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ABSTRACT

Social insect colonies exhibit striking diversitysocial organization. Included in this
overwhelming variation in structure are differengesolony queen number. The number of
gueens per colony varies both intra- and interdigatly and has major impacts on the social
dynamics of a colony and the fitness of its membBosunderstand the evolutionary transition
from single to multi-queen colonies | examined acsgs which exhibits variation both in mode of
colony founding and in the queen number of matoterges.

The California harvester aRbgonomyrmex californicus exhibits both variation in the
number of queens that begin a colony (metrosis)imatite number of queens in adult colonies
(gyny). Throughout most of its range, colonies hegith one queen (haplometrosis) but in some
populations multiple queens cooperate to initiamemies (pleometrosis). | present results that
confirm co-foundresses are unrelated. | also mag#ographic occurrence of pleometrotic
populationsand show that the phenomenon appears to be lodatizouthern California and
Northern Baja California. Additionally, | providesgetic evidence that pleometrosis leads to
primary polygyny (polygyny developing from pleoneis) a phenomenon which has received
little attention and is poorly understood. Phylogfgmand haplotype analyses utilizing
mitochondrial markers reveal that populations dhdzehavioral types in California are closely
related and have low mitochondrial diversity. Naclenarkers however, indicate strong barriers to
gene flow between focal populations. | also shaat thtrinsic differences in queen behavior lead
to the two types of populations observed. Evenghquopulations exhibit strong tendencies on
average toward haplo- or pleometrosis, within papoih variation exists among queens for
behaviors relevant to metrosis and gyny. Thesdtseare important in understanding the
dynamics and evolutionary history of a distinctiionf cooperation among unrelated social
insects. They also help to understand the dynaaficgraspecific variation and the conflicting

forces of local adaptation and gene flow.
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CHAPTER 1
INTRODUCTION TO THE LIFE HISTORY OF

POGONOMYRMEX CALIFORNICUS AND PRIMARY POLYGYNY

Cooperation, where individuals act collectivelybenefit members of a group, presents
an evolutionary puzzle. Cooperative interactioasdtin direct contrast to more straightforward
selfish behaviors where individuals act to maximitagir own fitness at the immediate expense of
others. In extreme forms, such as when reproduativeism occurs, this mystery is especially
poignant. The sterile worker castes of the eusatsalcts were specifically noted by Darwin as a
special difficulty to his theory of natural selecti(Darwin 1859). Darwin proposed a solution to
the mystery which was later formalized by Hamil{@864) as inclusive fitness theory.
Hamilton’s theory explained how an allele for aism could go to fixation in a population if the
benefits conferred to a recipient by an actor'plak greater than the costs to the actor multiplie
by the probability of sharing of said allele (usyaictated by relatedness).

Historically, much of the research regarding inpessfic cooperation has focused on
related individuals, invoking the indirect fitndssnefits of cooperating with kin. (Alonso and
Schuck-Paim 2002; Baglione et al. 2003; BernasandiStrassmann 1999; Bourke and Franks
1995; Clutton-Brock 2002; Creel and Rabenold 1®Herhard 1975; Griffin and West 2003;
Hamilton 1964; Queller and Strassmann 1998). Howmgeasing numbers of behavioral and
molecular studies tracking relatedness have begemphasize cooperation among non-relatives
(Aviles 2002; Balshine-Earn et al. 1998; Cluttore&k 2002; Dugatkin 2002; Dugatkin and
Mesterton-Gibbons 1996; McDonald and Potts 1994stktéon-Gibbons and Dugatkin 1992;
Queller et al. 2000; Reyer 1980; Rood 1978; Toqgar2D05).

In contrast to kin groups, groups of unrelatedvittlials have fitness costs associated
with group living which cannot be offset by inditdenefits between cooperating kin. Thus each
group member must receive direct benefits or haviglaer probability to gain direct benefits in
the future in order for these associations to Bblstover evolutionary times (Bernasconi and

Strassmann 1999). These benefits must countemacosts of social living such as competition



with group members and sharing of resources (S\hacdonald, and Evans 1994), increased
exposure to parasites and pathogens (Hughes, Eignéind Boomsma 2002; Traniello,
Rosengaus, and Savoie 2002) and energy expendeaintaining social standings (Goymann and
Wingfield 2004). The importance of considering #hessts as deterrents of social behavior is
highlighted by the fact that despite the documebikfits which members of social groups
receive, the vast majority of animals remain spjitd hese systems present new mysteries as to
why cooperative behaviors evolve in some ecologiettings and certain taxa but not in others,
what benefits these interactions give to their grmembers, and how they are resistant to
exploitation by cheaters. A dramatic example ohstmoperation among non-kin occurs in a few
ant and termite species where unrelated queensogé@ther with other queens despite being able
to independently found and maintain a colony. Thitsal association matures into a stable
cooperation which lasts throughout the life of taéony, perhaps over a decade.

The associations of nest-founding queens whichrdocsome ant species provide an
interesting case to investigate cooperative intemas among non-relative8lthough ants are
eusocial, during colony founding, queens of manysaecies go through a solitary life history
stageln most species of ants, ant queens are not talefahe presence of conspecific queens
and thus most ant colonies are haplometrotic angogynous (Holldobler and Wilson 1990).
However, in a handful of species, such as the @ali& seed-harvester aPbgonomyrmex
californicus, unrelated queens join together during the cofomypding stage and not only initiate
colonies together but remain together (primary gghy), sharing resources and producing
reproductive offspring for the life of the colonyefhaps more than 10 years)dividuals who
participate in these associations incur costs atitdo social living and presumably receive
benefits but those benefits are not fully undermdtdnterestingly, other populations Bf
californicus do not exhibit this cooperative behavior and gsese highly aggressive toward
conspecific queens if forced to found togethehim laboratoryThe selective forces that drive this
behavior and maintain intraspecific variation foingary polygyny are poorly understood but are

important to the understanding of the evolutiora@dperation



CHAPTER 2
THE GEOGRAPHIC EXTENT OF PLEOMETROSIS AND

PRIMARY POLYGYNY IN POGONOMYRMEX CALIFORNICUS

Introduction

Initially, myrmecologists operated under the asstimnpthat except in very extreme
cases, ant colonies contained a single queen. \&hegbioneering ant researcher, speculated that
some colonies could be founded by more than onergifigueens from the same maternal nest
should happen to come across one another whiletgegrfor a nest site (Wheeler 1910his
explanation of joint colony founding which was as®a to occur only between related queens
demonstrates resistance to thinking about cooperatinong unrelated individuals. In many cases
individuals who are cooperating often have vergightforward costs while the benefits to their
association may be less apparent. The idea thainglizosis and polygyny were extremely rare
began to change when a seminal paper describethtane species with multi-queen colonies and
stated the importance of considering queen nunmbant research (Holldobler and Wilson 1977).
Over the years, others have continued to add tbsthef ant species which regularly exhibit more

than one queen per colony (Keller 1995).

Metrosis and gyny

Haplometrosis (one queen per colony) and pleomist(omultiple queens per colony)
refer to the initial colony founding stage when e dig a nest and raise their first cohort of
brood (Hélldobler and Wilson 1990 contrast, monogyny (one queen per colony) arggyay
(multiple queens per colony) refer to the stata afature colony, i.e. a colony that produces
sexual offspringThe terms monogyny and polygyny will be used a$ $achis dissertation and
should not be confused with their general usadehavioral ecology where they refer to the
number of female partners a male acquires.

In independently-founded ant colonies (i.e. notedelent colony founding events which

most often occur with wingless queens such asnty @nts) monogynous colonies are produced



in two ways. One, when a haplometrotic colony ssiith its initial single queen into the

mature colony stage (primary monogyny) or two, whgeometrotic colony undergoes a stage of
gueen reduction ending in only one living queea imature colony (secondary monogyny) (fig.
2.1). The majority of ant species are assumed todi@gynous or at least functionally
monogynous (only one sexually reproducing queercplemy) (Holldobler and Wilson 1990).

The majority of monogynous colonies presumably egi haplometrotic nests but secondary
monogyny stemming from pleometrotic nests are edgsomon in ants (Bartz and Holldobler

1982; Bernasconi and Strassmann 1999; Heinze X8 Rjobler and Wilson 1990; Rissing and
Pollock 1987; Sasaki et al. 2005; Sommer and Hblkelo1995; Tschinkel and Howard 1983).

Polygynous ant colonies can also come about ingsveeral ways: when pleometrosis
occurs and multiple queens persist through the mainiony stage (primary polygyny), or when
gueens are accepted into an already establishedgywoous colony (secondary polygyny) (fig.
2.1). Primary polygyny is considered rare and isrjounderstood but taxonomically widespread
examples have been reported (Holldobler and Ca#8i85; Johnson 2004; Mintzer 1987; Rissing
et al. 1989; Trunzer, Heinze, and Holldobler 1998)evolution is interesting from a theoretical
standpoint because it involves life-long cooperadmong unrelated queens and their offspring in
a eusocial colony environment.

Secondary polygyny is distinct from primary polygyin part because of the many
variations of relatedness structure it introducgs a colony and the potential for adoption and
dispersal of queens throughout the colony Becondary polygynous colonies run the gambit
between high to low queen relatedness and fromlptipns with distinct colonies
(multicoloniality) or colonies which show no aggs&s over a large area (unicoloniality).

A growing number of studies of which only a few aited, have addressed the
complexity of secondary polygyny and the selectikessures potentially responsible for its
evolution (Bekkevold, Frydenberg, and Boomsma 1®8firke 1994; Bourke and Franks 1995;
Craig and Crozier 1979; Deslippe and Savolainerb198nzen 1973; Pedersen and Boomsma
1999; Rissing and Pollock 1988; Yamauchi et al.1)9%here are two major hypotheses to

explain secondary polygyny¥he first involves ecological constraints on indagent founding



(Bourke 1994; Bourke and Franks 1995; Herbers 1B®8dobler and Wilson 1990Y.he second
invokes the benefits to colonies of acquiring nmidtiqueens which increases colony survival
(Nonacs 1988; Gadau et al. 19983ditional queens in a secondary polygynous colcany
theoretically be either nestmate queens returmimmg 1 mating flight or mated foreign queens
from other nestddowever, presumably most queens that are readepéechated nest-mates
(Keller 1995).Relatedness estimates of cohabitating queens betviéerent species range from
essentially 0 to 0.83 with a mean relatedness3% Dased on 23 speci¢éaw relatedness values
among queens in secondary polygynous systems le@redihnown to be consistent with the
phenomena of relatedness erosion which occursairga family, especially because relatedness
among queens is negatively correlated with queembeu in a colony across different species
(Keller 1995) which is not consistent with the idkat low relatedness among queens stems from
the adoption of non-nestmate queens (Bourke antkErE995; Holldobler and Wilson 1990).

