance of the ant nest.  Preferences were detected with goodness-of-f it tests (G-

Test, (Sokal and Rohlf 1995)).   A significant preference is inferred when the G-tests are 

significant.  Replicated goodness-of-f it tests (Sokal and Rohlf 1995) were used to determine 

whether preferences were statistically consistent across all colonies.  Replicated goodness-of-f it 

tests are analogous to analyses of variance because they test for significant variation within (GH 

(heterogeneity)) and among experimental units (GP (pooled)). Specifically it tests whether GH 
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adds significant variation to the total (GT).  In this procedure, the single trial from each colony is 

treated as a replicate.  GT is calculated from the sum of each G-statistic obtained from each trial.  

The significance of this test is compared to a chi-square distribution with (a-1) degrees of 

freedom (a = substrate classes) or one degree of freedom (1 = 2-1).  GT also approximates the 

sum of GH and GP.  GP is calculated from the sums of the number of substrates collected from 

both substrates used in the trial.  The significance of this test is similarly compared to a chi-

square distribution with (a-1) degrees of freedom.  GH is less straightforward and uses natural log 

transformations (f ln f with f being a frequency) in its calculation.  It is specifically calculated by 

subtracting the transformed total number of pieces collected from each trial and the transformed 

overall column and row sums (with each colony replicate occupying a row) from the transformed 

numbers of pieces removed in each substrate of each colony.  The significant of this test is 

compared to a chi-square distribution with (a-1)(b-1) degrees of freedom or 1(b-1) with b equal 

to the number of replicates (colonies).  A significant GH statistic would imply significant 

variation in preference among colonies, whereas an insignificant value would indicate that 

preferences are uniform among colonies.   

Effects of substrates on garden and ant colony performance  

Colonies were fed daily ad libitum by placing the substrates on wax paper near the nest 

entrance.  Wet weights of substrates were converted to dry weights using constants obtained by 

drying small amounts of substrates for 48 h under ambient conditions.  Amounts not collected by 

the ants after two days, as well as pieces deposited in the refuse piles were collected and 

weighed. In this way it was possible to measure the amount of substrate collected by the ants and 

therefore consumed by the fungus garden.   

In 2003, four groups of six colonies received exclusively one of four substrates while the 

remaining thirteen colonies received a mixture of the four substrates.  In other words this study 

consisted of 37 colonies.  This mixture group was established to determine any possible side-

effects of feeding colonies one substrate, which does not occur under natural conditions.  This 

mixture was not an even mixture by weight or pieces.  It was exceedingly diff icult to administer 

an even mixture of substrates, given the limited amount of substrates that I had on hand.  First 

attempts were made to give colonies an even weight mixture of all four substrates, but the ants 

quickly ignored three and fixated on the catkins.  The other three substrates soon dried out, 

rendering the leaves and flowers unharvestable.  So I switched to feeding these colonies 
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alternately (every 2-3 days) catkins and then the other three.  This was also unsuccessful because 

the ants still collected all the catkins and ignored the other three.   If things kept going at this rate, 

it was possible to have run out of leaves for the all -leaf group.  So in the end, I was giving them 

leaves, especially, more or less in the quantities that they would accept them.       

Feedings were conducted until new offspring (sexuals and new workers) eclosed and 

could be seen walking about the fungus garden.  At this point colonies were kill ed by freezing, 

their contents sorted by hand under a microscope and subsequently dried in an oven, weighed and 

counted.   

Response Var iables 

Measures of Ant Performance 

The main response variables were the total weights, energetic contents and average 

percent fat of ant offspring.  Energetic content of brood was obtained by extracting the body fat 

from adult ants in a Soxhlet extractor using diethyl ether for 48 hours.  Energetic contents of ant 

biomass were obtained by multiplying lean weights by 18.87 J/mg and fat weights by 39.33 J/mg 

(Peakin 1972) and summing.  Ten dark workers (old workers), and a maximum of ten of female, 

male and new worker offspring were chosen from each colony for extraction.  The actual number 

of sexuals extracted in each colony depended on how many developed offspring were present.  

Only the darkest females, males and new workers in each nest were selected.  This was 

deliberately non-random since ant brood are known to dramatically increase their weight and fat 

content from eclosion to dispersal (Keller and Passera 1989; Tschinkel 1993).  Female fat 

contents were specifically compared to (Seal and Tschinkel, in press) that reported a mean value 

of 25% body fat for T. septentrionalis newly mated queens to get an estimate of the maturity of 

female offspring in each colony and the probable readiness of the colony to reproduce.   

Measures of Fungal Performance 

Measuring the performance of the fungus garden is more ambiguous because this fungus 

does not reproduce sexually and simply grows clonally.  The primary measure used in this study 

is the amount of chitin in the fungus gardens.  Chitin is the main constituent of fungal cell walls 

(Raven et al. 1999) and its quantity in a substrate is frequently used among mycologists as an 

indicator of fungal biomass in soil or wood, among other substrates (Plassard et al. 1982).   
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The chitin assay is essentially a test for all fungal biomass in the sample since it measures 

both living and dead biomass, which is different than the test for ergosterol, for example, that is 

present only in li ving fungal biomass (Antibus and Sinsabaugh 1993).  Moreover the ant fungi do 

not appear capable of digesting chitin readily (Martin 1987), making this structural compound 

essentially a metabolic dead-end.  Therefore it measures the total amount of fungal biomass that 

was an outcome of the experimental manipulations in this study.  Ants do deposit dead pieces of 

the fungus garden into discrete waste piles; however, in lab and field colonies this generally 

occurs only after sexuals have matured and dispersed.  In the rare cases where ants have 

deposited fungal waste in the foraging arena before the experiment was completed, it was 

removed, dried and weighed and added to the final fungus garden weight.    

Whereas total chitin content is indicative of the performance of fungus gardens on various 

substrates, it is a function of the percent chitin and total weight of fungus gardens.  Therefore 

total chitin is potentially confounded with these variables.  Percent chitin might indicate 

qualitative differences in the fungus gardens, such as the density of hyphae and therefore, the 

density of gongylidia (swollen hyphal tips).  Even though total chitin content was explicitl y used 

as the main index of performance, all three measures were reported and discussed accordingly.    

This chitin assay was a test specific to the free aldehydes that result from the acid (6-N 

HCl) hydrolysis of chitin and subsequent deamination of the glucosamine residues by nitrous 

acid (HNO2) (Plassard et al. 1982; Vignon et al. 1986).  Free aldehydes form a stable complex 

with MBTH (3-Methyl-2-benzothiazolone hydrazone hydrochloride), which turns a shade of blue 

in the presence of ferric chloride (FeCl3).  The samples were then read in a Beckman-Coulter DU 

640 Spectrophotometer at 650 nm.   The amount of chitin in each sample was estimated by 

interpolating the absorbance of each sample onto a standard curve constructed by subjecting 5 

dilutions (range: 0.0625-1.0 mg· ml-1) of purified chitin (Sigma-Aldrich, St. Louis MO) to the 

procedure outlined above.   

Statistical Analysis 

All analyses were conducted with Statistica version 6.1 (Statsoft 2003). Except for the 

preference tests, amounts of ant and fungal biomass were analyzed with one-way analyses of 

variance.  Growth of the fungus garden in colonies fed different substrates was compared with a 

Repeated measures ANOVA for the effects of substrate type (preferred v unpreferred) and time 
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on garden volume.  The analysis included 36 colonies fed each substrate type.  Data were log10 

transformed to meet parametric assumptions; otherwise non-parametric tests (i.e., Kruskal-

Walli s) were employed.   

Results 

Preferences   

2002. The pairwise procedure indicated that nearly all colonies collected more substrates 

that I assigned to be preferred substrates (GP = 345.4, df = 1, p<0.001; GT = 392.1, df = 1, 

p<0.0001; Appendix A).  Although four colonies failed to exhibit a significant preference and 

one colony preferred redbud flowers over fall webworm frass, there was no significant variation 

among colonies (GH = 46.7, df  = 35, p >0.09; Appendix A).   

 
2003. Similar to the previous year, colonies generally exhibited clear preferences with 

nearly all preferring catkins and frass over leaves and flowers  (GP = 154.2, df = 1, p<0.0001; GT 

= 164.4, df = 1, p<0.0001, Figure 4, Appendix B).  A single exception occurred when one colony 

chose 8 pieces of catkin and 2 pieces of f lower (G = 3.85, df = 1, p = 0.05).  No colonies 

preferred leaves or flowers; therefore the test of heterogeneity among colonies was highly non-

significant (GH = 10.2, df  = 23, p >0.99).  It is quite clear that T. septentrionalis ants prefer 

catkins and frass over leaves and flowers. 

Changes Dur ing Colony Development 

 

During the first day of feeding colonies the Orgyia detrita frass, the ants completely 

covered their fungus garden with pieces of frass, a behavior similar to that observed in other 

colonies; however within two days this substrate was rejected.  Not only did the ants remove the 

frass from the fungus garden, they removed the frass from the waxed paper and deposited it in 

their refuse piles along the tray’s corner.  To avoid losing an entire group due to starvation, 

which preliminary studies indicated to be likely since they were not building up their garden, the 

diet of this group was augmented with a 50:50 blend of oak catkins and frass. The initial 

intention was to determine whether the ants would collect frass along with the catkins; however 

by the end of the experiment it became clear that littl e if any of the frass had been incorporated 

into the fungus garden.  Nearly 90% of these colonies’ diet consisted of catkins: three collected 
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no frass while the other three had diets composed of 5-10% frass.  Therefore the frass group will 

be henceforth referred as the ‘ low-catkin’ diet and the catkin diet proper, the ‘high-catkin’ diet.  

Neither the bluejack oak leaves nor the huckleberry flowers, unpreferred substrates, were rejected 

or ignored.  Huckleberry flower corollas were routinely observed nestled in the fungus garden.   

Substrate preferences more or less were reflected in the colonies receiving a mixed diet.  

It became immediately obvious during the beginning of the experiment that the colonies would 

feed exclusively on catkins if left to their own devices.  It was surprisingly diff icult to force the 

colonies onto a fixed diet composed of an even mixture of all four substrates because the ants 

clearly preferred catkins and appeared to ignore other substrates for several days after receiving 

catkins.  This was one reason why the amount of leaves made available was less than 25% (Table 

1)—I needed to conserve our leaf supply for the leaves-only diet.  This quali fication 

notwithstanding, the colonies’ diet was composed of approximately 60% catkins and 9-18 % for 

the other three substrates (Table 1).  Approximately 80% of the catkins offered were accepted by 

the colony, compared to 74% of the leaves, 44% of the flowers and 25% of the frass.  Catkins, 

leaves and flowers comprised more than 90% of their diet (Table 1).   

During the course of the experiment, were some peculiar observations in the growth of 

the fungus garden.  Colonies in the high-catkin group fill ed as many as three plaster nest 

containers with fungus garden whereas the group fed flowers never had their single chamber 

more than half f ill ed with fungus garden.  Ants on the high-catkin diet curiously built up gardens 

in one chamber but when supplied another chamber, they moved their brood to the new chamber, 

essentially leaving the older gardens ‘f allow’ .  

Although there was considerable variation in the growth of the fungus garden (volume), it 

was not significantly affected by substrate (F 4,287 = 0.35, p>0.85; between effects, repeated 

measures ANOVA) (Figure 5).  Most variation in fungus garden volume was attributable to 

sampling week (F 1,287 = 809, p>0.0001; within effects, repeated measures ANOVA).  Week did 

not interact with substrate (F 4,287 = 0.81, p>0.52; within effects, repeated measures ANOVA), 

therefore all colonies exhibited similar patterns of growth.    

Across all groups, most growth occurred during the first month (2 April – 3 May), during which 

fungus garden volume increased on average by 80-fold ((volume 3 May – volume 2 

April )/volume 2 April ).  Percent change in fungus garden volume was similar across all groups 

except between the flowers and high catkin diet, where it ranged from a mere doubling in the 
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flowers to a nearly 600-fold increase in the high catkin diet (F4, 32 = 3.34, p<0.05; Figure 6A).  In 

contrast, the subsequent 6 weeks (3 May – 13 June) were characterized by relatively less growth, 

averaging just 2.5 fold (range 0.2 – 13) (F4, 32 = 7.44, p<0.001). However during this time, the 

growth in the flowers and high catkin diets had slowed while the most growth was observed in 

the leaves, low-catkin diet and the mixture (Figure 6B).   

 

Performance measures 

 

Measures of Ant Performance 

 

Ant performance (energetic content and total weight of all offspring) was similar in all 

groups, except for the significantly lower amounts in the flower group (F4, 32 = 7.7, p<0.001, 

Figure 7A).  Energetic content of offspring largely mirrored this pattern except that offspring 

from the flowers and the mixture had lower energy content than those from other substrates (F 

4,32 = 5.54, p<0.01, Figure 7B).  All colonies on flowers produced only worker brood (except for 

a single colony that produced four males).  Neither female number nor biomass varied among the 

four remaining treatments (F 3,24 = 1.45, p>0.25; F 3,24 = 1.55, p>0.23, respectively).  Similar 

results were obtained for male number (F4, 16 = 1.01, p > 0.43), biomass  (F 4,15 = 0.68, p>0.62), 

new worker biomass (F 4, 30 = 2.15, p > 0.09) and number (F 4, 30 = 2.27, p>.09).   