To date, one population & californicus has been described as pleometrotic with
incipient nests containing multiple queens (Rissifahnson, and Martin 2000). In the laboratory,
gueens collected from this area coexist withouteggjon well beyond the production of workers
suggesting that this is a case of primary polygidmhnson 2004). The two distinct but
interrelated phenomena of pleometrosis and polydpatl occur irP. californicus. Here we
provide genetic evidence that queens in foundressciations are not related and that mature field
colonies contain multiple unrelated reproductiveeps which produce both worker and
reproductive offspring. We also present a map efkown extent of multiple-queen colonies in
P. californicus.

M ethods

We characterize metrosis and gyny in populatior?. gélifornicusin three waysl) by
excavating and counting the number of nests witbwwding queens after mating flights (figs. 2.2
and 2.3), 2) by uniting dealate queens in forcataations in the lab to see how tolerant they are
of conspecifics (also an indication of primary ppmy if queen associations persist), and 3) in
mature colonies in nature where queens are uso@ailgccessible, polygyny can be detected by

genetically analyzing series of workers or reprdises to evaluate the number of matrilines



present (a measure of gynyhis latter technique allows the detecting of thenber of queens
which have survived to the mature colony stagetaovd many are producing workers and/or
sexual offspring which has important implications the evolutionary dynamics of the system.
This is an important measure because it has beemstepeatedly that colonies can have more
than one queen but be functionally monogynous waiitlly one queen producing sexual offspring

(Bourke and Franks 1995).

Sudy populations

We collected 12-20 males Bf californicus per colony from 10 colonies per population,
from one documented pleometrotic and two documemégdometrotic populations prior to their
summer mating flights while sexual offspring weti#l 81 the nest. On the 3rd-4th of July 2006
we collected from the California haplometrotic ptgtion (Lake Henshaw; 33° 13.928' N -116°
45.381' W; 824m) and the pleometrotic populatioar(@ron Valley; 32° 43.525'N -116°
27.892'W; 1,008m). These two populations are apprabely 50 km apart in San Diego County,
CA. On May 27th — June 6th 2008 we collected froseeond haplometrotic population at the
Salt River recreation area northeast of Phoenix(®@@on Bluff; 33° 32.870'N -111° 38.617'W
409m). Nests were excavated and males and wonk@rsdach nest were immediately stored in

100% EtOH.

Excavation of incipient nests
To quantify frequency and level of metrosis, ineiftinests were excavated shortly after
mating flights and queens were counted. In all gasecavated nests exhibited a single hole in the
ground slightly larger than the diameter of a qiebndy. This is important because queens can
often be found in temporary non-nest associatiowkeudebris or around the base of plants
between the time period of the mating flights ameléxcavation stage. Mapping pleometrosis on a
wide scale is challenging because incipient nastpeesent for only a short time annually which

also varies by population.



Microsatellite analysis of offspring from mature colonies

We genotyped males and workers (12-20 individuatscplony) from 12 colonies for
each of the three focal populations to determirentimber of queens present in mature field
colonies. In addition, we genotyped 2 coloniesgmgulation for 3 extra populations. Individuals
were genotyped at 5 microsatellite loci (Pb8, PpRi%5, PProl, Pb6). These data were then used
to calculate the minimum number of matrilines nsaegto explain the allelic diversity observed
among members of a colony (males and workers).iind queen number per colony was then
compared among populations.

Individuals were removed from 100% EtOH then crasimel50u! of 5% Chelex® 100
resin (Bio-Rad) in TE pH 8.0 andyl proteinase K (5mg/mL) was added. Samples wengbiated
at 57° C for 1 hour and subsequently heated ta2ofst 5 min, then centrifuged at 14,000 rpm for
10 min. The supernatant containing DNA was stote@@fC. Individuals were genotyped at 5
microsatellite loci: Pb5, Pb6, Pb8, PProl, Pprai éPal. 2008; Volny and Gordon 2002). PCR
took place in a 12ul reaction volume containing?8.1inits of Taq polymerase, 2.5ul of 5X Go
Taq Buffer, 0.5ul MgCI2 (50mM), 0.5ul dNTPs (10mMpd 6.4l of H20. Each locus was
amplified separately using the following PCR pragran initial 4 min at 95° C, 38 cycles of 95°
C for 30 sec, an annealing temperature cycle faet5(Pb5, Pb6, Ph8= 56° C; Pprol, Ppro2 =58°
C) and 68° C for 1.5 min, and finally 68° C for 4nmA Licor 4200 model sequencer was used for
size determination of products.

Because of the difficulties which sometimes ari$emadapting microsatellite loci for a
different species than that which they were dewedoijor, there are varying numbers of
individuals and loci which amplified successfulty ach colony. For this reason, and to be
conservative in our estimates of queen numberaselts for matrilines per colony are reported as
minimum number of queens necessary to explainiserved genetic diversity. This was done
out of necessity as a more straightforward measiuegfective queen number per colony with a
measure of error or non-detection rate was diffituimpossible to carry-out because of the

heterogeneity of the data set. In about 20% ofscesknies did not amplify for a given locus



even after multiple attempts. Out of the 210 coltwty combinations in the study (42 colonies
amplified for 5 loci) there were 48 cases wherévamlocus did not amplify for an entire colony.

Most of the individuals amplified are males. Farddonies where not enough males
could be collected, workers were used in additibartinstead of males (appx. A). Male
genotypes are particularly useful in resolving ifiags in this case as males have mothers but no
fathers in Hymenoptera. Genotyping males in thecs is also beneficial because queens are
polyandrous (see ch. 5) and so the high level nétie diversity present in workers and dealate
gueen offspring makes it particularly difficult teconstruct pedigrees even when data from
multiple loci are available. Utilizing male genoggcircumvents this problem. The one potential
problem with using male genotypes to assess quagriines is that the presence of worker
reproduction or brood raiding by adult coloniesldozonfound the data by giving a false signal of
the presence of additional queens. However, intlveds of brood raiding involving the removal
of male offspring would be required to explain domsistent pattern of multiple matrilines we
observed in the Cameron Valley population. Alsey¢his no reason to suspect that the
pleometrotic population should have higher levélsrood raiding or higher worker reproduction
than other two focal populations. In the case ofk@preproduction, levels in this species should
be very low as predicted by kin selection theoryhashigh levels of polyandry (ch. 5) should
cause workers to carefully police any male proaunchy workers that might occur in queen-right
colonies (Bourke and Franks 1995).

Foundress relatedness

To calculate the average relatedness of cofounesesg genotyped all members of 16
gueen associations. Queens were taken from indil/itests, consisting of 2-7 queens shortly
after mating flights from the Cameron Valley Popigla. Individuals were genotyped across 8
polymorphic microsatellite loci: Pb5, Pb6, Ph8g(sdove) as well as Po03, Po07, Po08,
(Wiernasz, Perroni, and Cole 2004), BJ04 (Gaday uapublished), and LXA GT1 (Bourke,
Green, and Bruford 1997). Hamiltonian average eelia¢ss (Hamilton 1971) was calculated

according to Queller and Goodnight (1989) usingptegram FSTAT (Goudet 1995).



Behavioral assessment as an indication of metrosis and gyny
We have shown that queens from pleometrotic/polgggrand
haplometrotic/monogynous populations exhibit didtipehavioral phenotypes on average (see ch.
5). This serves as an additional line of evidemegbpulations characterized through one of the
other two methods above. Behavioral assessmenatsayserve as the sole means of
characterizing a population for metrosis if we eoted post-flight queens from a site but were

unable to find incipient nests.

Results
Foundress relatedness
Genetic analysis confirmed that queen associatiomgomposed of individuals with
very low relatedness as the mean Hamiltonian rétegtes of each set of cofoundresses across 16
incipient nests was 0.103, much lower than expeiftgaeens were assorting with full or half
sibling nest-mate queens after mating flights. 96& confidence interval for this value based on

15,000 bootstraps overlapped with a relatednezsrof (-0.023 — 0.182).

Excavation of incipient nests
In addition to data collected by Rissing et al.Q@0and Tate Holbrook (unpublished
data) We have discovered one additional pleometsit2 at Colonia Nueva Indu Baja California,

Mexico with a high frequency of pleometrotic foungi(figs. 2.3 and table 2.1).

Microsatellite analysis of offspring from mature colonies
The majority of the colonies from Salt River anckedadenshaw had offspring genotypes
consistent with a single queen (9 of 12 and 102afebpectively; figs. 2.4 and 2.5). Contrarily,
only one of the colonies from Cameron Valley did contain evidence of multiple-queen
reproduction. The number of polygynous coloniespgmgyulation varied significantly between
populations (Kruskal-Wallis: H=16.712, D.F.52;.0002). Multiple comparisons for Kruskal-

Wallis tests using Statistica 7.1 (StatSoft InclsGuOK) revealed that the Cameron Valley



population differs statistically from both Salt Rivp=.01098) and Lake Henshap=00182) but
that Lake Henshaw and Salt River were not diffe(gpntl). Three additional populations
surrounding Cameron Valley were censused but evdydolonies from each population were
genotyped. Although the sample size is not largaigh to make comparative conclusions with
the three focal populations, all of the three dadddl populations contained multi-queen colonies
(fig. 2.4, table 1). Assuming the populations ha&l $ame frequency of polygynous nests as Lake
Henshaw (2 out of 12 or 0.1667) then the chancesmwipling two polygynous colonies as our
first choices at Shockey Truck Trail and Alpine \ebhave been only 2.8% (0.166yThis
suggests that these populations are similar im frejuency of polygyny to Cameron Valley. At
Lake Sutherland which is in between Lake Henshadv@ameron Valley one of the nests

sampled was polygynous and the other was not.

Behavioral assessment as indication of metrosis and gyny
In addition to the behavioral data for the threeafgpopulations detailed in ch. 4, we have
characterized the Lyons Valley Road sight as pldastie and primary polygynous after 11 forced
associations each containing 3 post flight queghg#ed only a single case of a death due to

aggression in the laboratory for over three months.

Discussion

Our findings demonstrate that multiple foundressd. californicus indeed persist to
the mature colony stage and cooperate with othexlated queens and their progeny in a highly
cooperative eusocial society. More specifically,shew that these foundresses contribute to both
the sterile work force (a form of colony maintena@nand jointly produce sexual offspring which
has important implications for the evolutionary dymics of this system. We provide data
demonstrating that the frequency of polygynous miel® differs markedly between populations of
P. californicus with one population (Cameron Valley) exhibitingnaich higher frequency of
polygyny than the other two focal populations. tegtingly however, the Salt River and Lake

Henshaw populations which had been characterizéapalsmetrotic and monogynous (Rissing,
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Johnson, and Martin 2000) also exhibit polygynpeétlat a much lower frequency (figs. 2.4 and
2.5). These lower levels of polygyny indicate thkihough there is pronounced population-level
variation for gyny in this species, intra-populatieariation for queen number in mature colonies
exists in every population tested. This mirrorsghéerns observed in behavioral differences in
populations (see ch. 4) as well as the patterranétion seen in levels of metrosis (fig. 2.4).
Another important implication of our matriline cdans that although high numbers of
gueens are regularly observed in pleometrotic {&S$sing, Johnson, and Martin 2000) there is
no genetic evidence that any more than 5 queensoatebuting to a given mature colony’s
offspring (fig. 2.6). This suggests that queen aldyt, natural or due to queen interactions, is
occurring sometime between initial colony foundarmgl the mature colony stage or that some
gueens present in the colony do not reproducs.fdossible that queen culling is occurring in
pleometrotic associations, as low levels of mdstaliuie to aggression have been observed in
forced associations with queens from Cameron Vdlthy 4). Two large natural associations from
the Nueva Indu site with more than 20 queens eaftarsd high levels of queen mortality in lab
nests, resulting in failed colonies with no obsdraggression. In contrast, associations of 2-7

gueens from the same site suffered no such mgrtédit unknown reason.

Theoretical considerations of pleometrosis

Theoretical frameworks to understand the evolutibpleometrotic founding in ants
have been published repeatedly (Bernasconi an@KBl96; Bernasconi and Strassmann 1999;
Heinze 1993; Tschinkel and Howard 1983; Bartz antdddbler 1982)In P. californicus
pleometrosis has been shown to increase queervaliduiring the colony founding stage
(Johnson 2004Most of the proposed benefits to pleometrotic fangdhowever do not explain
why cooperating foundress queens would remain beggtermanently, which presents a
challenge to understanding primary polygyRyoposed benefits of pleometrosis include increased
survival and offspring output which increases fiméor an incipient colony in competition against
other incipient and mature colonies (Bartz and thudler 1982; Herbers 1986; Holldobler,

Grillenberger, and Gadau; Rissing and Pollock 198¢hinkel 1992, 1998According to
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theoretical frameworks put forth to understand pletrosis however, the association becomes
unstable after workers eclose and begin foragimguiee the colony shifts to an open resource
system and benefits to pleometrosis no longer {®ddnasconi and Strassmann 1999)this

point queens are expected to fight to the death theefitness payoff of monopolizing the lifetime
resources of the colony for their own reproductugput. This makes the few but taxonomically
scattered cases of primary polygyny in ants wheegoteometrotic relationship persists
throughout colony life (Heinze et al. 2001; John2604; Kolmer, Holldobler, and Heinze 2002;
Mintzer 1987; Rissing et al. 1989; Trunzer, Heirema Holldobler 1998) especially intriguing
because they do not fit into this framework andtieefits which would outweigh the costs of
life-long sharing of the colony’s resources areleac(Bartz and Holldobler 1982; Hélldobler,

Grillenberger, and Gadau).

Primary polygyny: novel cooperation among non-relatives

Only a handful of documented cases of primary palygn ants existAtta texana
(Mintzer 1987) Pachycondyla sp.(Trunzer, Heinze, and Hoélldobler 1998pgonomyrmex
californicus (Johnson 2004 Acromyrmex versicolor (Rissing et al. 1989). Cases of oligogyny also
occur where mutually intolerant queens occupy #mesnest but separate spatially (Gadau et al.
1998; Holldobler and Carlin 1985; Carew, Tay, amdZizr 1997)Cases of primary polygyny
have also been documented in the independenthcelisermites (Hacker et al. 2009he
phenomenon is extremely understudied despite ttigHat it represents a distinct form of
cooperation among nonrelatives in the social irss@tiis is perhaps for two reaso@ne, as
stated above the phenomenon does not appear toinalarge number of specidavo, by
definition primary polygynous associations comarfrpleometrotic foundings, and the framework
constructed to understand pleometrosis does npttbalxplain primary polygyny; rather it
predicts queen culling by queens or workers ono@l@y moves beyond the founding stage
(Bernasconi and Strassmann 1999).

Our lack of understanding about primary polygyngv&ent from several reviews and

books addressing multi-queen colonies. In a regigle entitledSocial life: the paradox of
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multiple queen-colonies, the only allusion to primary polygyny reads, ‘llwot consider
associations of queens during the period of cofonpdation because such associations are
generally transient and do not lead to long-terhygoy” (Keller 1995).A review article entitled
Cooperation among unrelated individuals: the ant foundress case, in reference to foundress
associations, states “However, these associatiensnstable because th@vantage of having
multiple foundr esses ends with the emergence of adult workers” (Bernascomi Strassmann
1999) (emphasis addedjlso a prominent and important book in the fielchofrmecology,

Social Evolution in Ants makes only one statement with reference to ara@spion for primary
polygyny: “These species therefore represent rasescof primary polygyny, although why they
fail to revert to monogyny is unclear” (Bourke anghnks 1995).

All pleometrotic associations, and hence all cadgsimary polygyny, are assumed to be
composed of unrelated queens for several reasass.the swarm-mating behavior of ants and
the subsequent dispersal of queens searchingifabkunest sites, all of which takes place over a
short period of time, make it very unlikely thatifalresses assort by relatedness in associations
(Bernasconi and Strassmann 19%8cond, evidence from lab experiments with pleootietr
associations dflessor pergandei, Acromymrex versicolor, Pheidole tucsonica, P. californicus,
andMyrmecocystus mimicus show queens have no preference for microsympHyricecurring
gueens which should be more closely related oregeefRissing, Johnson, and Martin 2000;
Rissing and Pollock 1986). In contrast, similarexments showed that the waBgplistes fuscatus
does indeed sort into associations by kinship (lMoat981)Third, evidence from allozyme
markers inSolenopsisinvicta, M. pergandei, andA. versicolor has also confirmed that ant
foundresses with mating flights do not assort Wwith(Hagen, Smith, and Rissing 1988; Ross and
Fletcher 1985)Genetic evidence demonstrating that cooperatingmpief the primary
polygynous anPachycondyla cf. inversa are non-relatives also available (Heinze et al. 2001,
Kolmer, Holldobler, and Heinze 2002).

Messor pergandei is a seed harvester ant with a similar habitat aedhigtory toP.
californicus, which also exhibits variation for queen numbeisgihg, Johnson, and Martin 2000).

Research on this ahas focused on variation for metrosis between @tjaouls. InterestinglyM.
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pergandei exhibits a generally opposite patterrPtccalifornicus in its geographic pattern of
pleometrosis. Areas with pleometrosisMnpergandei occur in the harsher Mohave and Sonoran
deserts and single queen colonies are much marednt in the more productive chapatrral
grasslands of southern California. Higher frequesaf pleometrosis in this species have been
shown to be associated with lower levels of préaifin, lower vegetation biomass and lower
mature colony density (Cahan 2001). The transtietween these two behavioral syndromes
across this geographic cline is abrupt, suggestiagit is maintained by selection (Cahan, Helms,
and Rissing 1998).

Primary polygyny may exist iR. californicus for several reasons. One consideration is
that the phenomenon may not be adaptive but rdteto low genetic relatedness causing an
inability to distinguish non-kin (ch. 3). Similarlg founder effect may have resulted in low
aggression if the initial founding individual(s) @fpopulation were by chance more tolerant (ch.
4). If either of these explanations is correct,rdiree aggression may be selected for if genetic
diversity were to increase in the polygynous pojaia

Alternatively, primary polygyny in this species miag a derived adaptive trait selected
for by the environment in certain populations. Breably then, geographically adjacent
populations which vary for metrosis and gyny woalsb vary for the environmental conditions
which select for these alternative behaviors. Bvigethat these behaviors are genetic and not just
plastic responses to the environment or socialecdmtre available from common garden
experiments (ch. 4).

One explanation is that primary polygyny may pragand maintain larger colonies and
that this may be selected for in a more competiitmess landscape (either intra or interspecific
competition). If the same benefits of larger colsige which have been documented in initial
colony founding stage (Bernasconi and Strassmaff)Mere to persist into the mature colony
stage this would provide an ultimate explanatiartti@ evolution of primary polygyny. However,
large mature colonies which contain qualitativetyikar amounts of virgin queens and males exist
at both the Cameron Valley population and at Lakadtaw. All of the colonies we sampled at

Lake Henshaw in which we later detected single ilites were qualitatively of a similar size to
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those at polygynous sites (ch. 3). Larger colomg,siather than being correlated with polygyny,
seems to be much more a function of the more ptodubabitat of chaparral and sage grassland
ecosystem of California as compared to the MohaeSonoran desert habitats which contain
much smaller colonies &f. californicus with fewer sexuals. It may still be however, that
generally speaking, this more productive ecosystaththe resulting higher foundress and mature
colony density are driving primary polygyny througabitat saturation and increased competition.
If this is the case the Lake Henshaw population bwgn outlier from the general pattern and
may have weaker selection for polygyny due to défifiees in foundress and mature colony
density and hence does no exhibit the levels afigny polygyny seen in other areas of California
chaparral grasslands.