Average female fat content did not vary across the four treatment groups (F3,23 = 0.16, 

p=0.92) that produced significant amounts of sexual biomass (all groups except those receiving 

flowers) and was on average 20.1 ± 0.04% (mean ± 1SD), which is significantly lower than the 

25% mean fat content reported in an earlier study (Seal and Tschinkel in press-b) (t25 = 112, 

p<0.0001).  Similarly average male fat did not vary across treatments and was on average 10 ± 

3% (mean ± 1SD)  (F3,10 = 0.16, p>0.92).  In summary it appears that all colonies produced 

females and males that were in similar developmental states.    

 

Measures of Fungal Performance 

 

The weight of the fungus garden was positively related to the amount of substrate 

collected by the colonies (log fungus = 0.07+0.79 *log substrate accepted; r2 = 0.89, p<0.0001)  
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Not surprisingly, then, colonies on the high-catkin diet had grown the largest gardens (F4, 32 = 

12.06, p <0.0001, Figure 8) because they had collected the most substrate (Kruskal-Walli s H = 

24.9, n=37, p<0.001).  Colonies receiving flowers, collected the least substrate and grew the 

smallest fungus gardens (Figure 8).  Intermediate in size were gardens in colonies fed oak leaves, 

those on the low-catkin diet (unpreferred) and those receiving the mixture of all 4 substrates 

(Figure 6).   

In terms of total fungal biomass (= the total amount of chitin = percent chitin x fungus 

garden weight), colonies receiving the catkins were clearly the most productive and colonies 

receiving flowers yielded the lowest quantity of fungal biomass (F4,32 = 27.3, p<0.0001; Figure 

9A).  This was because the flowers produced the lowest percent chitin (approximately, 1.2%) per 

gram of fungus garden whereas the four remaining groups were higher but similar to each other 

(> 2%) (F4,32 = 11.2, p<0.0001; Figure 9B).  The high catkin group contained notably the highest 

percent, but not significantly so (Figure 9B).   

 

Eff iciencies of cultivars and substrates in producing fungal and ant biomass 

 

One measure of the consequence of choices is the eff iciency of the conversion of 

substrate into ant and fungal biomass, as measured by the amounts of biomass produced per gram 

of substrate collected.  A low-catkin diet or an oak-leaf diet is clearly more eff icient for the 

production of brood than the high-catkin diet (F4, 32 = 6.26, p<0.001; Figure 10).  Whereas leaves 

appear to be most eff icient for the production of fungal biomass (chitin), only flowers are 

significantly less eff icient (F4, 31= 4.43, p<0.01, Figure 10).   

 

Discussion 

 

The emerging picture indicates an absence of a clear relationship between substrate 

preference at the individual level and productivity of colonies and fungus gardens.  Individual 

worker performance is not necessarily a maximized variable.  The choices that foragers make 

appear to be somewhat independent of substrate quality.  Although their foraging strategy is most 

li kely adaptive, only two of the four substrates (catkins and leaves) were clearly good substrates 

for the production of ant and fungal biomass.  However only catkins were preferred and the ants 
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collected an amount far greater than they subsequently could use. It does not seem that foragers 

by themselves are capable of making correct decisions.  Their behavior seems loosely related to 

the overall performance of the colony, in other words.   

This study ill ustrates that these ant colonies are indeed composed of several parts that 

operate somewhat independently of each other.  Therefore, to make adaptive arguments about the 

foraging behavior of these colonies, it is necessary to investigate all elements comprising the 

colony.  In this regard, these societies appear to be similar to fire ants where workers need to be 

guided by various stimuli i nto behaving appropriately (Cassill and Tschinkel 1999a; Cassill and 

Tschinkel 1999b; Cassill 2003).  It is only at the colony level that the suitabilit y of various 

substrates becomes processed and subsequent decisions made.  In other words, decisions that 

workers make are not necessarily the same ones that colonies eventually reach.  This study stands 

in agreement with a conclusion made by Wirth et al. (2003, p. 130): preferences are nothing more 

than a colony learning more about its environment, the characteristics of which change 

temporally and spatially.  Ants appear to try various substrates in the vicinity of their nests to 

determine those that are best for the production of ant and fungal biomass.   For ‘correct’ choices 

to emerge and colony performance to be optimized, workers must interact with their nestmates 

and/or their fungus garden.  

The relationship between preference and colony performance furthermore appears to be 

complex and contains several key features of a self-organized system.  One such feature is 

regulation by positive feedback (Camazine et al. 2001).  This may be responsible for the 

extremely large fungus gardens (and fungal biomass) and high collection rate in the high catkin 

diet (Figures 5-6).   This was clearly ineff icient in the long run because these large gardens were 

not used for the production of brood and these colonies were the least eff icient producers of ant 

brood (Figures 8 and 10).  One colony on the high catkin diet had in fact begun to dismantle 

these older gardens on the day it was sacrificed.  It is possible that foragers were stimulated to 

build these large gardens by enhanced hyphal growth (a positive feedback), since the high catkin 

diet contained the highest percent chitin, approaching 3% in some colonies and of course the 

total amount of chitin (Figure 9), since they had the largest gardens.   

It is tempting to suggest that catkins could be a nutritionally deficient diet and therefore 

must have been collected in large numbers to produce an adequate amount of offspring, but the 

data do not support this, since the low-catkin diet produced similar amounts of biomass and 
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percent chitin as those on the high diet (Figures 8-9).  As a result, colonies on the low catkin diet 

were highly eff icient toward the production of ant brood. These colonies were also just as 

eff icient as colonies receiving only leaves.  In this regard it appears that foragers prefer catkins 

since they clearly are adequate substrates and the high collection rates indicate more catkin 

biomass can be harvested than leaf biomass in a given amount of time.  The only problem to this 

system is that the ants do not know exactly when to stop.  It is possible that the high collection 

rates in the high catkin diet may be adaptive under natural conditions since catkins may be 

somewhat rare.  Although oaks are the most abundant woody species after pines in sandhill s 

(Myers 1990), catkins do not fall to the ground until after they have dehisced.  These ants do not 

collect dehisced catkins or climb up trees to collect catkins.  They therefore rely on clumps that 

have been blown off the tree or those on clonal ground-hugging oaks (Q. minima and Q. pumila).   

What stimulates a worker to select a substrate?  Possibly, odors and motivation can guide 

an ant in making choices so that T. septentrionalis workers choose substrates that give off 

characteristic odors, as reported in leaf-cutting ants (Roces 1990; Roces and Nunez 1993; Roces 

1994).  This may explain their predilection toward catkins, a substrate that the ants can probably 

collect large amounts of if they find large quantities.  Such a mechanism may also explain why 

foragers initially preferred the Orgyia detrita frass but subsequently rejected it.  Possibly O. 

detrita frass looked and smelled like good frass, since some frass types are certainly excellent 

substrates, such as tent caterpill ar frass (Malacosoma americanum) (see second chapter below).  

Frass may also be similar to catkins in that the ants can easily collect and transport them.  The 

behavior observed in this study appears rather similar to the ‘delayed rejection’ behavior reported 

when a preferred substrate (citrus pulp) was laced with a fungicide (Ridley et al. 1996; North et 

al. 1999).  After several days, the ants learned to avoid citrus pulp, even when citrus pulp not 

impregnated with fungicide was provided.  It is possible that the ants were somewhat unfamiliar 

with the O. detrita frass since the caterpill ars eggs were collected approximately 200 km from the 

ant colony collection site, although these caterpill ars were reared on leaves (and therefore 

produced the frass) from leaves that did come from the same site as the ants.  It is certainly 

within the realm of possible frass that T. septentrionalis ants can be expected to encounter while 

foraging, since both insect species and turkey oak are widely distributed throughout southeastern 

North America.    
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The experimental procedure of cutting substrates into pieces the ants could collect may 

have had some unavoidable side effects.  The individual pieces were standardized by size, not 

weight.  Additionally it was possible that the weights of ant-size pieces differ among the 

substrates.  Frass pieces are probably larger in size and weight than leaf bits or catkin buds, for 

example since frass pieces appear much larger than the ant picking them up.   The method in this 

study standardized pieces to a size the ants could collect each substrate.  Although size and 

weight are in all li kelihood correlated and there is an upper limit to the size (and weight) that the 

ants can li ft and transport, it is possible that the different densities of the substrate items have 

influenced preference.  If identical weights were used, the costs of transporting the substrate 

would be held constant and preference might be more indicative of the reward the ants receive.  

Additional costs of harvesting must also be included, e.g., the cutting of leaves.  To further 

examine this, one could measure the size and weight of pieces of catkins, frass or flowers 

actually harvested by ants in the wild to determine whether ants are actually using similarly sized 

loads or loads vary with the nutritional quality of the substrate.   

Another hallmark of a self-organized system is the involvement of negative feedback as 

‘ limits or constraints in the system’ become more important (Deneubourg et al. 1999).  Negative 

feedback appears to be involved in regulating the growth of the fungus garden, especially when 

the growth rate decreased during the latter half of the experiment (Figure 6).  These decreases 

could be due to a stigmergic process (‘work in progress’ (Camazine et al. 2001; Anderson 2002; 

Jeanne and Bouwma 2002)), so that foraging decreases as the amount of fungus per worker 

increases.  Alternatively, foraging may also be regulated by a group-level process, such as brood 

hunger, as in fire ants, Solenopsis invicta (Cassill and Tschinkel 1999b).  As T. septentrionalis 

larvae undergo metamorphosis into the non-feeding pupal stage, nutrient laden gongolydia might 

become more abundant, which may discourage ants to forage.  Anecdotal evidence indicates this 

may be the case in colonies that have lost their queen and thus the abilit y to produce offspring; 

foragers still t end their garden but never keep it as large as a equally sized queen-right colony 

(J.N. Seal , unpub. data), a finding also noted in Atta sexdens (Della Lucia et al. 2003).   

The steady but low collection of huckleberry flowers indicates that this substrate was not 

very conducive but not altogether inhibitory toward the performance of the fungus garden.  The 

lack of positive reinforcement probably prevented it from being collected in larger amounts but 

the absence of negative reinforcement may be why this substrate was not rejected.  These flowers 
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have been observed inside fungus gardens of excavated field colonies and foragers can be 

routinely observed cutting out corollas each spring (J. Seal, unpublished data).  Probably 

important is the fact that the ants have never been observed to recruit to these flowers as they will 

typically do to fresh growth on small oaks (bluejack and runner oak (Q. pumila)), bracken fern 

(Pteridium aquilinum) and catbriar (Smilax spp.) (J. Seal, unpublished data).  It is unlikely that 

these flowers were providing necessary but rare micronutrients, as the nutrient balance 

hypothesis (Powell and Stradling 1991; Stradling and Powell 1992) predicts, since the production 

of ant biomass and the percent chitin on mixed diet was similar to groups fed catkins (high and 

low diets) or leaves.   

Leaves appear to be an excellent substrate for the production of ant and fungal biomass 

but are not preferred substrates.  Leaves never became preferred, even though they appear highly 

eff icient substrates.   Substrates can become unpreferred quite rapidly (i.e., the frass treatment) 

but there does not appear to be a mechanism for substrates such as leaves to become preferred.  

The fungus of this species appears to be just as physiologically able to digest leaf tissue as the 

fungus from leaf-cutting ants (Martin 1987).  Excavated fungus gardens can be routinely 

observed to contain a large amount of leaf bits and therefore can appear quite green (J. Seal, 

unpublished data).  The first taxonomic treatment of this species placed it in the leaf-cutting ant 

genus, Atta (Wheeler 1907) because it was observed cutting pine needles in New Jersey (Morris 

1881).  Probably one limitation is the abilit y of the ants to cut enough leaf tissue since the leaves 

of oaks and other deciduous trees typically toughen and become unharvestable by midsummer 

(Feeny 1970; Schroeder 1986).  It is probably therefore no surprise that the higher attines are 

characterized by the evolution of large and polymorphic workers in Atta spp. and their apparent 

suitabilit y for the harvesting of leaf tissue (Wilson 1980b; Wetterer 1994b).     

There are some inescapable caveats in this study.  First, although the performance 

measures used in this study approximate fitness, because the chances of having successful 

offspring probably increase with the magnitude of reproductive investment (colonies must 

produce offspring in order to reproduce), this study encompassed only one reproductive bout and 

fitness is essentially a rate.  Therefore a true estimate of f itness would involve measuring the 

success of colonies over time in their abilit y to produce sexual offspring, which were then 

capable of producing sexual offspring, etc.  Since the offspring in this study were kill ed along 

with their colony, it is not known how these offspring would have fared on their own. �
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Ideally one would want to be able to measure the success of offspring in colony founding.  

These ants will fly in the lab and I went to great lengths to prevent them from doing so by killi ng 

them relatively early and putting screens on the tray tops about 2 weeks before the end of the 

experiment.  Even if I allowed them to fly and was able to keep the alates from colonies separate 

(most colonies in the lab release their sexuals simulatenously), the laboratory appears to lack the 

proper conditions for successful matings and nest foundings    In the summer of 2002 I observed 

several laboratory mating flights and even several males and females copulating, a process that 

lasted 45 minutes in some cases.  However dissections indicated that these copulations did not 

result in insemination and none of the undissected females laid eggs—most eventually died about 

a year later.   Future work could focus on how to get these ants to successfully mate in the 

laboratory.   

Another caveat is the choice of fungal performance measure in this study.  While chitin is 

well established to be a measure of fungal biomass (see Methods), it does not necessarily indicate 

the condition of the fungus garden; rather, simply how much biomass it has produced.  It does 

not necessarily inform how well  it is able to produce nutrients for itself or the ants, both of which 

could have implications in the production of future offspring and fungus gardens.  It is possible 

that any of these diets, especially those that appear to be good for chitin production, both as a 

percent and total amount, could have negative consequences later in the summer when workers 

are produced, which are probably needed to survive the winter and of course help the rearing of 

sexuals the following spring.    Ideally one would want to measure the nutrients produced by each 

fungus garden as a result of substrate type.   

A final limit ation of this study is its spatial scope.  Trachymyrmex septentrionalis inhabits 

most of eastern North American and likely reflects a large degree of geographic variation in 

physiology and behavior and also its cultivar.  It is therefore unknown whether the patterns here 

only apply to this population or to a wider portion of its range.  If this study were conducted in 

the field, results could have been different, even though the conditions were quite similar to those 

colonies would experience in the wild.  Substrates used were collected from the study sites and 

laboratory temperatures were similar to those that a fungus garden would experience deep in the 

soil (Seal and Tschinkel 2006).  If funds were not limiti ng, both of these angles could be 

adequately pursued.   
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Table 1. Average dry weights and percent of substrates accepted by colonies receiving a mixed diet.   

 
Substrate Amount Provided 

(g)  
(±1 SD)  

% of Total Provided  
(±1 SD)  

Amount Accepted (g)  
(± 1 SD)  

% of Total Accepted  
(±1 SD)  

Flowers 3.25 ± 1.18 25±3 1.55±1.34 18±5 
Leaves 1.47 ± 1.03 10±3 1.1 ±0.9  13±4 
Catkins 5.73 ± 1.84 45±4 4.6 ± 2 60±7 
Frass 2.69 ± 1.37 20±3 0.66 ± 0.4 9±5 
Total 13.2 ± 5.3  7.88 ± 4.5  
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Figure 1.  A highly simpli fied dendrogram of the fungus gardening tribe Attini showing the main 
relationships among the main genera.  Seven lower attine genera have been omitted that occupy 
positions between the basal attine genus Myrmecocrypta and the clade leading to the higher 
attines.  Adapted from Chapela et al. (1994), Schultz and Meier (1995), Mueller et al. (1998), 
Wetterer et al. (1998).   
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Figure 2. Photograph of laboratory colony setup showing the location of the plaster fungus 
garden chambers and substrates.    
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Figure 3.  Mean (±95% confidence interval) number of substrate items collected in during the 
initial preference determination in 2002.  Each mean indicates the number of pieces removed 
during two sampling periods by each of 36 colonies.   
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Figure 4.  Percentages of total amount of substrate collected in 2003 using Method II. Shaded 

areas indicate preferred substrates and unshaded areas indicate unpreferred substrates.    
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Figure 5.  Fungus garden volume (± SE) as a function of colony diet during the course of the 

experiment.  Data have been log10 transformed. There were six colonies in all single 
substrate groups and 13 in the mixed diet.   
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Figure 6.  a. Mean percent change (± SE) in fungus garden volume 2 April –3 May 2003.  b. 
Mean percent change (± SE)  in fungus garden 3 May – 13 June 2003.  Note the difference in the 
y-scales. There were six colonies in all single substrate groups and 13 in the mixed diet.  
Significant differences are denoted by different letters (P < 0.05, Tukey’s HSD tests).   
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Figure 7. a. Mean total ant biomass (± SE)  for each treatment.  b. Mean total Energetic content 
(± SE) of brood.  There were six colonies in all single substrate groups and 13 in the mixed diet.  
Significant differences are denoted by different letters (P < 0.05, Tukey’s HSD tests).   
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Figure 8.  Mean total amounts of substrate (± SE) accepted and final fungus garden weight for 
data collected in 2003.  Shaded bars indicate the weight of substrate accepted and open bars 
indicate final fungus garden weight. There were six colonies in all single substrate groups and 13 
in the mixed diet.  Significant differences are denoted by different letters (P < 0.05, Tukey’s 
HSD tests).  
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Figure 9.  a. Mean total chitin (± SE) in each fungus garden by treatment.  b. Mean percent chitin 
(± SE) in each fungus garden by treatment. There were six colonies in all single substrate groups 
and 13 in the mixed diet.  Significant differences are denoted by different letters (P < 0.05, 
Tukey’s HSD tests).  
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Figure 10.  Mean eff iciencies of each substrate (± SE) for the production of ant and fungal 
biomass.  Shaded bars correspond to the amount of ant biomass produced per gram of substrate 
and open bars indicate the eff iciency for the production of chitin. There were six colonies in all 
single substrate groups and 12 in the mixed diet.  Significant differences are denoted by different 
letters (P < 0.05, Tukey’s HSD tests).   
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CHAPTER 3 

 

 DO THE ATTINE ANTS AND THEIR FUNGI MAKE A SUPERORGANISM? 

  

Recent reviews develop the argument that mutualisms are nothing more than reciprocal 

antagonisms in which the species comprising the mutualism are essentially exploiting the others 

(Bronstein 1994b; Bronstein 2001b).  The main difference is that in mutualisms, all actors 

receive some benefit in being exploited.  This approach emphasizes costs and benefits to the 

individuals comprising the interaction, since the net outcome could potentially vary considerably 

between antagonisms and mutualism (Bronstein 1994a; Bronstein 2001b; Bronstein 2001a). 

Some of the best-studied obligate mutualisms support this claim.  For example, figs and yuccas 

must sacrifice some of its seeds to the specialist polli nators (fig wasps and yucca moths, 

respectively) in order for successful polli nation to occur (Bronstein 2001b).  Outside of these 

cases, few studies have measured the costs and benefits of the association on both partners.    

With such an emphasis on costs and benefits, some have begun to interpret the fungus 

gardening ant mutualism as a mutual exploitation (Herre et al. 1999; Mueller et al. 2001; Mueller 

2002).   Mueller (2002) specifically argues against the notion that the fungi are anything but 

passive domesticates and even goes as far as suggesting that the fungi have domesticated the ant 

as much as the ants have domesticated the fungus.  Although this seems extreme, he correctly 

points out that most work has probably been biased from our own association with agriculture by 

neglecting the fungal end.  Our understanding of this mutualism would be increased if we knew 

more about the biology of the fungus and the ants.   

Mueller et al. (2001) reviewed the natural history literature on these ants in the context of 

the phylogenetic advances (Chapela et al. 1994; Mueller et al. 1998) with the intention of 

establishing how the mutualism evolved.  The fungi were proposed to have had several origins, 

ranging from mycorrhizae to rotting wood fungi, fungi that fed on seeds or arthropod corpses or 

ant feces.  Mueller et al. (2001) suggest that the mutualism evolved initially from a state in which 

the ants ate the fungus and dispersed the spores, since his review indicated that fungi appear to be 

most closely related to leaf litter fungi and most likely grew in the vicinity of ant nests.  The 

fungi were likely quite abundant in the vicinity of their nests if not in their nests themselves.  

Extant attines propagate their fungus garden by taking a piece of the parental garden tucked into 
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their infrabuccal pocket, a space in their neck or throat region (Quinlan and Cherrett 1978b; Little 

et al. 2003).  Interestingly, many Hymenoptera, not just ants, typically disperse fungal spores 

among other objects much in the same way (see Mueller et al. 2001).  In other words, the ants 

used the fungus as a food source while the fungus used the ants as a dispersal vector.   

Moreover, the ants and fungi may have conflicts of interest, especially with regard to 

sexual reproduction and sex ratio (Mueller 2002) because the fungus is propagated only by 

female offspring.  From the perspective of the fungus, males are a wasted investment since they 

are not involved in the propagation of the fungus garden.  Therefore, it would be in the fungus’ 

short-term interest to produce female biased brood as early as possible during colony li fe, even 

though this would eventually mean the demise of the ant colony and fungus.  Accordingly, there 

could be a ‘ tug-of-war’ of sorts between the ants and fungus garden.  Cultivar switch 

experiments have been proposed to ill ustrate elements of conflict and cooperation (Mueller 2002; 

Mehdiabadi et al. 2005).    Mueller (2002) predicts a shift toward male-biased brood, because the 

ants will act as if they were ‘still engaged in a tug-of-war with [their] native cultivar’ , but this 

time their cultivar will essentially be  ‘ impotent’ to some degree because it has not had time to 

evolve mechanisms to deal with ants’ divergent interests.        

Alternatively, this mutualism could be highly integrated and therefore a superorganism, 

so that any conflicts that have existed, have largely disappeared during the evolutionary history of 

this mutualism.  The result could be then that fungi are essentially identical from the ants’ 

perspective.  In support of this claim is that many cultivar lineages are reported to be 

interchangeable among the ant genera, especially among the higher attines (Weber 1972; 

Stradling and Powell 1986; Mehdiabadi et al. 2005).  Furthermore it is not clear how one can 

actually measure the costs for the ants and fungus because both have highly aligned reproductive 

interests—both reproduce simultaneously with founding queens taking a piece of the parental 

fungus garden with her.  The logistical diff iculties of obtaining evolutionary relevant (i.e., 

fitness) measures of fungal growth notwithstanding, it is not clear that the interests (costs and 

benefits of the mutualism) of the ants and fungi can truly be separated, as it can be in other 

obligate mutualisms (seeds and eggs of yucca plants and moths, etc.).  Even though the 

conceptual basis of Mueller’s (2002) hypotheses may therefore be on shaky ground, he clearly 

predicts that colonies should have a male-biased sex ratio when cultivating a ‘new’ cultivar.  And 

conducting a cultivar-switch experiment builds nicely on findings in the previous chapter.   
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This chapter investigates generally the role of fungal characteristics in the production of 

ants and fungal biomass in T. septentrionalis.  Primarily this experiment documented the effects 

on worker behavior and colony performance when T. septentrionalis colonies are given a cultivar 

from the leaf-cutting ant, Atta texana.  This experiment also builds on results from chapter one, 

specifically that leaves appear to be a suitable substrate for the production of ant biomass, yet are 

unpreferred substrates.  It is possible that this reflects a difference in cultivar, namely, that leaf-

cutting fungi might be better adapted to digesting leaves (Powell and Stradling 1986; Martin 

1987), which would be evidence that the fungus garden can influence the substrate preference of 

foragers.  . Consequently this study investigates once more the role of substrate in colony 

performance.  Additionally I investigated evidence of ant-fungus conflict as envisioned by 

Mueller (2002) by testing for a male biased sex ratio on colonies cultivating a ‘new’ cultivar.  

This study thus investigate the effect of this new cultivar on forager behavior (preference), its 

influence on colony performance and whether there is evidence for ant-cultivar conflict.  

Materials and Methods 
 

Collection and maintenance of colonies 

 

Colonies were collected by excavating a 1m3 pit approximately 30cm from the nest 

entrance.  Tunnels and fungus garden chambers were found by carefully removing soil from the 

face of the pit toward the entrance with a trowel and kitchen spoons.  All tunnels were followed 

until all ants had been collected.  This entire process took about 45-90 minutes per colony and 

resulted in a >95% chance of collecting the queen of this monogynous species.   Between 2001 

and 2004 over 250 colonies were collected in this way.  

Colonies were housed in the laboratory under standard conditions.  Each colony was 

housed in a tray coated with Fluon © (Northern Products, Woonsocket RI) along the sides to 

prevent escapes.  The ants grew their garden in a cylindrically-shaped, 175 cm3 depression in a 

polystyrene box lined with dental plaster. The top of this chamber was completely covered with a 

piece of plexiglass. Two 9 mm diameter holes were drill ed in the side of each plaster nest for the 

ants to enter and exit the fungus garden chamber.  Additional plaster nests were added and 

interconnected with 5 cm segments of clean, rubber hoses as colonies grew larger gardens.  A 

10mm test tube half f ill ed with water and plugged with cotton was placed in each tray.  The 
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plaster nest was watered weekly by filli ng each of four 9mm diameter holes located in each of the 

four corners.  

The growth of the fungus garden was measured approximately every 10 days by 

estimating its volume.  The width and length of each fungus garden was measured with a ruler 

placed on top of the plexiglass cover.  The height of the garden was obtained by extending a 

straight wire marked in 5mm increments through five 1mm diameter holes predrill ed into each 

plexiglass cover (2 cm apart, from the center of the cover).  The average height was then 

obtained from these five measurements. Since the general shape of this chamber was cylindrical, 

the volume was calculated using the formula for a cylinder ( )
4

2 hd ·p .   