Gaining a complete picture of the geographic pastef variation in metrosis and gyny
in P. californicus is challenging for several reasons. First, thengateason takes place for a
relatively short window of time which varies acradle species range. Second, in contrast to
studies withM. pergandei, exploring the size and structure of the transitione between the two
behavioral syndromes is difficult because of hdlgtichiness. Sind@. californicus nests
primarily in valleys of sandy soils with lower vegtdon cover, suitable habitat can extend for
some distance in Californian grasslands and thangdhdramatically giving way to habitats that
are devoid of colonies (personal observation).tRisrreason, populations Bf californicusin
this area might be thought of as islands with doced migration events and restricted gene flow.
Often these habitats exist along riverbeds oré&asmwhere anthropogenic change has occurred
such as in cleared lots or along roads. These areasften surrounded on all sides by unsuitable
habitat. As these habitats become suddenly avaitally may be quickly colonized by a small
number of initial founders and may be strongly sefml from other populations by geographic
barriers. This may explain how distinct populatiewel behavioral differences are maintained in
this species (see ch. 4).

Our results demonstrate conclusively for the firse that primary polygyny is occurring
in natural colonies d®. californicus, a phenomenon wherein unrelated foundresses sband

share resources throughout the life of the colovig.also show that areas within the species range
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vary dramatically in frequencies of pleometrosid anlygyny. Documenting and mapping the
geographic distribution of pleometrosis and primaofygyny is a necessary first step in

understanding the ultimate causes of the evolwdfdhis cooperative phenotype
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Figure 2.1. Possible routes to different formsyfygin a mature colony from either a he- or
pleometrotic incipient colonyBolded terms and arrows show routes that are kriovaccur inP.
californicus. Only modes of independent colony foundation (withoutkeos) are showr
However, dependent colony founding events wherergiéound with workers from their ne

nest also occur.
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Figure 2.2. Levels of metrosis across populatibhanbers of queens pnest shown as
percentage of total founding nests excavated bylatipn. Nests were excavated shortly a
mating flights. Sample sizes per population arexshim parentheses. Salt River and Came
Valley data are from Rissing and Johnson 2000. Henshaw data are from C. Tate Holbr¢

(unpublished). See figure 2.3 for geographic pastef this dat:
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Figure 2.3. Geographic distribution of pleometrasisampled populations. Pleometrotic ne

are shown as black representing proportion @l nests excavated. Locations with no ¢
available which are relevant for other studiesdmsignated as markers with diamonds. Altho
no formal data are available the sight at Warnemg@p has been observed as haplomet
(Robert A. Johnson pensal communication; st Johnson 2004 The Salt River and Camer
Valley data are from Rissing and Johnson 2000. lHéeshaw data is from C. Tate Holbrc
(unpublished). Number of nests excavated are shiowoxes. Note that these differences
conservéive in that they show only the proportion of plestnotic nests and not the numbe!

queens per nest which can in some cases be upafa#@squeens in pleometrotic populatic
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remaining are additional populats where only two colonies were sampled. Note thihoagh
zero is displayed for aesthetic reasons it is nssjble for a colony to have a count lower t

one. See figure 2.5 for geographic patterns ofdhta
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Figure 2.6. Camccurrence of pleometrosis and polygyny at Camdfalley. Numbers of queer
per nest are shown as a percentage of total i8zstple sizes per population are show
parentheses. Pleometrosis data is from nests ebechshortly after mating flights. Camer
Valley pleometrosis data are from Rissing and Jan (2000) Polygyny data is based on m
and worker genotype series from mature colonieadtfition to behavioral data (ch. 4) 1
correspondence of these two data sources sugbaseometrosis leads to primary polygyny
nature inP. californicus. Higher numbers of queens are found in incipients®n are detecte

later in adult colonies.
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Table 2.1. Summary of all data on metrosis and ggrselect populations &. californicus

Population Pleometrotic Polygynous Behavior
Alpine n/a 2/2 tolerant
Cameron Valley 21/47* 11/12 tolerant
Lake Henshaw 1/16** 2/12 aggressive
Lake Sutherland n/a 1/2 n/a
Lyons Valley Road n/a n/a tolerant
Nueva Indu 717 n/a tolerant
Pine Valley pleometrotic n/a tolerant
Shockey Truck Tralil n/a 2/2 n/a
Salt River 1/29* 3/12 aggressive
Warner Springs haplometrotic n/a n/a

*(Johnson 2004); ** (Holbrook CT unpublished data)
Proportion of both incipient pleometrotic nests getiotyped mature polygynous nests for each
population are shown. Also shown is evidence framadvioral data based on a summary of
laboratory observations of queen associations ¢Beé). Haplometrotic designation for the
Warner Springs and pleometrotic for Pine Valleyydapons are from observations over several

field seasons by Robert A. Johnson (personal corigation), where no formal data are available.

See figures 2.3 and 2.5 for geographical patteftisi®data.
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CHAPTER 3
THE EVOLUTIONARY HISTORY OF MULTIPLE-QUEEN

COLONIES IN POGONOMYRMEX CALIFORNICUS

I ntroduction

Understanding how cooperation among individualginates and is maintained over
evolutionary time is of central importance in bigyo Most research regarding cooperation has
focused on related individuals, using kin selecisra model to explain how cooperative behavior
emerges in closely related societies of organisvith, the costs of cooperation offset through
indirect benefits. (Alonso and Schuck-Paim 2002)IB&e et al. 2003; Bernasconi and
Strassmann 1999; Bourke and Franks 1995; CluttaciB2002; Creel and Rabenold 1994,
Eberhard 1975; Griffin and West 2003; Hamilton 1.9Q4eller and Strassmann 1998).

More recently however, in large part due to thelalsdity of molecular tools for
assessing relatedness (Hughes 1998) and caredalrcbsby behavioral ecologists, there has been
increased focus on cooperation between unrelatbdiduals where direct benefits are required to
explain its evolution (Aviles 2002; Balshine-Eatraé 1998; Clutton-Brock 2002; Dugatkin
2002; Dugatkin and Mesterton-Gibbons 1996; McDorzedd Potts 1994; Mesterton-Gibbons and
Dugatkin 1992; Queller et al. 2000; Reyer 1980; tRd878; Toquenaga 2005).

A dramatic example of such cooperation among narskcurs in some ant and termite
species where unrelated sexual individuals fornpecoative associations despite being able to
independently found and maintain a colony. Thisahassociation matures into a stable
cooperation of queens (queens and kings in terjrated their respective offspring which lasts
throughout the life of the colony, perhaps in sarases over a decade (Holldobler and Carlin
1985; Johnson 2004; Mintzer 1987; Rissing et 88919 runzer, Heinze, and Hoélldobler 1998;
Hacker et al. 2005). Individuals who participatéhiase associations incur costs inherent to social
living and presumably receive benefits but thoseefits are not well understood. Understanding
the evolution of these phenomena is of importandeehavioral ecology and the understanding of

cooperation in general.
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Colony founding and colony structure in Pogononmyrmex californicus

Ants are eusocial, and members of the gétagonomyrmex are no exception with
strong morphological and physiological differenbesween reproductive and worker castes. In
the initial colony founding stage, however, indegremtly founding queens go through a solitary
life stage. This is most likely the ancestral statthe genu$®ogonomyrmex and inP. californicus
(Johnson 2004). During annual mating flights odogrover about one month (Robert A. Johnson
personal communication and personal observatitwsh, winged males and queensof
californicus fly from their natal nests and mate. Males die 8hafter and queens search for
suitable nest sites. During this window of time gpu& may remain solitary or join with other
unrelated conspecifics in a life-long cooperatieature of shared resources and presumably
added fitness benefits (primary polygyny see ch.2).

Throughout most of their explored range, which edtefrom southern Oregon to
Mazatlan, Mexico and from coastal California (irdilg peninsular California) to western Texas,
gueens oP. californicus found nests solitarily, and nests with multipleridresses are
encountered only at very low frequencies (Rissliogynson, and Martin 2000). In certain
populations in the region of southern Californi&AJhowever, foundress associations are
common. Within this area, the majority of natal adllilt nests contain multiple unrelated queens
(ch. 2). The evolution of this transition and itgplications for the social structure of coloniesl an
the evolutionary dynamics which govern this novetipomenon are decidedly important but
poorly understood.

Hence, in colonies d®. californicus with multiple foundresses, two fundamental types o
cooperation are taking place. The first is coopenabetween workers and their mother queen
described by kin selection, where workers sacrifgggoduction in order to increase their fithess
indirectly (Eberhard 1975; Hamilton 1964; Quelledeéstrassmann 1998). The second distinct
type of cooperation is between the unrelated codoesses. With the growth of the colony, this
coexistence expands from involving just queensittuding their respective non-reproducing and
sexual offspring. A maturk. californicus colony of this type can thus be characterized as

consisting of multiple, cooperating, unrelated, f#&s. The evolution of this transition from a
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single queen and her offspring, to multiple unedafamilies in a single colony has important
implications for the community structure and dynesyof the colony. It is also an independent
evolution of cooperation among nonrelatives analsgo cooperative brood care in birds and
cooperative interactions in other organisms (Cadtal. 2002; Keller 1995). The proximate and
ultimate causes of this colony-level trait howewe not well understood in ants (Bourke and

Franks 1995; Keller 1995).

Population structure and gene flow

One of the major goals of this study was to undeishow such strong population-level
differences in an important colony-level phenotgpe conserved within a species. Gene flow
between populations of a species will erode lod&mntiation (Slatkin 1987). Barriers to gene
flow which allow genetic differentiation betweerogps can come about in two ways: through
assortative mating or through geographic barriafs test for the latter by examining if there are
significant genetic differences between populatiang by estimating gene flow between focal
populations of this species.

One possibility is that the pleometrotic/polygynqapulation is in fact a cryptic species;
either a sister speciesRocalifornicus or amore distantly related species within the genushis
case no gene flow would occur and each speciesimye been free to travel its own
evolutionary route. Analysis using molecular maskieas detected cryptic species in a myriad of
taxa (Blouin 2002; Hebert et al. 2004; Narang e1883; Scheffer and Lewis 2001). This is
particularly important to test iR. californicus because cryptic species with very similar
morphology have been detected with the help of mitDharkers in thé>. californicus species
group (Johnson and Overson).

Alternatively these populations may belong to thee species (i.e. gene flow still
occurs as per the biological species concept) dutdrs to gene flow may produce enough
population substructure to allow for local divergeror adaptation. Similarly, complete genetic
isolation may have just recently occurred, withbaresponding incipient speciation event. In both

of these cases, traits may be diverging due td xtaptation and/or drift.
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We also examined whether the high levels of pleomset and primary polygyny
observed at several sites in southern Californie levolved only once and subsequently spread to
other locations or whether they convergently evlvemultiple areas due to similar local
pressures. Understanding whether pleometrosis/golybgas one or multiple origins i

californicus is essential to understand its evolution.

M ethods
Phylogeographic and mtDNA haplotype analysis

We amplified a sequence of approximately 650 bategtochrome c oxidasecbx-1 for
individuals scattered throughout the rang®ofalifornicus (appx. B). In addition, we sequenced
multiple individuals from the same population fhetthree focal populations (Cameron Valley,
Lake Henshaw, and Salt River) to better understa@ghhylogenetic positions and genetic
composition of these populations and their relatidm to one another and their overall position in
theP. californicus group. Upon collection, individuals were stored 0% EtOH. DNA was
extracted using a standard Chelex extraction pobi@b. 2). We amplified partial mitochondrial
cytochrome oxidase | sequences using the LCO/H@®eps in a 25ul reaction volume
containing 0.01 units of Taq polymerase, 5ul ofGX Taq Buffer, 1ul MgGI(50mM), 1ul
dNTPs (10mM), and 13.9ul of H20. The locus was &gl using the following PCR program:
an initial 4 min at 95° C, 38 cycles of the follawgi 95° C for 30 sec, 45° C for 45 sec, and 68° C
for 1.5 min; and finally 68° C for 4 min. PCR pradwvas purified using Exonuclease | and
Shrimp Alkaline Phosphatase (ExoSAP-IT, USB Corpiona Cleveland, Ohio, USA) for
digestion of single-stranded DNA (primers) and dNT®amples were sent to the School of Life
Sciences core DNA laboratory at Arizona State Ursitg and sequenced using an Applied
Biosystems 3730 capillary sequencer resultingfinal data set of 653 bases for each individual.

Sequences were aligned using the auto-alignmenotifumin the program Sequencher
version 4.6. Sequence trimming resulted in a famahller dataset containing 639 nucleic acid

positions. A neighbor joining tree was construatethg MEGA4 (Tamura et al. 2007). Nodal
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support values were obtained with bootstraps (X@plcates)Pogononmyrmex maricopa was

used as the outgroup for the analysis.

Gene flow

We also examined faster evolving nuclear microbegeharkers to quantify gene flow
between focal populations using 20 workers fromhgaapulation (only one worker per colony).
These data also allowed us to obtain unbiaseddmtgosity rates by population for each locus.
Individuals were amplified for 7 microsatellite loP0O03, PO07, PO08, PB5, PB6, PB8, and
BJO4 (see ch. 2 methods),dnd R, statistics were calculated using the program FS{@dudet
1995; Wright 1950). The fsstatistic is similar to fbut incorporates idiosyncrasies of
microsatellite markers and thus may be more validur study (Slatkin 1995). We also measured
pairwise F; values and confidence intervals between each ptipnl Additionally we analyzed
these data with the program Structure v. 2.3.3dPard, Stephens, and Donnelly 2000) which
infers the presence of distinct populations by waking the probability that a given individual
belongs to each population based on the individugghotype and the genotype frequencies of
each population respectively. In our analysis weiaged admixture (i.e. individuals may have
ancestors from more than one population) and wedtendividuals as if their real population
source was unknown in order to test the extenthizghlvonly an individuals’ genotype would

predict its source population.

Results
Phylogeographic and mtDNA haplotype analysis
Our mtDNA phylogeny and haplotype analysis revealede relatedness of the adjacent
polygynous and monogynous populations (fig. 3.he €ntire San Diego County area across all
populations sampled showed low haplotype divesgitit only 2 haplotypes at our amplified
region ofcox-1 in each population. We define a haplotype as afigrdnce in nucleotide
composition in our amplified sequence. At Cameratidy 95% of 19 individuals belonged to a
single haplotype (haplotype A). At Cibbets flat 92¥25 individuals tested belonged to this same

haplotype. Additionally, at Lake Henshaw 90% ofid@ividuals belonged to a single haplotype
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(haplotype B) which differs from haplotype A by gridne base of the 639 basesaf-1 (appx.
C). In contrast individuals from the Salt River #éih4 different haplotypes in only 9 individuals

sequenced with the most common at 56% frequengy3f2; appx. B).

F«/Rg analysis

In contrast to mtDNA markers, nuclear markers réegaence of strong genetic
isolation between the three focal populations (aNéest for population substructure;®#0.275;
Fs=0.107, 99% E Cl: 0.048-0.192). Intriguingly, both of the Califéa populations are
genetically differentiated to the same extent #eeeiof them are to the Salt River population
despite the fact that they are much closer to oo¢her geographically (fig. 3.3). Pair-wisg F
values between focal populations reveal a congigigttern of population substructure as follows:
Cameron Valley and Lake Henshaw, 0.142 (95% CB4£:0.249); Lake Henshaw and Salt River,
0.091 (95% CI: 0.039-0.156); and between Camerdleyand Salt River, 0.094 (95% CI: 0.056-
0.135). Analysis of population structure also réedatrong substructure between all three focal
populations (see fig. 3.3) as most individuals vwassigned a high probability of being from the
population they were sampled from based on theiotype and the overall gene frequencies of

each of the 3 populations in the analysis.

Discussion
mtDNA phylogeny

The geographically adjacent populations which exkiry distinct behavioral
phenotypes ifP. californicus are phylogenetically closely related based onpautial mtDNA
cox-1 sequence data. Our results do not support thethggpis that individuals from the
polygynous population are a sister specieB.a@flifornicus since they are nested inside the
species phylogeny (fig. 3.1). Phylogenetic analg§i®84 individuals throughout the full range of
P. californicus based on partialox-1 sequence demonstrate that queens from the Lakehisen
and Pine Valley locales are closely related dedpé# distinct behavioral differences (fig. 3.1).
This suggests that if the polygynous populationévgeerienced a complete genetic separation
from the surrounding populations it is a compasdiivecent one as only a single nucleotide
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change in our amplified 639 basesok-1 is distinct between individuals from the polygysou
population and the nearby Lake Henshaw (appx.t@al be however that the polygynous
population has completely separated but has noehadgh time since its separation from the
surrounding monogynous population to accumulateigh@enetic differences.

Another question is whether one origin of the pletnsis/polygyny occurred and spread
to other sites where it has been detected or whptiiggyny has evolved at multiple sites
independently in Pacific coastal habitat due taleelective pressures and/or genetic drift. The
similar haplotype that almost all individuals frdmnghly polygynous collecting sites share
suggests that the phenomena may have evolved adcgpeead rather than evolving convergently
in separate, preexisting populations due to sindleal selection.

Although strong support values exist in the phylogtor clades corresponding to certain
geographic regions the values across the tree dst of the major clades are weak. This is most
likely in part because the phylogeny is intraspedif nature and the nodes on the tree do not
represent species which have bifurcated in thelpgstather are representatives from populations

which are still exchanging genetic information.

F4 and Ry analysis

Fstand R;analyses and model-based clustering methodsilaing nuclear
microsatellite markers corroborated the divisioersen mtDNA and revealed a strong separation
between the distinct but adjacent populations ilif@aia (fig. 3.3). The overall measures qf F
and Ryvalues for the populations suggest strong populatidostructure. Pairwise comparison
reveals that all three populations have a siméaell of genetic distance from one another despite
the fact that the two California populations arecnaloser together than either is to the Salt River
(~50km apart vs. ~460km).

The inter-population isolation evident in theseaf@nanalyses may be a consequence of
habitat islands. In southern Californi,californicus occurs in open valleys of grasslands and the
sagebrusirtemisia tridentate (Beauchamp 1986; Johnson 2004) especially in saaitly without
dense vegetation cover. In many plaesalifornicus exist only in cleared lots or along riverbeds
or dirt roads in otherwise uninhabited areas. Rizrreason areas of suitable habitat can extend for
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some distance and then end dramatically giving wareas devoid of the species. This is the case
between Lake Henshaw and Cameron Valley where afgase forest exist which are unsuitable
for P. californicus. The patchiness . californicus populations in this area may be driving the
strong pattern of population substructure we olesand may explain how two populations which
are approximately 50km apart show similar signaafedifferentiation as they each do to a
population around 460km in Arizona (fig. 3.3), espéy since there may be more consistent gene
flow across the range &% californicus in the Sonoran and Mohave desert. This barriget®
flow may be the mechanism allowing the polygynoapipation to exhibit the population-level
differences we observe. A follow-up test to furthenfirm this explanation would be to examine
the K, values between the Salt River and a populatiomb@lkay. The expectation would be that
these two populations would have a much lowgvadlue if they are indeed not as geographically
isolated as Cameron Valley and Lake Henshaw. Thiddvdemonstrate whether the observed
genetic distance between Cameron Valley and Lakesliav is aberrant for this species or
whether it is a more general characteristic ofpthtehy nature of the habitat Bf californicus
throughout its range.
Non-adaptive explanations

One possibility is that pleometrosis and primariygeny in P. californicus may not be
adaptive but rather due to the fixation of diffareautral characters in isolated populations (Mayr,
Eldredge, and Gould 1982). For instance, a newdjlale habitat could by chance be quickly
colonized by the descendents of an unaggressivelfiog queen. Assuming that primary
polygyny is not the optimal strategy for that eowiment this may be a transitory state where this
population would evolve more aggressive individualer time. This is theoretically possible
because both tolerant and aggressive individualprasent in all populations (ch. 4) and mtDNA
genetic signatures suggest that a founder effettelatively fast regional expansion have
occurred in southern California. However, this exgition still leaves the question as to why these
tolerant individuals are present in populationthia first place.