Substrates 

Upon collection, fungal substrates were stored in the freezer (-20º C).  This experiment 

used four substrates.   Frass (fecal pellets) from eastern tent caterpill ars (Malacosoma 

americanum F. (Lasiocampidae)) was obtained by rearing several colonies on cherry leaves 

(Prunus serotina Ehrh.).  Catkins (staminate flowers) were obtained from bluejack oak (Q.  

incana Bartr.).   Flowers came from eastern redbud (Cercis canadensis L.) trees and leaves from 

early spring growth of bluejack oak trees.  All of these plant types were collected from sandhill 

sites in the ANF.  Since they were collected in the spring, they are likely substrates to be 

discovered by T. septentrionalis ants foraging at this time of year.    

 

Preference Determination 

Preference tests were conducted after the colonies had been acclimated to laboratory 

conditions (approximately 5-7 days).  Preferences were conducted a second time to monitor the 

effects of cultivating a new cultivar—about one month after the first preference tests (or three 

weeks after the cultivar switch).   

Preferences were determined by exposing 40 colonies to equal substrate amounts of 

substrate pairs.  Pairs were composed of one substrate thought to be preferred and one 

unpreferred substrate.  Preferences were inferred by counting the number of pieces (pieces of 

frass, catkin bud, or ant-sized snippets of leaf or flower) removed by foragers from waxed 

weighing papers placed near the nest entrance.  Choices were inferred when an ant carried a piece 
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off the paper.  At this point the ant and the substrate item were removed temporarily to a box 

outside the tray.  In this way neither the substrate nor the ant could have influenced the behavior 

of other ants.  

Because nutritional qualiti es could be confounded with physical size of the substrates, all 

substrates were essentially ant-sized pieces.  This standardization was accomplished empirically 

after preliminary observations indicated that ants periodically would collect an item that was too 

large for them to carry and instead tried to drag it across the foraging arena, sometimes quite 

successfully.  Nevertheless,  pieces of leaf were cut using a insect-point punch to a size <25mm2, 

flowers were stripped along their veins and torn into similarly sized small fragments and the 

catkin flower buds were separated from the pendulant stalk—only the catkin buds were placed on 

the weighing paper in other words.   Effort was also made to ensure that the frass morsels were 

fully independent units—not stuck together with silk or moisture.    

 Replicated goodness-of-f it tests  (G-Test, (Sokal and Rohlf 1995) determined whether 

the preferences of foragers was consistent with patterns indicated by preference tests (J.N. Seal, 

unpublished data, see chapter 2) and to determine whether preferences were statistically 

consistent across all colonies.   Replicated goodness-of-f it tests are analogous to analyses of 

variance because they test for significant variation within (GH (heterogeneity)) and among 

experimental units (GP (pooled)). Specifically it tests whether GH adds significant variation to the 

total (GT).  In this procedure, the single trial from each colony is treated as a replicate.  GT is 

calculated from the sum of each G-statistic obtained from each trial.  The significance of this test 

is compared to a chi-square distribution with (a-1) degrees of freedom (a = substrate classes) or 

one degree of freedom (1 = 2-1).  GT is also the sum of GH and GP.  GP is calculated from the 

sums of the number of substrates collected from both substrates used in the trial.  The 

significance of this test is similarly compared to a chi-square distribution with (a-1) degrees of 

freedom.  GH is less straightforward and uses natural log transformations (f ln f with f being a 

frequency) in its calculation.  It is specifically calculated by subtracting the ln transformed total 

number of pieces collected from each trial and the ln transformed overall column and row sums 

(with each colony replicate occupying a row)  from the ln transformed numbers of pieces 

removed in each substrate of each colony.  The significant of this test is compared to a chi-square 

distribution with (a-1)(b-1) degrees of freedom or 1(b-1) with b equal to the number of replicates 

(colonies).  A significant GH statistic would imply significant variation in preference among 
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colonies, whereas an insignificant value would indicate that preferences are uniform among 

colonies.   

Effects of substrates on garden and ant colony performance  

Colonies were fed daily ad libitum by placing the substrates on wax paper near the nest 

entrance.  Wet weights of substrates were converted to dry weights using constants obtained by 

drying small amounts of substrates for 48 h under ambient conditions.  Amounts not collected by 

the ants after two days, as well as pieces deposited in the refuse piles were collected and 

weighed. In this way it was possible to measure the amount of substrate collected by the ants and 

therefore consumed by the fungus garden.   

In 2003, four groups of six colonies received exclusively one of four substrates while the 

remaining thirteen colonies received a mixture of the four substrates.  In other words this study 

consisted of 37 colonies.  This mixture group was established to determine any possible side-

effects of feeding colonies one substrate, which does not occur under natural conditions.   

Feedings were conducted until new offspring (sexuals and new workers) eclosed and 

could be seen walking about the fungus garden.  At this point colonies were kill ed by freezing, 

their contents sorted by hand under a microscope and subsequently dried in an oven, weighed and 

counted.   

Response Var iables 

Measures of Ant Performance 

The main response variables were the total weights, energetic contents and average 

percent fat of ant offspring.  Energetic content of brood was obtained by extracting the body fat 

from adult ants in a Soxhlet extractor using diethyl ether for 48 hours.  Energetic contents of ant 

biomass were obtained by multiplying lean weights by 18.87 J/mg and fat weights by 39.33 J/mg 

(Peakin 1972) and summing.  Ten dark workers (old workers), and a maximum of ten of female, 

male and new worker offspring were chosen from each colony for extraction.  The actual number 

of sexuals extracted in each colony depended on how many developed offspring were present.  

Only the darkest females, males and new workers in each nest were selected.  This was 

deliberately non-random since ant brood are known to dramatically increase their weight and fat 

content from eclosion to dispersal (Keller and Passera 1989; Tschinkel 1993).  Female fat 
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contents were specifically compared to (Seal and Tschinkel, in press) that reported a mean value 

of 25% body fat for T. septentrionalis newly mated queens to get an estimate of the maturity of 

female offspring in each colony and the probable readiness of the colony to reproduce.   

Measures of Fungal Performance 

Measuring the performance of the fungus garden is more ambiguous because this fungus 

does not reproduce sexually and simply grows clonally.  The primary measure used in this study 

is the total amount of chitin in the fungus gardens.  Chitin is the main constituent of fungal cell 

walls (Raven et al. 1999) and its quantity in a substrate is frequently used among mycologists as 

an indicator of fungal biomass in soil or wood, among other substrates (Plassard et al. 1982).   

This test is essentially a test for all fungal biomass in the sample since it measures both 

living and dead biomass, which is different than the test for ergosterol that is present only in 

li ving fungal biomass (Antibus and Sinsabaugh 1993).  Moreover the ant fungi do not appear 

capable of digesting chitin readily (Martin 1987), making this structural compound essentially a 

metabolic dead-end.  Therefore it measures the total amount of fungal biomass that was an 

outcome of the experimental manipulations in this study.  Although ants do deposit dead pieces 

of the fungus garden into discrete waste piles; however, in lab and field colonies this generally 

occurs only after sexuals have matured and dispersed.  In the rare cases where ants have 

deposited fungal waste in the foraging arena before the experiment was completed, it was 

removed, dried and weighed and added to the final fungus garden weight.    

Whereas total chitin content is probably indicative of the performance of fungus gardens 

on various substrates, it is a function of the percent chitin and total weight of fungus gardens.  

Therefore total chitin is potentially confounded with these variables.  Percent chitin might 

indicate qualitative differences in the fungus gardens, such as the density of hyphae and 

therefore, the density of gongylidia (swollen hyphal tips).  I report all three measures and discuss 

them accordingly.    

The chitin assay used in this study was a test specific to the free aldehydes that result 

from the acid (6-N HCl) hydrolysis of chitin and subsequent deamination of the glucosamine 

residues by nitrous acid (HNO2) (Plassard et al. 1982; Vignon et al. 1986).  Free aldehydes form 

a stable complex with MBTH (3-Methyl-2-benzothiazolone hydrazone hydrochloride), which 

turns a shade of blue in the presence of ferric chloride (FeCl3).  The samples were then read in a 
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Beckman-Coulter DU 640 Spectrophotometer at 650 nm.   The amount of chitin in each sample 

was estimated by interpolating the absorbance of each sample onto a standard curve constructed 

by subjecting 5 dilutions (range: 0.0625-1.0 mg· ml-1) of purified chitin (Sigma-Aldrich, St. 

Louis MO) to the procedure outlined above.   

 

Source of Atta texana cultivars 

 

The A. texana cultivars used in this experiment came from two incipient colonies 

collected in August 2003 from the Kisatchie National Forest (Evangeline District), Rapides 

Parish, Louisiana (31º14’ N, 92º37’W).  Atta texana is a leaf-cutting ant found in upland pine 

forests in western Louisiana and southeastern Texas (Bennett 1958; Moser 1960; Moser 1986; 

Kulhavy et al. 2001).  Although there are notable differences between longleaf pine forests west 

and east of the Mississippi River (Bridges and Orzell 1989; Harcombe et al. 1993; Peet and 

Allard 1993), the habitat of A. texana is comparable to T. septentrionalis habitat in north Florida 

because both are characterized by deep sandy soils and plant species adapted to xeric conditions.  

Therefore A. texana ants li kely feed their fungus substrates similar to those found in Florida.  

 

Effects of substrates on garden and ant colony performance  

 

The cultivar switch experiment used 40 T. septentrionalis colonies.  Twenty received one 

of two A. texana cultivars and the other 20 received one of two T. septentrionalis cultivars.  The 

effect of removing a colony’s cultivar and replacing it with a different cultivar (i.e., the shock 

associated with the switch) was accounted for by control switches, in which these colonies had 

their cultivar removed and replaced with one of the two T. septentrionalis cultivars.  The sources 

of these T. septentrionalis cultivars came from laboratory stock colonies that were not part of this 

experiment.  Both were collected from the same general vicinity as the experimental colonies.   

Cultivar switches were completed as follows.  Fungus gardens were removed with sterile 

forceps and replaced with a standardized piece (approximately 1 cm3) of either A. texana or T. 

septentrionalis cultivar.  Since fungus gardens in this seasonal species are extremely small i n 

early spring, the new garden was several times larger (5-10 times, Seal and Tschinkel in press) 

than their original garden.  Consequently it was easy to observe the fate of this garden in their 
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plaster nests.  As a precaution, small nuclei of fungus garden material tended by ants away from 

this garden were periodically removed with sterile forceps.   

In addition to conducting preference tests after the colonies had been acclimated to 

laboratory conditions, preferences were evaluated after the colonies had been switched onto the 

new cultivar, or approximately 3 weeks into the experiment.   

 

Molecular Verification of Switches 

 

 Approximately 1-2 weeks before the end of the experiment, small snippets of fungus 

garden material were removed from each colony in the experiment and placed in fixative 

(RNALater).  These samples were then shipped to Steve Rehner at the USDA Biocontrol 

laboratory in Beltsvill e, Maryland, who developed many of the primers used in the construction 

of these ants’ phylogeny (REFS).  He has supplied a summary of his methods (Appendix A).     

 

Statistical Analysis 

 

All analyses were conducted with Statistica version 6.1 (Statsoft 2003). The growth of the 

fungus garden with regard to substrate treatment was analyzed with a repeated measures analysis 

of variance with time as the repeated measure and cultivar and preference as additional effects.  

Volumes were repeatedly measured on all colonies in this experiment at approximately one-week 

intervals. In addition to testing whether volumes were different among weeks, it tested for 

significant interactions between week and cultivar and preference.   

All of the other measures of ant and fungal performance were analyzed with full model 

ANOVA that consisted of cultivar, preference, cultivar x preference interaction and substrate 

nested within preference.  This design is a nested factorial and as such, the nested factor is a 

random factor (Sokal and Rohlf 1995).  Effects were removed from the model (pooled) if they 

produced p-values > 0.25 in the procedure outlines by Underwood (1997).  In most cases, the 

nested terms and  preference x cultivar interactions were pooled, but in two cases the main effect 

of preference was not significant but significant variation nevertheless occurred among 

substrates.  In this instance, the model consisted of cultivar, substrate and the interaction between 
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the two.     Power analyses were conducted using G-Power (Faul and Erdfelder 1992) on tests 

that produced low p-values but were otherwise >0.05.   

Data were log10 or square root transformed to meet parametric assumptions, except for 

percentages (sex ratio), which were arc-sin square root transformed.    

 

Results 

Switch Success 

 

The switch method used in this study had a nearly 100% success rate.  Only one colony 

clearly did not adopt the A. texana cultivar, as the PCR assay indicated that their garden belonged 

to the T. septentrionalis cultivar.  The fungus garden from one other colony could not be 

identified before the sample degraded.  These two colonies were excluded from further analyses 

(see below).  Therefore 18 out of 20 colonies were without a doubt cultivating the A. texana 

cultivar.   

 

Preference 

 

Preferences were clearly distinct, a finding that mirrors the experiment reported in the 

previous chapter.  Foragers prefer oak catkins and caterpill ar frass over oak leaves and redbud 

flowers (GP = 342.3, df = 1, p<0.0001; GT = 417, df = 1, p<0.0001, Figure 11, Appendix C).  

Exceptions occurred when two colonies gathered more frass than leaf pieces but were otherwise 

not statistically significant (18 frass vs. 10 leaf pieces, G = 2.2, df=1, p>0.12; 11 frass vs. 4 leaf 

bits, G = 3.4, df=1, p>0.06) or when one colony failed to exhibit a preference (five pieces each of 

catkins and flowers). Nevertheless no colonies preferred leaves or flowers; therefore the test of 

heterogeneity among colonies was not significant (GH = 30.4, df  = 39, p >0.73).  A single 

exception occurred when one colony chose 8 pieces of catkin and 2 pieces of f lower (G = 3.85, df 

= 1, p = 0.05).   

The cultivar switch did not influence the preference behavior of the ants.  Approximately 

3 weeks after the cultivar switch, colonies still preferred catkins and frass over leaves and 

flowers, i.e., the preferences did not result in the expected change  (GP = 337, df = 1, p<0.0001; 
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GT = 436, df = 1, p<0.0001, Figure 12, Appendix D).  Although the test of heterogeneity among 

colonies was significant (GH = 99.7, df  = 37, p <0.0001), no colonies changed their preferences 

to leaves or flowers.  Only one colony cultivating the A. texana fungus failed to exhibit a 

significant preference by collecting equal amounts of frass and oak leaves.  The seven remaining 

colonies that failed to exhibit a preference were cultivating the T. septentrionalis cultivar.  Two 

of these collected equal amounts and the five other collected more preferred substrates, but not 

significantly.   

 
Adjusting for an unbalanced design 
 

The unbalanced design produced by excluding two colonies was dealt with by two 

methods recommended by Underwood (Underwood 1997).  First, ‘dummy’ variables were 

created by taking the mean values for each group to which the missing data belonged, which in 

this case, meant taking the mean from the four colonies in the catkin group and the four colonies 

in the caterpill ar frass group.  This altered neither the mean nor the variance in each of these 

groups (Underwood 1997); however, the error degrees of freedom for each test involving these 

colonies were reduced by two.  The second method created a balanced design by randomly 

deleting six colonies (two from the remaining A. texana cultivar groups and four growing the T. 

septentrionalis cultivar).  This produced a balanced design containing 32 colonies. Generally the 

results from each of these methods were very similar.  However in some instances the former 

method yielded significant tests that violated the assumption of homoscedasticity.  In this case, I 

report the results from the second method.   

  

Performance Measures: Ant biomass weights and energetics 
 

The effect of the A. texana cultivar on the production of T. septentrionalis ant biomass 

(sexual and new worker brood) was minimal (F 1,34 = 0.57, p>0.45).   Most differences appear to 

be due to whether substrates were preferred or not.  There was no significant variation in 

production among substrates within preference (F 2,34 = 1.48, p>0.24), which were subsequently 

pooled.  Colonies produced approximately 40% more ant biomass on preferred substrates than on 

unpreferred (246 ± 95 versus 173 ± 98 mg (mean ± 1SD), respectively, F 1,34 = 4.87, p<0.05).   



 
 
 

 

 

47   

 

The interaction between cultivar types and preference fell j ust short of significance (F 1,34 = 3.74, 

p = 0.06).   

Similarly, the energetic content of brood was not affected by cultivar (F1,34 = 0.09, 

p>0.75).  Once again, differences in energetic content were associated with preference--- 

preferred substrates yielded more Joules of sexual and new worker brood than unpreferred 

substrates (4131 ± 2051 versus 2609 ± 2448 J, respectively) (F 1,34 = 5.77, p<0.05).  For this 

variable however, the interaction between cultivar and substrate type (preference) was significant 

so that the A. texana cultivar was just as productive on all substrates (both preference types) as 

the T. septentrionalis cultivar was on preferred substrates (F 1,34 = 4.48, p<0.05) (Figure 13).  

Least productive was the T. septentrionalis cultivar fed unpreferred substrates.   This suggests 

that leaf-cutting ant cultivar is better able to convert leaf tissue into ant biomass than T. 

septentrionalis cultivars.     

 

Sexual Biomass and Energetics  

 

Seventeen of the eighteen colonies growing an A. texana cultivar produced sexual 

offspring, all of which produced female sexual biomass.  Eight of these colonies produced only 

female brood.  Eighteen of the colonies growing T. septentrionalis produced sexuals but only 

fourteen of these produced any females, four producing only female brood.  Male production in 

other words appeared to be more abundant in colonies growing a T. septentrionalis cultivar.   

Sexual biomass was significantly affected neither by cultivar type (F 1,32 = 0.11, p>0.74) 

nor preference (F 1,2 = 2.02, p>0.29).  Most variation in sexual production was attributed to 

substrate type that was independent of preference (F 2,32 = 4.02, p< 0.05).  Specifically, the lower 

amounts of sexual biomass were produced on oak leaves, than on flowers, catkins or frass, which 

was similar to the pattern for biomass expressed in energetic terms.  There was also an 

interaction between preference and cultivar (F 1,32 = 4.91, p< 0.05), so that more sexual output 

was produced in T. septentrionalis cultivars receiving preferred substrates and all A. texana 

cultivars than T. septentrionalis cultivars receiving unpreferred substrates (Figure 14).  In other 

words, the outcome is very similar to that observed in total ant biomass (Figure 13).  This pattern 

is mirrored in the production of female biomass, which does not appear to vary due to cultivar (F 

1,32 = 0.40, p>0.53) nor preference (F 1,2 = 2.38, p>0.26); rather most variation appears 
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attributable to low production in the T. septentrionalis cultivars fed leaves or flowers 

(unpreferred substrates (F 1,32 = 4.2, p<0.05).  Male biomass on the other hand did not vary 

between cultivars (F 1,30 = 0.86, p>0.35), substrates (F 3,30 = 1.31, p>0.28), or the interaction 

between cultivars and substrates (F 3,30 = 0.59, p>0.63). 

Differences in sex ratio (percent total male biomass/(female + male biomass)) were not 

statistically significant, even though more male biomass was produced in colonies growing the T. 

septentrionalis cultivar (25 ± 9%) (mean ± SE), range: 0-100%) than in those cultivating the A. 

texana cultivar (9 ± 5%, range: 0-96%) (F 1,34 = 2.47, p>0.12).  The sex ratio was not affected by 

preference (F 1,34 = 1.66, p>0.20) nor by the interaction with cultivar (F 1,34 = 1.51, p>0.22).  The 

power of the cultivar test was rather low; however, with a value of approximately 0.25.  

Therefore the probabilit y of making a type II error was high (concluding that there is no trend 

when one in fact exists) (<�= 1-0.25 = 0.75).  Even if there were a significant trend in the data 

here, it would be in the opposite direction than indicated by Mueller (2002), since the sex ratio is 

male biased in the colonies on the conspecific cultivar.       

It should be pointed out that all of these analyses on sex ratio violated the assumption of 

homogeneous variances, even though analyses were performed on untransformed, log-

transformed and arc sine square root transformed data.  The above results were conducted on arc 

sine transformed data.  Violation of this assumption causes inflated F- statistics and p-values, 

which therefore increases the probabilit y of a Type I Error (Underwood 1997), but this is not 

relevant since the results were not significant. 

 Female alate offspring were on average fatter in colonies growing the T. septentrionalis 

cultivar (20.3± 6 % (A. texana) versus 25.5±  5 % (T. septentrionalis) (F 1,29 = 5.57, p < 0.05, r2 = 

0.15)).  This pattern was also observed in the average percent fat of male offspring (5.4± 4.2 % 

(A. texana) versus 9.4± 4.1% (T. septentrionalis) (F 1,17 = 4.66, p>0.05, r 2 = 0.22).  Substrates 

and preference type were not significant effects.  Therefore it appears that variation in fat content 

is entirely attributable to cultivar.   

Fungus garden traits 

 
Fungus garden volume during the eight-week period was not affected by cultivar type (F 

1,316 = 0.01, p>0.94), preference (F 1,316 = 0.53, p>0.47), nor their interaction (F 1,316 = 0.11, 

p>0.74) (between effects, repeated measures ANOVA).  The effect of week (within effects, 
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repeated measures ANOVA) was significant (F 1,316 = 586.3, p<0.0001) but week did not interact 

significantly with cultivar (F 1,316 = 0.01, p>0.91), preference (F 1,316 = 0.98, p>0.32), or their 

interaction (F 1,316 = 0.2, p>0.65) (Figure 15).   Therefore it appears that all variation in the 

growth of the fungus garden was entirely attributable to time and not cultivar and preference.  All 

substrates and cultivars therefore would appear to have had similar patterns of growth, in other 

words.   

Fungus gardens were the heaviest in colonies receiving preferred substrates (9.23 ± 4 g 

versus 3.63 ± 1.96 g, respectively, F1,28 = 44.2, p<0.0001).  Fungus gardens growing the T. 

septentrionalis cultivar were also heavier than gardens growing the A. texana cultivar (7.65 ± 

5.26 g versus 5.21 ± 2.37 g, respectively; F1,28 = 5.71, p<0.05).  There was no significant 

variation among substrates (F2,26 = 0.597, p > 0.56), other than that due to preference; therefore 

substrate was dropped from the model.  There was a significant interaction between cultivar and 

preference; however, which makes the situation somewhat complex (F1,28 = 4.96, p<0.05).  

Fungus gardens receiving unpreferred substrates were the lightest, which was true for the T. 

septentrionalis and A. texana cultivars.  The heaviest gardens were those containing a T. 

septentrionalis cultivar receiving preferred substrates, whereas A. texana cultivars receiving 

preferred substrates were slightly lower but above the unpreferred substrates (Figure 16).  The 

amount of substrate accepted was not significantly affected by cultivar type (F1,32 = 0.56, 

p>0.46), preference (F1,2 = 5.97, p>0.13), substrate within preference (F2,32 = 2.56, p>0.09), or 

the interaction between cultivar and preference (F1,32 = 3.09, p>0.08), despite obvious variation 

among the substrate-cultivar combinations (Figure 17).   

 

Most variation in the percent chitin appeared to be explained by the type of cultivar and 

substrate.  On a percent basis, colonies growing the A. texana cultivar contained a higher percent 

chitin than colonies growing the T. septentrionalis cultivar (4± 2% versus 3 ± 1%, respectively; 

F1,26 = 5.52, p<0.05).  Percent chitin appeared to be influenced mainly by substrate nested within 

preference (F2, 26 =12.73, p <0.001) that was independent of preference (F1, 26 = 0.05, p>0.85), 

making it apparent that the substrates were not uniform within preference.  For this reason, the 

effect of preference was dropped.   Subsequent analysis for this variable was conducted on a 

model that contained the effects of cultivar, substrate and their interaction.   Cultivar type 

interacted in a complex fashion with substrate so that the best substrate and cultivar combination 
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for the production of chitin was the A. texana cultivar growing on catkins or redbud (two-way 

ANOVA, F3,30 = 6.37, p>0.01, adjusted r2 =0.66) (Figure 18).  The lowest percent chitin was 

found in the A. texana cultivar growing on frass and T. septentrionalis cultivar growing on oak 

leaves (Figure 18).  Notably differences were found between the two cultivars when grown on 

the same substrate.  The Atta texana cultivar contained about double the percent chitin found in 

T. septentrionalis cultivars when growing on redbud flowers.   

When the weight of the fungus garden and its percent chitin were combined to produce an 

estimate of the garden’s total amount of chitin—the total amount of fungal biomass in each 

garden--- the results were quite similar.  Fungus gardens of both cultivar types were rather 

similar in terms of total chitin content (0.218 ±0.12 (A. texana) versus 0.264 ± 0.207 (T. 

septentrionalis))  (F1,32 = .004, p>0.95).  While preferred substrates did not produce more chitin  

(F 1,2 = 4.87, p>0.15), there was a significant interaction between preference and cultivar type (F 

1,32 = 9.35, p<0.001).  The largest amount of chitin was produced in the T. septentrionalis 

gardens fed preferred substrates relative to those fed unpreferred substrates of either cultivar  

(Figure 19).   The A. texana cultivars produced similar amounts of fungal biomass on preferred 

and unpreferred substrates.  Unpreferred substrates on both cultivars were not significantly 

different however.   

 

Eff iciencies of cultivars and substrates in producing fungal and ant biomass 

 

It appears that each substrate and cultivar is just as eff icient at producing ant biomass, on 

a weight or energetic basis.  The eff iciency of ant biomass (g) production per gram of substrate 

did not vary significantly with regard to cultivar (F1,30 = 0.03, p>0.87) or substrate (F 3,30 = 

0.682, p>0.40) or the interaction (F3,30 = 0.512, p>0.48).  Likewise the production of ant biomass 

in energetic terms (J) per gram of substrate added was unaffected by cultivar (F1,30 = 0.39, 

p>0.54), substrate (F3,30 = 0.17, p>0.91) or the interaction (F3,30 = 1.13, p>0.35). 