Additionally, high genetic similarity due to a foder effect and rapid colonization of an

area may act as a mechanism leading to pleometamdipolygyny if the ability to distinguish
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non-relative conspecifics is lost. This phenomehas been observed linnepithema humile

where low relatedness due to founder effects hasechlow aggression and unicoloniality in
invasive ranges (Suarez et al. 1999; Tsutsui arse @801). IrP. californicus the lack of mMtDNA
diversity in San Diego County supports this exptemaas more than 90% of individuals from
both Cameron Valley and Cibbets Flat have the daapéotype and mtDNA diversity is lower
when compared to individuals from the Salt Rivepylation. The Lake Henshaw population also
has low mtDNA diversity however, and foundressdsiikaggressive behavior towards one
another regularly in this population which wouldj@e against this explanation (ch. 4).
Additionally, in contrast to mtDNA markers, nucleaarkers contain considerable diversity (table
2) and do not support the hypothesis that the dd@ggression in polygynous populations is
correlated with genetic similarity. Also, workershoth population types have no difficulties in
distinguishing foreign queens and workers and ned@ggressively towards them (personal
observation). For these reasons lack of genetiersiity does not seem a likely explanation as the

driving force behind pleometrosis and primary pglygin P. californicus.

Adaptive explanations

The other possibility is that the observed diffeeninP. californicus are an adaptive
response to local selective pressure within theispeange. Queens Bf californicus have lower
mortality when in groups during the colony foundstgge (Johnson 2004). This may be because
of resistance to desiccation or food shortagetistunclear why these selective pressures would
be stronger in the wetter more productive habitarassland chaparral of San Diego County as
compared to the Mohave and Sonoran desert. Additiothe Lake Henshaw population which
remains largely haplometrotic and monogynous bataios habitat which is more similar to
Cameron Valley than to the habitat of the SonorahMohave desert populationsff
californicus. Intriguingly however, there are suggestions thatens from Lake Henshaw may be
intermediate in certain key behaviors between Biaker and Cameron Valley (ch. 4). This
presents the possibility that the more productiaéf@nian habitat is indeed driving the evolution

of primary polygyny and that the Lake Henshaw papah exhibits an intermediate behavioral
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phenotype. It may be that this population is imsiion toward pleometrosis and primary
polygyny or that the selective pressures to becgmieometrotic/polygynous are not as strong as
they are at Cameron Valley.

Although benefits to pleometrosis are more stréaghiard, those resulting from primary
polygyny are more elusive. The polygynous colomiesmeasured have between 2-5 foundresses
all producing sexual offspring; hence there idelbng cost to an individual queen’s reproductive
output as polygynous colonies are qualitativelysititnes larger than monogynous ones (ch. 2).
For this reason, theory on the evolution of plegos$ predicts that queen reduction should occur
before the mature colony stage as queens compateriopolize the life-long rewards of the
colony (Bernasconi and Strassmann 1999). One plitysi® that selection for primary polygyny
is driven by interspecific competition from the gyatric Messor andrei (Johnson 2004). This ant
species which fills a similar ecological niche hagn observed engaged in fierce battles Rith
californicus (personal observation). If these battles led wugh worker death, presumably
primary polygyny could be selected for if multi-gurecolonies were better able to maintain large
colony sizes throughout colony life in the faceta$ attrition. It is important to note howeverath
M. andrei co-occurs withP. californicus at both monogynous and polygynous sites.

In the desert aritlessor pergandei, evidence suggests that variation in metrosis aaos
geographic cline is mediated by positive selectiecause the intermediate behavioral transition
zone between the two phenotypes is narrow compartat predicted from estimated dispersal
rates across the contact zone (Cahan, Helms, @sithRi1998). This provides evidence that
positive selection is maintaining the divergentfapted behaviors of each region as well as a tight
contact zone between them in the face of the egoefifects of gene flow. The challenge to
approaching this question i californicus with similar methodology is that the explored
populations straddling the transition zones docoattact one another geographically. Hence, it is
difficult to estimate dispersal rates between patioihs because we cannot make the same
simplistic assumptions about dispersal rates basddundress flight distances that we could if
the two zones were bridged by a continuous, coimeblybrid zone. Because of this, it is also

difficult to know with certainty whether gene flag/still occurring. The observed;Bignatures

33



could arise from two populations with low levelsaofrrent gene flow or reflect historically
connected populations which are now isolated. tiegow is indeed occurring at the present time
at any appreciable rate between Lake Henshaw ane@a Valley this would be good evidence
for positive selection for the phenotypic variatseen, as the phenotypic change between these
two areas is quite abrupt over a scale of appraein®0km at maximum.

Another possibility is that frequency dependenesibn affects the relative fitness
values of different queen strategies. Frequencgidggnt selection could be driven by the social
context of other queens participating in a givesoagtion and by the state of other colonies in the
vicinity. The variable landscape of different sdéciantexts may create variation in payoffs for
possessing a tolerant or aggressive strategy Jahhid¢h would produce and maintain the
observed variation in queen strategy. This idesugported by studies where differing queen
behavioral types i. californicus (Clark, unpublished data) ahdl pergandei (Cahan 2001) are
placed in associations demonstrating that sucdesgiven strategy is highly dependent on the
social context of a queen’s founding group. The glexity of this social landscape could be the
sole cause of the variation seerPircalifornicus or perhaps more likely is an additional factor
along with other ecological factors which maintdia observed variation.

Our results demonstrate that queens from popukatioth high levels of primary polygyny ia.
californicus are not a cryptic species sister species. Ratlkgodpulations around Cameron Valley
are closely related to surrounding populations mested inside the. californicus phylogeny.

MtDNA haplotype analysis reveals either a receldciive sweep or founder effect in the
area of southern California for both populationayygfig. 3.2). Nuclear markers however, show a
surprising amount of population subdivision betw&€ameron Valley and Lake Henshaw, similar
to that found between southern California and thié River which is approximately 460km away
(fig. 3.3). This suggests that barriers to gene fixist between the behaviorally distinct
populations which is corroborated by the patchyreabf the range d®. californicus in southern
California. This genetic separation is predictedhmory, as strong gene flow would erode local
differentiation whether it be due to adaptatiordiffierences due to founder effects and/or drift

(Savolainen, Pyhajarvi, and Knirr 2007; Slatkin 2;98torfer and Sih 1998; Wright 1990).

34



It is unknown whether the observed patterns ofmletoosis and primary polygyny
californicus are due to drift, an adaptive response to parti@ldétic factors, or to variability in
social environments. The data fdr pergandei support the idea that harsh desert conditions (e.g
less food and water) select for pleometraBagonomyrmex californicus follows the opposite
pattern where pleometrosis and primary polygynyrastricted to chaparral grassland areas of
southern California where colonies are larger andenproductive (Johnson 2004). The Lake
Henshaw site is an exception to this pattern thasggtt exhibits high levels of monogyny in
mature colonies and also occurs in chaparral gnadslt may be that the Lake Henshaw
population is in transition or that it represemsdraermediate step toward primary polygyny as

there is some evidence that queens occupy a behlyimtermediate state in this area (ch. 4).
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B8 Kingman,AZ-CP5
- —: Cadiz Valley, CA-CP14
o { Twentynine Palms,CA-CP12
68 Pahrump,NV-CP21
Borrego Springs,CA-CP11
Santa Catarina,BC MEX-CP15

Glamis,CA-CP28
Puerto Penasco,SO MEX-CP50

57 Hap-C Salt River,AZ (9)

{ Brock Ranches,GA-CP13
Guerrero Negro,BS MEX-CP52
98 PineValley, CA-CP41

Fol — Round Mountain,NV-CP2
L Smith,NV-CP4

Death Valley, CA-CP22
Hilmar,CA-CP29

Eg Hap-A Cameron & Pine Valley,CA (42)
{ Hap-B Lake Henshaw,CA (9)
B3 Lake Henshaw,CA-CP44
{ Cibbets Flat,CA-CF4-1
Laguna Salada,BC MEX-CP49

Bahia Concepcion,BS MEX-CP51
51l sia Partida,BS MEX-CP53

P. maricopa-CP36

Figure 3.1. Neighbor joining tree based on 639 $agcox-1. Support values are from 1,0
bootstrap replicates. Individuals from pleometripiidygynous population(Cameron Valle and
Pine Valley) are nested within tlP. californicustree, and are closely related to neighbo
populations including the monogynous populationd_bdenshaw. The majority haplotype of e
of the focal populations is designated with -A,-B, and -€ respectively (underlined) ai
numbers in parentheses represent the number efdodis with that haplotype. For list of

sequenced individuals and their locations and hgpés see Appendix
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Cameron Valley (44) Lake Henshaw (10)

Salt River (9)

Figure 3.2. mtDNA haplotype diversiby population. Letters designate same haplc. Number
of individuals sequenced per population in paresgk See Apendix B for details concernir

individual haplotypes.
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Cameron Valley

Salt River Lake Henshaw

Figure 3.3. Modebased clustering analysis (using Structure 2.3nd)interpopulation Iy
values. Top: thregray probabilities of individuals originating fromgaven populations. Colol
denote population of origin. Proximity of a giveotdo each of the three corners is t
individual's probability of coming from eachspective population. The same data is shown i
graph form below with probability from zero to oslgown on the -axis. Each vertical bar is
individual and the respective three colors repreenprobabilities of that individual comit

from each ppulation. Map shows pairwiseg values between focal populations.
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Table 3.1. Allele numbers for each locus by popoaind in total.
Cameron  Lake

Locus Salt River Valley Henshaw Total
Pb5 11 10 12 20
Pb6 13 11 14 25
Pb8 5 2 5 7
Po03 11 12 11 16
Po7 7 4 4 10
Po8 9 4 7 14
BJO4 15 3 6 15
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CHAPTER 4
FROM CONFLICT TO COOPERATION: MECHANISMS OF

COLONY FOUNDING BY UNRELATED ANT QUEENS

Abstract: Although much research has explored the costs anefits of cooperation, there has
been less focus on the specific behavioral chatiggsnust accompany the switch from a solitary
to a cooperative life history. The California hastex antPogonomyrmex californicus is ideal for
studying the behavioral mechanisms involved in ttaasition, because it demonstrates striking
population-level variation in colony queen numbeerma close geographic range. Populations
either consist of single-queen or multi-queen c@enWe compared the behavioral differences
between queens from populations with large biasafigle and multi-queen colonies in a
laboratory experiment in which we presented queétisthe alternatives of nesting together or
separately among a series of nest tubes or in @am toay of dirt. Our goal was to determine which
behaviors relevant to group founding exist priothte transition to cooperative sociality and
which behaviors evolve with it. As expected, quefeos the pleometrotic population readily
clustered around a common brood pile. Surprisinglystering was similar and equally common
among all population types in our nest-tube cheiggeriment, suggesting that innate attraction to
conspecifics or brood may serve as a facilitatadhentransition to social aggregation. Our
experiment in dirt trays revealed that the two Ergueen biased populations exhibited previously
undetected behavioral syndromes from one anothberexhibiting or lacking avoidance.
Regardless, queens from these populations were lasslhikely than pleometrotic queens to
tolerate one another during initial colony devel@mty) showing much higher levels of aggression.
Our results suggest that behavioral mechanismbtéaicig aggregation if. californicus may
already be in place prior to the evolution of commalusociality, while the switch from aggression
to tolerance of conspecifics is a critical behaaidransition in the evolution to stable coopemtiv

associations in this system.
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Introduction