The production of chitin on the other hand was clearly favored in specific combinations 

of cultivar and substrate.  Both cultivar types and preference categories did not differ in their 

eff iciency to convert substrate biomass into chitin (F1,30 = 0.802, p > 0.37) (F1,2 = 3.55, p>0.20).  

However, substrates nested within preference was significant (F2, 32 = 5.89, p <0.01).  

Consequently, the main effect of preference was dropped from the model and a model containing 
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substrates, cultivar and their interactions subsequently analyzed.  Cultivar was not an important 

factor in the eff iciency of chitin production (F1,30 = 1.19, p>0.28) but significant variation 

occurred among substrates (F 3,30 = 12.35, p<0.001) and their interaction (F3,30 = 6.63, p<0.001).  

Oak leaves were the least eff icient toward the production of chitin and was true for both cultivars 

and similar to flowers on the T. septentrionalis cultivar (Figure 20).  Interestingly, the redbud 

flowers were about twice as eff icient toward the production of chitin in the A. texana cultivar as 

in the T. septentrionalis cultivar (Figure 20).  The remaining substrate and cultivar combinations 

were otherwise quite similar.       

Discussion 

There are several major findings in this study.  First, the cultivar switch experiment was 

largely successful and the effect of the A. texana cultivar on forager behavior (substrate 

preference) and ant biomass production was largely negligible.  The different cultivars appear to 

be virtually identical from the perspective of the ant.  This is surprising since the data presented 

here indicate that the cultivars were in fact different molecularly and physiologically.  The A. 

texana cultivars were clearly more eff icient at converting redbud (Cercis canadensis) flowers 

into fungal biomass.   

Second, there was no evidence for a ‘ tug-of-war’ between ants and fungi over sex ratio or 

sexual reproduction.  Rather it appeared that the A. texana cultivar might be better suited toward 

the production of sexuals, especially females.  Although differences were not statistically 

significant and lacking suff icient power the direction of differences was in the opposite direction 

than predicted by Mueller (2002), since more male biomass was produced on the T. 

septentrionalis cultivar.   

 Third, the results in this study indicate that ants have probably adapted to their cultivar to 

a certain degree especially with regard to substrate choice.  T. septentrionalis colonies are more 

productive on preferred substrates (frass and catkins) than on unpreferred substrates (leaves and 

flowers) when they grow their cultivar (significant interaction terms).  However these differences 

disappear when they cultivate the A. texana strain (Figure 13-14).  Additionally, females were 

fatter in gardens cultivating the T. septentrionalis cultivar, which indicates that these females had 

probably matured and were ready to fly (Seal and Tschinkel in press). The pattern for average 

male fat also support this claim, in a variety of f ield and lab experiments, average male fat rarely 

exceeds 11% (J. N. Seal, unpublished data).  These colonies therefore would have had an earlier 
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bout of reproduction than colonies on the A. texana cultivar, perhaps conferring a selection 

advantage (Bourke and Franks 1995).   

The basis for these phylogenetic differences is diff icult to explain however since one 

would think that leaf-cutting fungi would be specialized to metabolizing leaf tissue, since that is 

mainly what leaf-cutting  ants feed their fungus.  The non-leaf-cutting cultivars should be 

adapted to a wider-variety of substrates that includes leaves and frass.  It would appear then that 

the evolution of leaf-cutting was not accompanied by a loss of the abilit y to process frass, a 

substrate that less derived ants feed their fungus, rather it was accompanied by the abilit y to 

metabolize a wider spectrum of substrates.  However, very young colonies of leaf-cutting ants 

contain small monomorphic workers that are not able to cut tough leaves (Wetterer 1994b) and 

may even collect frass, therefore it would not be adaptive to have a cultivar that is specialized for 

leaf tissue.   

There are some inescapable caveats in this study.  First, although the performance 

measures used in this study approximate fitness, because the chances of having successful 

offspring probably increase with the magnitude of reproductive investment (you can’ t have 

offspring if you do not reproduce), this study encompassed only one reproductive bout and 

fitness is essentially a rate.  Therefore to get a true estimate of f itness would involve measuring 

the success of colonies over time in their abilit y to produce sexual offspring that were then 

capable of producing sexual offspring, etc.  Since the offspring in this study were kill ed along 

with their colony, it is not known how these offspring would have fared on their own.  Ideally 

one would want to be able to measure their success founding colonies on their own.  These ants 

will fly in the lab and I went to great lengths to prevent them from doing so by killi ng them 

relatively early and putting screens on the tray tops about 2 weeks before the end of the 

experiment.  Even if I allowed them to fly and was able to keep the alates from colonies separate 

(most colonies in the lab reproduce simulatenously), the laboratory appears to lack the proper 

conditions for successful matings and foundings    In the summer of 2002 I observed several 

laboratory mating flights and even several males and females copulating, a process that lasted 45 

minutes in some cases.  However dissections indicated that these copulations did not result in 

insemination and none of the undissected females layed eggs—most eventually died about a year 

later.   Future work could focus on how to get these ants to successfully mate in the laboratory, 
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which in the process would truly unit social insect biology with other themes in evolutionary 

ecology (Bourke and Franks 1995).   

Another caveat is the choice of fungal performance measure in this study.  While chitin is 

well established to be a measure of fungal biomass (see Methods), it does not necessarily indicate 

the condition of the fungus garden; rather, simply how much biomass it has produced.  It does 

not tell necessarily inform how well it i s able to produce nutrients for itself or the ants, both of 

which could have implications in the production of future offspring and fungus gardens.  It is 

possible that any of these diets, especially those that appear to be good for chitin production, both 

as a percent and total amount, could have negative consequences later in the summer when 

workers are produced, which are probably needed to survive the winter and of course help the 

rearing of sexuals the following spring.    Ideally one would want to measure the nutrients 

produced by each fungus garden as a result of substrate type.   

This experiment was relatively short compared to the li fespan of T. septentrionalis 

colonies which is at least 5 years (J. N. Seal, unpublished data).    If this experiment were 

allowed to extend to encompass several reproductive bouts, especially more than one, it is 

possible that preferences could have gradually changed so that foragers cultivating leaf-cutting-

ant fungus might eventually learn to collect leaves and flowers, which this study indicate are just 

as good substrates for the A. texana cultivar (Figures 16-18).  In other words, it is possible that 

three weeks was not enough time for workers to interact with their cultivar and be able to learn 

things from it.  Learning could also occur during criti cal periods in development, so that only 

new offspring (i.e., very young) would be able to learn the physiological differences among 

cultivars, if they are at all perceptible to the ants sensory systems.   

Finally a limitation inherent in this type of study is the abilit y to focus on one population 

of two widely ranging species.  Trachymyrmex septentrionalis is found in most of eastern North 

America and this study collected colonies from an area smaller than one hectare.  Likewise, A. 

texana is a species found in most of western Louisiana and southeastern Texas and part of 

northern Mexico.  Therefore the scope of this comparative might be somewhat limited since it 

does not encompass most of the variabilit y li kely found in these two species.  Certainly the 

environment in Florida is much different than that found in New Jersey, Illi nois or New Mexico.  

Despite this limitation, all studies to date have shown that the fungal cultivars of these two 

species are quite different (Wetterer et al. 1998) and therefore these cultivar switches are 
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probably indicative of results that could be found with a more extensive survey (and limited less 

funds).    

 

Commentary on a recent emphasis on the role of conflict in the study of the Att ini 

 

The results from this study are quite similar to those in another study designed to test for 

conflicts between ants and their fungi (Mehdiabadi et al. 2005).  These authors conducted 

cultivar switch experiments between closely related Cyphomyrmex species and did not find 

differences with regard to sex ratio or sexual production.  They listed several reasons explaining 

the lack of a cultivar effect.  Ants in the genus Cyphomyrmex appear to have switched cultivar 

lineages repeatedly over evolutionary time, a process that appears to have resulted in lineages lost 

to the ‘wild’ and new strains ‘domesticated, possibly within the past few milli on years (Mueller 

et al. 1998).   The switches may be so frequent that it is not possible that ant-cultivar conflict has 

had enough time to evolve.  However, this dissertation used higher attine species that have been 

cultivating the same lineage of fungi for 40-50 milli on years (Chapela et al. 1994; Mueller et al. 

1998), which would presumably be long enough for conflict to evolve (Mehdiabadi et al. 2005).  

The remaining possibiliti es include that the time frame of this study and that by Mehdiabadi et al. 

(2005) was too short--- both encompassed only one reproductive bout.  It is unknown therefore 

whether differences would have resulted if the experiments were allowed to continue.  It is also 

possible that the fungus might not manipulate the sex ratio because it reduces the eff iciency of 

the symbiosis.   

The stabilit y of this mutualism with regard to the genetic identity of the partners is 

explained by the perspective advocated by Margulis and Sagan (2002), who propose that most 

evolutionary change results from the fusion of genomes.  Although the fungal and ant genomes 

have not physically fused, the result is that neither the ants nor the fungus can successfully 

reproduce without the other.  The data in this paper indicate that it is important to understand the 

role of the fungus in this mutualism. It is not terribly useful to look at it from a cooperation-

conflict point of view.  There is no evidence of conflict--- in fact the evidence points toward 

complete cooperation between ants and fungi.   

Focusing on conflict potentially causes us to overlook some very important features of 

this mutualism that sets this ant apart from other ants, if not organisms generally.  There are 
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many interesting aspects of the biology of these ants that could be discovered if greater emphasis 

were placed on the mutualist aspect of their li fe history.  To take another analogy, the 

endosymbiotic events that led to the evolution of eukaryotic cells and thus all fungi, plants and 

animals had a profound implication for all li fe on earth—certainly as we know it.    

Within their geographic range, attines tend to be highly abundant and extremely 

important members in their ecological community in terms of the amount of biomass they 

harvest, soil turnover, influences on plant communities, nutrient recycling or even their status as 

agricultural pests (LaPointe et al. 1998; Wirth et al. 2003; Seal and Tschinkel 2006).  Part of their 

success can be attributed to their colony-founding mode.   Nearly all fungus gardening ant queens 

forage for food during the founding phase and they appear to use their incipient fungus garden 

exclusively to produce their offspring (Fernández-Marín et al. 2004; Seal and Tschinkel in press).  

The consequence is that fungus gardening ant colonies do not need to produce fat-laden queens 

(>40% body fat) that use their body fat and other metabolic stores to produce their first workers.  

This makes the amount of colony investment in colony reproduction much lower, since there are 

not large quantities of fats, sugars and protein that are typically found in most ant queens (Keller 

and Passera 1989).  There are likely other interesting consequences that this symbiosis has had on 

their evolutionary ecology, which have not yet been discovered. 

Adopting a holistic perspective is by no means new, making it quite surprising that a 

wider audience has not adopted it.  Boucher (Boucher 1988) attributes this to a general emphasis 

on predation and parasitism in ecology during most of the 20th century that was perhaps driven by 

a fear of the communist nature of mutualisms.  After all , the term mutualism appears to have 

originated from several parallels early biologists took from human societies, such as the 

‘Mutualité’ societies that were formed by workers in France and Belgium in the 19th century --- 

the main proponents of mutualism were indeed aff ili ated with the left wing in turbulent times 

(Boucher et al. 1982).  The first books to deal with ecological mutualism were written by the 

Russian anarchist, Peter Kropotkin, Mutual Aid: A Factor in Evolution (1902) (Boucher et al. 

1982; Boucher 1988) and the American pacifist, Warder C. Allee, Principles of Animal Ecology 

(1949) (Boucher et al. 1982; Mitman 1992).  Maybe it is time to get over the past and see the 

virtues of ‘ left-wingers’ .   
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CHAPTER 4 

 

CONCLUDING REMARKS 

  

 

Mueller (2002) and Mueller et al. (2001) argue that the fungus should not be viewed as a 

passive member of the mutualism.  These authors proposed in fact that fungus manipulates the 

ants to its own ends.  The data presented in this dissertation instead argue that the abilit y of the 

fungus to influence ant behavior is actually quite limited.  Both studies indicated that substrate 

preference is fairly fixed and appears intrinsic to the ants, since it was by and large neither 

altered by their diet nor cultivar, even though diet and cultivar can produce significant responses 

in the amount of ant and fungal biomass production.  Preferred substrates (frass and catkins) can 

be collected and harvested much more easily than unpreferred substrates (leaves and flowers) that 

need to be cut first before being collected and harvested.  This would suggest that the ants are not 

necessarily using immediate cues emitted by the fungus garden in establishing preference. 

Moreover, preference and foraging are not tightly related to performance, otherwise the ants 

would not have built up large gardens in the catkin treatment that they subsequently did not use.  

Although the energy expenditure of doing so was not measured in this study, it demonstrates an 

indirect link between their behavior and performance.     

The default strategy of the ants appears to be toward the collection of items that probably 

give off certain cues or signatures that the ants can associate with positive outcomes with fungus 

garden and colony performance.  This appears only after the fact—they cannot process 

information on the spot.  This potentially explains why the ants appear to have preferred frass 

from oleander caterpill ars feeding on oleander, both of these do not appear to be native to 

sandhill s Florida.  Oleander is native to the Mediterranean and the caterpill ar is Caribbean in 

origin and is not resistant to the frequent winter-frosts in north Florida—adults fly northward 

during the spring and summer.   Moreover, the strategy the ants used appeared to work for five 

out of the six substrates used in this study, in nature the probabilit y of a mechanism succeeding is 

perhaps much higher.  The substrates that wild colonies collect is probably quite variable and 

perhaps negative consequences may be infrequent if there is a dose-dependent response of toxic 
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substrates.  The fact that colonies in the first experiment on the mixed diet collected some frass 

supports this claim (Table 1).   

The tightest link between preference and performance would appear to be in cases where 

substrates have negative or lethal consequences on their symbiotic fungus.  The only instance 

where preference appears to have changed occurred in the colonies that received the Orgyia 

detrita frass.  Since this behavior was very similar to behaviors reported in other studies that 

employed excellent substrates laced with fungicides (Ridley et al. 1996; North et al. 1999), it is 

tempting to presume that the O. detrita frass had a negative effect on the fungus garden, which 

the ants perceived and acted accordingly by rejecting the frass.   In other words, it does not 

appear that selection has produced workers that learn the best substrates, rather it would appear 

that they learn which ones are bad and to be avoided.  There is a compromise in other words 

between what they can collect and what is suitable, which they do not immediately know.   

The two experiments in this dissertation have conflicting results in several instances, 

however.   The first observation is that the leaves in the first experiment appeared to be an 

adequate resource toward the production of ant and fungal biomass when cultivating their own 

cultivar (Figures 7-8) .  The second experiment indicates that leaves are among the least 

productive substrates (Figures 11-12, 14-19), especially when cultivating their own type of 

fungus.   Why this might be the case is unclear.  Leaf quality could have varied among years in 

the study sites in this study, even though there were no obvious differences in their appearance or 

smell .  They were collected approximately the same time and from the same sites. They were 

kept additionally in the same freezers as the other substrates.   No large outbreaks of caterpill ars 

were observed at the field sites, which could have caused induction of plant defenses, as noted in 

other oak species (Wold and Marquis, 1997).  In some cases I may have collected from the same 

oak trees as in the previous year, though I never kept records that specific, making it possible that 

the partial defoliations I caused may have caused increased defenses the following year.  

However, redbud flowers appear to be similarly unproductive in the T. septentrionalis cultivar 

and these were not used in 2003 nor even collected that year, so induction caused by me could 

not have had a role.     

One possibilit y is that the fungal cultivars in the switch experiment were not suitable for 

the metabolizing of fresh plant tissues.  As a genus, the fungal cultivars of Trachymyrmex tend to 

be rather heterogeneous molecularly; more variation is typically observed in these cultivars than 
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in those of Atta (S. A. Rehner, pers. comm.).  Even the population of T. septentrionalis studied in 

this project is characterized by at least two genotypes, which may exist in neighboring nests and 

on the scale of several kilometers in the ANF. The two A. texana cultivars used in this study in 

contrast were genetically indistinguishable.  Another curious fact is that not all l aboratory stock 

colonies of T. septentrionalis will cut leaves when provided only leaves as a food source.   Some 

colonies will voraciously attack leaves and others appear willi ng to starve if they have to cut and 

collect leaves.  This has been observed during the several year li fespan of these colonies.  It 

would appear then necessarily to demonstrate whether the genetic differences in cultivar are 

correlated with physiological differences, especially in a way that would influence the production 

of ant offspring (and new fungus gardens).   

Finally, this study ill ustrates that not all frass appear to be identical from the ants’ or 

fungus’ perspective.  The tussock moth caterpill ar frass reared from turkey oak leaves appears to 

have caused complete rejection of this substrate.  In contrast, frass from eastern tent caterpill ars 

reared on cherry leaves appears highly suitable and was never rejected.  This would suggest 

considerable variation in the suitabilit y of frass types an ant can be expected to encounter during 

its foraging trips.  I have also made several casual observations when colonies are given various 

frass types that further supports this claim, even though they are simple anecdotes.  Lab-reared 

sulphur butterfly caterpill ars (Phoebus spp., Pieridae) on Senna spp. (Fabaceae) were never 

collected, even when left in the foraging arenas over the course of several days.  Fall webworm 

frass is generally collected (and preferred, see above) when the caterpill ars are reared on 

persimmon but not when the caterpill ars are reared on pecan (Carya illinoinensis, Juglandaceae) 

leaves.  The odor of these two frass types is quite distinct; and very similar to the odor of the 

leaves from which the frass was produced.  Fall caterpill ars that feed on sandhill oaks, such as 

puss caterpill ars (Megalopyge spp., Megalopygidae) and orange-striped oak worms (Anisota spp., 

Saturniidae) are collected by lab colonies but never in large quantities, although by fall colonies 

are beginning to go dormant.   

Finally, if O. detrita caterpill ars are reared on water oak, colonies do collect their frass 

and never exhibited rejection behavior, but since these colonies also had other substrates at their 

disposal, it is not clear whether there is a negative response that might be confounded with dose.  

Unfortunately, I was only able to find 2 egg cases of O. detrita in 2004; it appears therefore that 

the outbreak is over, making it diff icult to pursue this angle.  
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APPENDIX A 

Pairwise Preference Trials (2002) 

 

Sub 1 Sub 2 Sub 1 (no.) Sub 2 (no.) G P     
Catkins Oak leaves 11 1 9.751 0.002   mean catkin 13.3 
Catkins Prunus flowers 10 2 5.822 0.016   mean tent frass 12.0 
Catkins Prunus flowers 28 3 23.263 0.000   mean fall web 11.8 
Catkins Prunus flowers 13 2 9.014 0.003   mean redbud 3.0 
Catkins Prunus flowers 8 2 3.855 0.050   mean Prunus 3.0 
Catkins Redbud flowers 10 1 8.547 0.003   mean leaves 2.5 
Redbud flowers Oak catkins 10 1 8.547 0.003     
Redbud flowers Catkins 39 5 29.840 0.000   sum catkins 80 
Redbud flowers Tent Frass 34 4 27.106 0.000   sum tent frass 72 
Redbud flowers Tent Frass 43 6 31.494 0.000   sum fall web 71 
Redbud flowers Tent Frass 10 1 8.547 0.003   sum redbud 18 
Redbud flowers Tent Frass 10 1 8.547 0.003   sum Prunus 18 
Tent Cat. Frass Prunus flowers 12 2 7.925 0.005   sum leaves 15 
Tent Cat. Frass Prunus flowers 21 3 15.186 0.000     
Tent Cat. Frass Prunus flowers 11 3 4.860 0.027     
Tent Cat. Frass Prunus flowers 8 2 3.855 0.050     
Tent Cat. Frass Prunus flowers 8 2 3.855 0.050     
Tent Cat. Frass Prunus flowers 12 2 7.925 0.005     
Webworm frass Prunus flowers 30 2 29.399 0.000     
Webworm frass Prunus flowers 17 7 4.296 0.038     
Webworm frass Prunus flowers 8 2 3.855 0.050     
Webworm frass Prunus flowers 6 4 0.403 0.526     
Webworm frass Prunus flowers 8 4 1.359 0.244     
Webworm frass Redbud flowers 2 8 3.855 0.050     
Prunus flowers Tent Cat. Frass 20 8 5.313 0.021     
Prunus flowers Tent Cat. Frass 11 3 4.860 0.027     
Prunus flowers Tent Cat. Frass 11 3 4.860 0.027     
Prunus flowers Tent Cat. Frass 10 1 8.547 0.003     
Prunus flowers Tent Cat. Frass 10 1 8.547 0.003     
Prunus flowers Tent Cat. Frass 8 2 3.855 0.050     
Oak Leaves Oak catkins 13 1 12.203 0.000     
Oak Leaves Oak catkins 20 1 21.072 0.000     
Oak Leaves Tent Cat. Frass 30 5 19.812 0.000     
Oak Leaves Tent Cat. Frass 12 2 7.925 0.005     
Oak Leaves Tent Cat. Frass 20 2 17.094 0.000     
Oak Leaves Tent Cat. Frass 25 4 16.934 0.000     
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APPENDIX B (Pairwise Preference Trials, 2003) 

 

COLONY Treat Sub 1 Sub 2 Sub 1 (No.) 
Sub 2 
(No.) G P 

 Note 

7 pref catkins flowers 13 4 5.02 0.025  Flowers =  huckleberry 
12 pref catkins flowers 18 8 3.95 0.047  Frass = Orgyia detrita 
13 pref catkins flowers 8 2 3.85 0.050 
28 pref catkins flowers 10 2 5.82 0.016   
35 pref catkins flowers 10 2 5.82 0.016   
5 pref catkins flowers 12 4 4.19 0.041   
1 pref frass leaves 18 4 9.63 0.002   
2 pref frass leaves 30 12 7.97 0.005   
8 pref frass leaves 14 3 7.72 0.005   

14 pref frass leaves 19 4 10.63 0.001   
17 pref frass leaves 11 1 9.75 0.002   
20 pref frass leaves 14 4 5.88 0.015   
18 unpref catkins flowers 11 1 9.75 0.002   
10 unpref catkins flowers 8 2 3.85 0.050   
25 unpref catkins flowers 10 1 8.54 0.003   
26 unpref catkins flowers 15 4 6.78 0.009   
30 unpref catkins flowers 9 1 7.36 0.007   
39 unpref catkins flowers 10 1 8.54 0.003   
36 unpref frass leaves 14 4 5.88 0.015   
11 unpref frass leaves 13 4 5.012 0.025   
21 unpref frass leaves 12 2 7.92 0.005   
22 unpref frass leaves 21 6 8.82 0.003   
27 unpref frass leaves 10 2 5.82 0.016   
9 unpref frass leaves 10 2 5.82 0.016   

    320 80 164.385    
          

   
mean 
catkin 11.2 sum catkins 134  

  

   
mean 
frass 15.5 sum frass 186  

  

   
mean 
leaves 4 sum leaves 48  

  

   
mean 
flowers 2.67 

sum 
flowers 32  
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APPENDIX C (Pairwise Preference Trials (2004, Before Switch) 

COLONY Cultivar  Pref Sub 1 Sub 2 Sub1 (No.) Sub 2 (No.) G P Note: 

13 Atta pref catkins flowers 14 4 5.88 0.02 Flowers =  redbud 

16 Atta pref catkins flowers 13 3 6.74 0.01 Frass = tent  caterpill ar frass 

17 Atta pref catkins flowers 15 3 8.73 0.00  

18 Atta pref catkins flowers 20 5 9.64 0.00  

22 Atta pref catkins flowers 21 7 7.33 0.01  

1 Atta pref frass leaves 10 1 8.55 0.00  

4 Atta pref frass leaves 10 3 3.98 0.05  

6 Atta pref frass leaves 10 1 8.55 0.00  

42 Atta pref frass leaves 16 6 4.72 0.03  

D14 Atta unpref frass leaves 11 3 4.86 0.03  

11 Atta unpref catkins flowers 11 2 6.86 0.01  

12 Atta unpref catkins flowers 11 3 4.86 0.03  

D13 Atta unpref catkins flowers 30 6 17.47 0.00  

36 Atta unpref catkins flowers 19 5 8.71 0.00  

37 Atta unpref catkins flowers 54 17 20.27 0.00  

41 Atta unpref frass leaves 18 7 5.01 0.03  

8 Atta unpref frass leaves 18 6 6.28 0.01  

23 Atta unpref frass leaves 22 3 16.31 0.00  

24 Atta unpref frass leaves 11 3 4.86 0.03  

30 Atta unpref frass leaves 18 7 5.01 0.03  

25 Trachy pref catkins flowers 42 10 21.17 0.00  

29 Trachy pref catkins flowers 12 2 7.92 0.00  

32 Trachy pref catkins flowers 27 6 14.45 0.00  

39 Trachy pref catkins flowers 16 4 7.71 0.01  

19 Trachy pref catkins flowers 21 7 7.33 0.01  

2 Trachy pref frass leaves 10 1 8.55 0.00  

20 Trachy pref frass leaves 21 2 18.29 0.00  

31 Trachy pref frass leaves 12 4 4.19 0.04  

34 Trachy pref frass leaves 15 5 5.23 0.02  

38 Trachy pref frass leaves 15 6 3.98 0.05  

5 Trachy pref catkins flowers 13 4 5.02 0.03  

14 Trachy unpref catkins flowers 40 8 23.29 0.00  

15 Trachy unpref catkins flowers 24 1 26.26 0.00  

33 Trachy unpref catkins flowers 12 1 10.97 0.00  

28 Trachy unpref catkins flowers 12 1 10.97 0.00  

10 Trachy unpref frass leaves 15 6 3.98 0.05  

21 Trachy unpref frass leaves 14 1 13.45 0.00  

26 Trachy unpref frass leaves 16 2 12.40 0.00  

27 Trachy unpref frass leaves 18 10 2.32 0.13  

35 Trachy unpref frass leaves 11 4 3.40 0.07  
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APPENDIX D (Pairwise Preference Trials (2004, After Switch) 