The evolutionary transition from solitary to sodiglng is one of a series of fundamental
shifts in biological scale and complexity (Holldebland Wilson 2009; Szathmary and Smith
1995; Wilson 1975). This transition necessarilyuiegs associated mechanistic behavioral
changes. Stable, cooperative systems cannot euntilendividuals aggregate and tolerate one
another, regardless of the fitness benefits they ultamately receive through being social.
Research on the evolution of sociality has prilgdotused on fitness costs and benefits
associated with the transition to a cooperativéesggAviles 2002; Baker et al. 1998; Bono and
Crespi 2006; Costa and Ross 2003; Cowan 1987; J#@h Macdonald 1983; Rosengaus et al.
1998; Sachs et al. 2004; Uetz and Hieber 1997)iHaue has been little detailed investigation of
the behaviors driving and/or accompanying groumadion (Jeanson et al. 2005; Tschinkel
1998).

One way to explore these mechanistic changes ewpetally is to compare the
interactions of individuals that form cooperatiws@aciations with those of others who are
normally solitary. The behavior of newly mated gqueens during nest establishment offers the
opportunity to make such a comparison. During ifieeclycle phase of nest establishment and
initial brood production, ant queens are genesdlitary (haplometrosis) (Holldobler and Wilson
1977, 1990). However, in a subset of species, ata@lqueens form communal associations
(pleometrosis) in which they cooperatively constaioest, rear brood, and in some cases forage
(Bernasconi and Strassmann 1999; Bourke and Fi88%s, Cahan and Fewell 2004; Dolezal et
al. 2009; Keller 1995). Because queens of bothstypgmately live in eusocial colonies with
worker offspring, they clearly already have theawdty to behave as social entities, but most ant
gueens do not form pleometrotic associations anst that do, reduce their number to only one
gueen shortly after worker eclosion (Bernasconi @messmann 1999). The behavior of solitarily
founding queens has also been shown to differ ttmae that establish foundress associations
(Cahan and Fewell 2004; Jeanson and Fewell 2008).5Ehavioral variation indicates that
selection operates on behavioral phenotypes witid@rcontext of solitary versus cooperative

living in ant foundresses. In fact, selection ohdaoral phenotypes during this phase is likely to
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be strong, because levels of mortality during eetdblishment and early colony growth are
extremely high (Cole 2009).

Pogonomyrmex californicus exhibits striking variation in solitary versus gpliving
among queens. Throughout most of their explorederém the deserts of western North America,
gueens of the specipsimarily found nests solitarily. However, one ptgiion in San Diego
County, California exhibits pleometrosis, with 2aeer 20 queens per nest (Rissing, Johnson, and
Martin 2000). Genetic sampling from mature colorfias corroborated that this is a case of
primary polygyny where multiple queens remain tbgebeyond worker emergence and produce
sexual offspring (ch. 2). This is in contrast tosnimcidences of pleometrosis in ants where
gueens found nests together but initiate mortditiingy after the founding stage until only one
gueen remains (Bernasconi and Strassmann 1999QuBepleometrosis is rare in the genus
Pogonomyrmex and occurs within a limited area of the specistrithution, it is presumed to be a
derived character for this species (Johnson 200#3. variation in colony founding behavior
between populations provides a particularly usefd straightforward context within a single
species to compare behavioral changes occurrirgtigt transition to group living.

A starting point in exploring the transition fromlisary to group behavior is to consider
what behavioral attributes are already presertaércontext of solitary living. Here, we compare
social interactions and survival in three populagiofP. californicus, in two of which queens
initiate nests as solitary individuals (haplomeishswvhile queens of the third population form
communal associations (pleometrosis). We exployebledaviors which are likely necessary for
social group formation, including spatial clustgriand tolerance. We ask whether elements of
these key social phenotypes are already preséiné inaplometrotic populations, and what
changes are associated with the transition to camafity.

In order to cooperate, individuals must first aggte. Organisms aggregate actively in
two ways, when they come together via attractioextigrnal factors such as patches of resources,
or based on mutual attraction to conspecifics]atier of which has been termed congregating
(Fletcher 2006; Parrish and Hamner 1997; Stamp8)19® be a true social group, individuals

must congregate independently of external conditibnwever, the transition to congregation
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could be mediated through factors that induce aggien (Beauchamp 1986; Jeanson and
Deneubourg 2007; Jeanson et al. 2005; Muller 1988jey and Morse 1978; Visscher, Morse,
and Seeley 1985). In the casdPotalifornicus, excavated nests are an attractive resource for
foundresses, and could serve as a catalyst foeggton. Once in the same nest, queens could
also aggregate around another resource, broodprBlsence of brood functions as a key
mechanism in transitioning from a solitary to aamial existence in wasps, by serving as a cue for
adult offspring to remain on the nest (James Hogrtsonal communication). In this case a
behavioral response (maternal attraction to bratrdady present in the solitary condition,
functions to facilitate the transition from a safi life history to eusociality. We ask whether
similar cues, including conspecifics, brood and weambers, serve as attractants for aggregation
in our haplometrotic populations, and whether tbay provide a pre-condition for the transition

to the communal social systems of these ant fossdaesociations.

We also examined the occurrence of avoidance betsa&hd aggression as potential
barriers to cooperative sociality. Ant coloniesnficierritories and exhibit avoidance behavior, and
aggression between ants of different colonies tegpread (Holldobler and Wilson 1990).
Although not always a negative social phenotypeéf@mple in cases of social regulation),
aggression that produces significant fitness comtisd be considered as a barrier which must be
modified in the transition to cooperative socigl@ghan, Helms, and Rissing 1998). Thus a
general expectation is that unrelated foundresstslly introduced into a social context with
non-relatives should exhibit avoidance behavior@nadggression and that the evolution of
cooperation involves a transition from avoidancatteaction and from aggression to tolerance of
conspecifics. Aggression should not, however, lleraatically assumed for solitary species;
some naturally haplometrotic ants are tolerant wibered together in laboratory conditions
(Fewell and Page Jr 1999).

In this study, we bring groups of queens from eiffredominantly haplometrotic or
pleometrotic populations into the laboratory, ahovathem to cluster with one another or to
segregate among a series of nest tubes in Expdripen in an open tray of dirt in Experiment-

B. We also compare tolerance versus aggressiolirnvgtbups, and monitor their effects on
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individual survival These explorations provide insight into the assionptmade by current
models of the evolution of cooperation and conflist identifying which behavioral attributes
may be assumed present prior to the transitiond@kty and which evolve as novel behaviors or
innovations. Through this approach, we hope to tstdrd the targets that natural selection acts

upon during the transition to sociality.

Methods: Experiment-A
Sudy populations and collection methods

We collected mated foundresses of the Californiadsier antp. californicus, from one
pleometrotic and two haplometrotic populations dgtheir respective summer mating flights
(see Cahan and Fewell 2004 and Rissing, JohnsdriVartin 2000 for population information).
On June 6-9, 2006 we collected 267 foundresses thermrizona haplometrotic population (H-A)
at the Salt River recreation area northeast of RkpAZ (33° 32.870'N, 111° 38.617'W; 409m).
On July 2-4, 2006 we collected queens from thef@alia haplometrotic population (H-C) and
the pleometrotic population (P-C), which are apprately 50 km apart in San Diego county, CA.
Ninety foundresses were collected from H-C at Udk@shaw (33° 13.928' N, 116° 45.381' W,
824m), and another 90 foundresses were collectea fivo P-C sites 9 km apart: Pine Valley, CA
(32° 49.420'N 116° 31.680'W 1,133m) and Cibbet Empground (32° 46.614'N, 116°
26.819'W; 1,265m).

At each collection site we gathered newly-matediétvasses from the ground shortly
after their nuptial flights and placed them intdiiridual plastic tubes with a moist piece of paper
towel. Queens were brought into the lab within days, and were weighed and individually
marked before being placed as groups of 3 intobwsts. These groups were composed of
haphazardly chosen queens from the same populateh;trio of queens was placed
simultaneously into the foraging area of the nest We set up 89 nest boxes for H-A, 30 for H-
C, and 30 for P-C.

Each nest box consisted of a transparent plastiager (11cm x 11cm x 3.5cm) with

four glass test tubes (7.5cm x 1cm) fused to eadh Whe tubes served as independent nest sites
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and the central chamber as a common foraging Besh test tube contained water behind a
cotton plug and was covered with aluminum foil toypde darkness. Kentucky bluegrass seed

was provided in the center of the container as fabdibitum throughout the experiment.

Experimental design and behavioral observations

Initial observations indicated that queens requaéd-hour ‘settling-in’ period after
placement into the nest box, during which they ersga the foraging area, frequently antennated
one another, and occasionally entered and exptbeedest tubes. To capture behavior after the
initial exploration period, we made observationgeadaily for the first week (morning and
afternoon) and then once daily over a total of 8gsd During each observation we recorded queen
mortality, the location of each queen, noting wketthe was in one of the four nest tubes or the
foraging area and also presence/absence and locdtimood. We also recorded any observed
incidents of overt aggression and, whenever passitdted the identity of both the aggressor and
the target of aggression. An aggressive incidestdedined as either one queen grasping another
with her mandibles or a live queen exhibiting daathgr missing body parts. Damage serves as
strong indirect evidence of aggression. In multjplevious experiments under similar laboratory
conditions, this type of damage to a live queenrtea®r been observed outside the context of
aggression, while observed aggression almost ala@yssponds to damaged or missing body

parts.