COLONY Cultivar  Pref Sub 1 Sub 2 Sub 1 (No.) Sub 2 (No.) G P Note: 

13 Atta pref catkins flowers 20 1 21.07 0.00 Flowers =  redbud 
16 Atta pref catkins flowers 9 1 7.36 0.01 Frass = tent  caterpill ar frass 
17 Atta pref catkins flowers 12 1 10.97 0.00  

18 Atta pref catkins flowers 4 6 0.40 0.53  

22 Atta pref catkins flowers 8 2 3.85 0.05  

1 Atta pref frass leaves 10 1 8.55 0.00  

4 Atta pref frass leaves 5 5 0.00 1.00  

6 Atta pref frass leaves 2 8 3.85 0.05  

42 Atta pref frass leaves 5 5 0.00 1.00  
D14 Atta unpref frass leaves      

11 Atta unpref catkins flowers 13 1 12.20 0.00  

12 Atta unpref catkins flowers 12 1 10.97 0.00  

D13 Atta unpref catkins flowers 31 1 35.46 0.00  

36 Atta unpref catkins flowers 10 1 8.55 0.00  

37 Atta unpref catkins flowers 35 1 40.77 0.00  

41 Atta unpref frass leaves 38 1 44.76 0.00  

8 Atta unpref frass leaves 18 1 18.50 0.00  

23 Atta unpref frass leaves 21 1 22.36 0.00  

24 Atta unpref frass leaves 10 1 8.55 0.00  

30 Atta unpref frass leaves 48 4 43.88 0.00  
25 Trachy pref catkins flowers 14 6 3.29 0.07  

29 Trachy pref catkins flowers 8 3 2.36 0.12  

32 Trachy pref catkins flowers 6 6 0.00 1.00  

39 Trachy pref catkins flowers 11 2 6.86 0.01  

19 Trachy pref catkins flowers 9 5 1.16 0.28  

2 Trachy pref frass leaves 5 7 0.33 0.56  

20 Trachy pref frass leaves 7 3 1.65 0.20  
31 Trachy pref frass leaves 8 2 3.85 0.05  

34 Trachy pref frass leaves 9 2 4.82 0.03  

38 Trachy pref frass leaves 8 2 3.85 0.05  
5 Trachy pref catkins flowers 11 1 9.75 0.00  
14 Trachy unpref catkins flowers 25 4 16.93 0.00  

15 Trachy unpref catkins flowers 22 1 23.66 0.00  

33 Trachy unpref catkins flowers 10 2 5.82 0.02  

28 Trachy unpref catkins flowers      

10 Trachy unpref frass leaves 11 1 9.75 0.00  
21 Trachy unpref frass leaves 12 1 10.97 0.00  

26 Trachy unpref frass leaves 12 1 10.97 0.00  

27 Trachy unpref frass leaves 10 2 5.82 0.02  
35 Trachy unpref frass leaves 13 2 9.01 0.00  



 
 
 

 

 

63   

 

APPENDIX E 

 

DNA Extraction Method (wr itten by Stephen A. Rehner) 

Total genomic DNA was extracted directly from fungal gardens. Prior to DNA extraction fungal 

garden samples were fixed in RNALater (Ambion, Austin, Tx) and stored at -20 C. 

Approximately 50-75 mg of garden material (~ 100 µl volume) was used for DNA extraction by 

the method of (Rehner and Buckley 2003).  Briefly, the garden material was removed from the 

DNALater, freeze-dried and ground with zirconia-glass beads (Biospec, Bartellsvill e, OK) in a 

FastPrep sample grinder for 6-10 sec at a speed setting of 4.  The ground sample was suspended 

in 900 µl detergent solution (2 M NaCl. 0.4% (w/v) deoxycholic acid-sodium salt (Sigma 

D6750), 1.0% polyoxyethylene 20 cetyl ether (Brij 58) (Sigma P5884), incubated at 55 C for 10 

min, extracted with an equal volume of choroform:isoamyl alcohol (24:1) and the phases 

separated by centrifugation.  The upper, DNA-containing aqueous phase, was transferred to a 

fresh tube and mixed with an equal volume of 6 M guanidinium thiocyanate, to which 25 µl of 

glass powder () was suspended and mixed with gentle rocking for 5 min.  The glass powder was 

pelleted three times by centrifugation and washed twice in ethanol buffer (50% ethanol, 10 mM 

Tris pH 8.0, 0.1 mM EDTA). After the final centrifugation the pellet was dried at 55 C and the 

DNA eluted into 100 µl TE (10 mM Tris pH 7.5, 0.1 mM EDTA).  The DNA was run on 1% 

ethidium-stained agarose gels and compared to known masses of lambda DNA standards.  The 

DNA samples were diluted to 2-5 ng/ul. 

PCR Ampli fication 

The nuclear ribosomal internal transcribed spacer (ITS) sequence was determined for each 

cultivar.  The ITS was ampli fied by the polymerase chain reaction and sequenced with primers 

ITS5 (5’-GGAAGTAAAAG TCGTAACAAGG) and ITS4 (5’-TCCTCCGCTTATTGATATGC) 
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(White et al. 1990).  PCR ampli fications were carried out in a total volume of 50 µl, which 

included 5µl of 10X PCR buffer (10 mM Tris/HCl pH 8.0, 50 mM KCl, 1.5-2.0 mM MgCl2), 4 

µl of dNTP mix (1.25 mM each dATP, dCTP, dGTP, and dTTP), 10 pmol of each ampli fication 

primer, 0.5 ul Taq polymerase (Promega, Madison WI), and 5-20 ng genomic DNA. PCR 

ampli fications were initiated with a 2 min denaturation at 94 C, followed by 40 ampli fication 

cycles each consisting of a 30 sec denaturation at 95 C, 30 sec primer annealing at 56 C, and a 1 

min extension at 72 C, followed by a 15 min incubation at 72 C.  PCR reaction volumes were 

reduced to approximately 10 µl by lyophili zation, then fractionated on a 1.5% NuSieve agarose 

gel (BioWhittaker, Rockland, Maine) in a low EDTA Tris-acetate buffer (40 mM Tris-acetate, 

0.1mM EDTA).  PCR products were cut from the gel with a scalpel, frozen and thawed and the 

DNA extruded from the gel slice by centrifugation for 10 min at 20 000 x g.   

Miniaturized sequencing reactions were performed with ABI BigDye 2.0 (Applied 

Biosystems, Foster City, CA) using 0.5 µl BigDye diluted in 1.5 µl dilution buffer (400 mM 

Tris/HCl pH 9.0, 10 mM MgCl2), 3 pmol primer, 75-100 ng gel-purified PCR template in a total 

volume of 5 µl.   Cycle sequencing was performed in 96-well microtiter plates according to the 

manufacturer’s instructions except that the total number of cycles was increased to 35. Cycle 

sequencing products were separated from residual reaction components by ethanol precipitation. 

The samples were mixed with 4 volumes of 72% ethanol, incubated at room temperature for 15 

min, then centrifuged at 3500 x g for 15 min.  The ethanol supernatant was removed by inverting 

the reaction plates on paper towels and centrifuging at 250 x g for 10 seconds and the plates were 

then air-dried for 10 min at room temperature and stored at –20 C.  The sequencing reactions 

were suspended in deionized formamide, heat denatured, and run on an ABI 3100 Genetic 

Analyzer (Applied Biosystems, Foster City, CA).  DNA sequences were assembled and edited 

using Sequencher 4.1 (Gene Codes Corp., Ann Arbor, Michigan) and multiple sequence 
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alignments were constructed with the MegAlign module of DNASTAR 5 (LaserGene, Madison, 

Wisconsin).  

ITS Sequencing Results 

ITS sequences from garden samples from X (I was never clear on which samples were the wild-

type cultivars and which were from cultivar-switching experiments) colonies were determined.  

Data from one colony (42) is lacking because DNA yield and quality from this garden sample 

was unsuitable for PCR.  Among the 40 colonies analyzed, three sequence types were detected. 

An alignment of the three ITS types is ill ustrated below.  BLAST analysis of the ITS sequence 

obtained from the Atta texana cultivar was an identical or near-identical match to sequences from 

other Atta cultivars (e.g., Leucoagaricus gongylophorus AY 642802).  The two Trachymyrmex 

septentrionalis ITS types, designated “Tsept1” and “Tsept2” shared 46.5 and 43.4 % identity to 

the Atta texana cultivar ITS, and 75.7% identity to one another.  No closely matching sequences 

for either T. septentrionalis cultivar is currently deposited in GenBank.  However, the top 20 

BLAST hits to either T. septentrionalis ITS sequence types had E values ranging from 7e-80 to 2e-

77 and were to species of Agaricales, including several other attine fungal cultivars and free-

living species of Leucoagaricus.  Also, the ITS of both Tsept1 and Tsept2 closely matched 

sequences from other North American T. septentrionalis cultivars isolated into pure culture 

(Rehner, unpub.).  Based on the many nucleotide substitutions and insertion-deletions among the 

three ITS types, their discrimination by sequence differences at either ITS spacer region (e.g., 

ITS1 or ITS 2) is straight forward and definitive. 
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Figure 11.  Percentages of total amount of substrate collected in 2004 before colonies were given 
the A. texana cultivar.   Leaves and flowers are unpreferred substrates and catkins and frass are 
preferred substrates.  Shaded areas indicate preferred substrates and unshaded areas indicate 
unpreferred substrates.    
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Figure 12. Percentages of total amount of substrate collected in 2004 after colonies were given 
the A. texana cultivar.   Leaves and flowers are unpreferred substrates and catkins and frass are 
preferred substrates.  Shaded areas indicate preferred substrates and unshaded areas indicate 
unpreferred substrates.    
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Figure 13. Mean (± SE)  total amounts of ant biomass in measured in Joules.  Categories indicate 
each  cultivar and preference combination. Of the eighteen colonies cultivating the Atta texana 
cultivar, eight were receiving preferred substrates and ten the unpreferred substrates.  Of the 
remaining twenty colonies cultivating the Trachymyrmex septentrionalis cultivar, ten received 
preferred substrates and the other ten, unpreferred substrates.  Significant differences are denoted 
by different letters (P < 0.05, Tukey’s HSD tests).   
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Figure 14.  Mean total sexual biomass (± SE) measured as dry weight (cg) and Joules. Categories 
indicate each cultivar and preference combination.  Shaded bars indicate centigrams of sexual 
biomass and unshaded bars indicate energetic values (J). Of the eighteen colonies cultivating the 
Atta texana cultivar, eight were receiving preferred substrates and ten the unpreferred substrates.  
Of the remaining twenty colonies cultivating the Trachymyrmex septentrionalis cultivar, ten 
received preferred substrates and the other ten, unpreferred substrates.  Significant differences are 
denoted by different letters (P < 0.05, Tukey’s HSD tests).   
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Figure 15.  Fungus garden volume (± SE) as a function of time, cultivar (A) or preference type 
(B).  Data have been log10 transformed. 
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Figure 16.  Mean (± SE)  fungus garden weight (g) by  each cultivar and preference combination.  
Of the eighteen colonies cultivating the Atta texana cultivar, eight were receiving preferred 
substrates and ten the unpreferred substrates.  Of the remaining twenty colonies cultivating the 
Trachymyrmex septentrionalis cultivar, ten received preferred substrates and the other ten, 
unpreferred substrates.  Significant differences are denoted by different letters (P < 0.05, Tukey’s 
HSD tests).   
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Figure 17.  Mean (± SE)  amount of substrate collected by each colony by cultivar substrate 
combination.  There was no significant variation among these variables (see text).  A= A. texana 
cultivar, T = T. septentrionalis cultivar and cat = catkins, etc.  In all groups depicted here, n=5, 
except n=4 for colonies cultivating the Atta texana cultivar receiving catkins and frass.   
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Figure 18.  Mean (± SE)  percent chitin in each fungus garden by cultivar substrate combination. 
Significant differences are denoted by different letters (P < 0.05, Tukey’s HSD tests).  A= A. 
texana cultivar, T = T. septentrionalis cultivar and cat = catkins, etc.  In all groups depicted here, 
n=5, except n=4 for colonies cultivating the Atta texana cultivar receiving catkins and frass.   
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Figure 19. Mean (± SE) total chitin amount in each fungus garden by cultivar preference 
combination. Significant differences are denoted by different letters (P < 0.05, Tukey’s HSD 
tests).  A = Atta texana cultivar, T = T. septentrionalis cultivar, cat = catkins, etc.  In all groups 
depicted here, n=10, except n=8 for colonies cultivating the Atta texana cultivar on preferred 
substrates.     
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Figure 20.  Mean (± SE) eff iciency of the conversion of substrate biomass toward the production 
of the total amount of chitin in each fungus garden by cultivar substrate combination.In all 
groups depicted here, n=5, except n=4 for colonies cultivating the Atta texana cultivar receiving 
catkins and frass.  Significant differences are denoted by different letters (P < 0.05, Tukey’s HSD 
tests).  A = Atta texana cultivar, T = T. septentrionalis. 
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