Analysis of survival and aggression
Queen survivorship was compared across the 3 fmgallations using a log rank
multiple comparison survival analysis. To testdareffect of queen weight on survival we ranked
the 3 queens within a nest box as heaviest, migdight, and lightest. We then tested for overall
differences between the 3 weight classes for eaphlption separately with the survival analysis.
To measure aggression, nest boxes were dividedvit@ategories at the end of the experiment:

those in which aggression had been observed airaayduring the experiment and those in
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which no evidence of aggression was seeff: @ontingency table was used to detect differences
among populations in the frequency of nest boxéls aggression.

We also analyzed mortality linked to aggressiomuien’s death was considered to co-
occur with aggression if she died within 48 hourb&ing observed as the target of aggression
and/or her body was severed in some way. Nest hegss divided into two categories: those in
which deaths corresponding with aggression had bbsarved and those in which no such deaths
were observed. 47 contingency table was used to detect differenoesng populations in the

number of nest boxes in which aggression-relatedhdeoccurred.

Analysis of clustering

We scored each nest box daily over the first 4G adythe study for presence of
clustering behavior. Clustering was defined as oaoyg when either two or three queens
simultaneously occupied a single nest tube, rattar being in different tubes. A forty day cutoff
was chosen for the clustering analysis; this cporded to the approximate half-way point of the
experiment and beyond this time the cumulative atitytof queens in both haplometrotic
treatments made statistical comparisons acrosdatams difficult. During the first week, when
two observations were made per day, the analysisded only one of the two observations,
chosen at random. Mortality occurred throughoutstiuely, and when nest boxes no longer
contained at least two living queens they were raddrom the clustering analysis.

To determine whether queens actively clusteredttey, we compared the number of
nest box observations where an aggregation waswauswith that expected if queens were to
choose a nest tube without regard to the presdnuther queens. We generated the latter
expectation by simulating a data set with the saomeber of nest boxes and observation days as
the observed data. Each simulated nest box hagathe number of live queens in tubes per day as
the corresponding real nest box. Queens locatdtkiforaging area, not in a nest tube, were not
counted for that observation period in both thé a@a simulated data sets (occurred for only
6.7% of all queen observations). For each dayptheence of a cluster was determined from the

probability that two or more queens would be inghene tube if each chose a tube independently.
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The full data set was simulated 1,000 times, ubagab (The MathWorks, Inc. Natick, MA,
U.S.A.). The average proportion of nest boxes wlitisters per day was then calculated across the
1000 simulations. To estimate the 95% confidenterwal of the mean, we sorted the 1,000
simulated proportions and excluded the highestiawdst 2.5% of values.

We next tested for differences in clustering betwpopulations by using Matlab to
generate three separate 1,000 bootstrapped verditms observed data, one for each population.
Each bootstrapped version was produced by resagniereal data with replacement to create a
new data set of the same size. The sampling ursittheentire series of observations for an
individual nest box. For each day of each bootgedpdata set, we calculated the proportion of
nest boxes with clusters, as described above éorghl data. We then determined the mean and
84% confidence interval of this proportion on edely, across the 1,000 bootstrapped samples.
We used 84% confidence intervals, because thesxpeeted to yield a true significance level of
5% for this test (Payton, Greenstone, and Sche2(¥@8). These values were determined
separately for each population; we judged two patputs to differ in degree of clustering
whenever their confidence intervals did not overlapmparisons were made on each of the first
40 days of the experiment, except for a few dayw/bich no observations took place. Less than
40 pairwise comparisons were available betweengiwen populations because of some days in
which observations did not take place. The numbermissing days varied among population
pairs, such that 32 daily comparisons were madedwmat H-A and P-C and between H-C and P-C,
but 30 were made between H-A and H&opies of both MatLab programs are available frben t

authors upon request.

Methods: Experiment-B
Sudy populations and collection methods
As a follow-up to Experiment A, we ran a similapeximent in open containers of dirt
rather than the enclosed plastic choice-boxes.ofigh in this setup we lacked the ability to
observe what nesting queens were doing below grasadvere able to observe how queen

behaviors relevant to pleometrosis and primary gty might change with a more natural setting
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with more space and the ability for queens to eatmatheir own hole rather than only choosing a
nest tube. Foundresses were collected during thiegritights of 2010 from the same sites as
before except for that due to lack of availabibfygueens at Cameron Valley, queens from a site
at Pine Vally, CA (13 km away) were used instea2f @.420'N, 116° 31.680'W; 1132m). This
site has been monitored annually for over a de@anjgublished data Johnson, RA, and Jennifer
Fewell Lab) and is a confirmed pleometrotic sitghfson 2004) and strong evidence suggests that
it is also polygynous (ch. 2-3).

Within 36 hours, queens were brought into the Vedighed, and individually marked
before being placed as groups of 3 into separaté3d7cm (LxWxH) plastic trays filled with
10cm of dirt. There were 20 replicate trays obsgfee each population. At the start of the
experiment, randomly chosen queens from the samelgition were placed simultaneously into
the center of each tray starting at 7:00 am. Gwemnext 8 hours, scanning observations took place
approximately every 6 minutes for each tray (7altobservations per tray and 1500 tray-
observations per population). Beyond this, startinghe second day most queens had settled
underground and observations were made twice @ailgne week and then once daily for the
following week at which point observations endeéntucky bluegrass seed was provided as food

ad libitum throughout the experiment by sprinklinfightly throughout the tray.

Analysis of behavior

During scanning observations we recorded any iestafnaggression (i.e. biting with
mandibles) and excavating behavior (i.e. diggitpke in a series of dirt removal bouts with
mandibles). When an excavated hole was large enfmughqueen to fit fully inside it, we
assigned it a unique identifying number and recdttie queen or queens that were associated
with its initial excavation. A “queen-carrying” batior which had not been seen in Experiment-A
was also observed, presumably because of the natext®f nest excavation or the more natural
larger surface for queens to interact. This erdailee queen physically picking up another from
the surface of the ground or from inside an exaaVable and physically relocating her some

distance away. The carried queen assumed a pusgitibpavith all her legs tucked near her body
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without struggling. Often the carried queen wouklitietween 10 seconds to a minute after being
set down to begin moving again.

Three weeks later at the end of the experimentraals were carefully excavated and
censused and individual queen survival and locatiere assessed as well as the presence of
brood. This allowed us to compare the last knowst hele that a queen was observed in to where
she finally chose to reside and clear up ambigudieto location of some queens whose nest
decisions were missed with the scanning obsenatidoe to desiccation which occurred in the
Salt River population almost all individuals had:elased at the 3 week mark when censusing took
place and hence no final data for mortality waseotéd for this population. Because the
experiment for the Salt River population was rurlieawe altered our watering protocol which
avoided this problem for the California populations

For our analysis of the three populations we coegbaiggression, queen survivorship at
the end of the experiment, occurrence of queernyicarrand of cohabitation (more than one
gueen sharing a nest). Differences in the mean euofbsurviving queens per tray across
populations were tested with an ANOVA yAcontingency table was used to detect differences
between populations for all other comparisonshéndase of aggression and queen-carrying
behavior we compared the number of trays per ptipol#éhat either did or did not exhibit the
focal behavior at any time during the experimeihiswas done to avoid problems of pseudo-
replication caused by queens of a given tray repiaexhibiting a behavior. For comparison of
cohabitation, we compared both the number of tpeygpopulation that had a joint founding event
after 24 hours (when the majority of queens hatlesktinderground) and the number of trays
which contained at least one instance of co-habgajueens at the end of the experiment.
Because Experiment-B was a follow-up experimentlaimo Experiment-A, and we hadpriori
expectations of both the predicted differencestheit directionality, we did not correct for alpha

inflation.
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Results: Experiment-A
Survival

Queen survival differed significantly among thestapopulations (Overall log-ranjé =
42.66, P < 0.0001; fig. 4.1) with P-C queens eximgihigher survival than queens from either the
H-A (Log-rank:y2 = 4.98, P < 0.0001) or H-C (Log-rani2 = 5.95, P < 0.0001, Bonferroni
correctecd=0.0167) populations. Differences in queen survbetiveen the two haplometrotic
populations were not significant (Log-rank:= 1.952, P = 0.0509, Bonferroni corrected
0=0.0167). Relative queen weight within nest boxas wot significantly associated with
mortality in any of the three populations: P-C (€alelog-rank:y? = 0.105, P = 0.949), H-C

(Overall log-ranky? = 2.83, P= 0.243), (Overall log-ran¥: = 4.425, P = 0.109).

Aggression

The three populations varied in the number of hezes in which aggression was
observed (Chi-square tegt:= 6.58, P < 0.0001; table 4.1). Queens of bothdmagtrotic
populations exhibited much more aggression thaplé@metrotic queens. (Chi-square tgst
11.30, P < 0.0001; table 4.1). When the pleometfmipulation was removed from the analysis,
the two haplometrotic populations did not diffegrsficantly in aggression, (Chi-square tegt=
0.57, P = 0.4498) or in aggression-linked mortgi@pi-square tesy? = 0.08, P = 0.7720).

All 3 populations contain both tolerant and aggresbehavioral types, at least at low
frequencies. Three of the 117 nest boxes (2.6%) fte two haplometrotic populations remained
pleometrotic throughout the duration of the expenin(90 days), with all three queens residing in
the same nest tube beyond the time of the emerg#neerkers, demonstrating that more tolerant
individuals are present even in haplometrotic patioihs. Meanwhile, in the pleometrotic
population six out of 30 nest boxes failed to metl three foundresses throughout the experiment

(20%) due to mortality caused by aggression (refnofviaead or gaster).
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Clustering behavior

Queens in all populations had a strong tendencjuster within a common nest tube, as
indicated by the significantly higher occurrencelistering in the observed data compared to
simulations in which queens chose nest tubes inmdigely of one another (fig. 4.2). Surprisingly,
there was little difference between haplometrotid pleometrotic populations in the occurrence
of clustering (fig. 4.3). Queens from the H-A pagtidn were never significantly less clustered
than those from the P-C population, and even exakttem on 7 of the 32 days for which data
were available to make a comparison. H-C did rgmi§cantly differ from P-C queens in
clustering on any of the 32 days. The H-C queens wignificantly less clustered than H-A

gueens for 6 of the 30 days available for compariso

In the majority of all observations for all queepés, living queens grouped together in a
single nest tube. The foundresses usually gattemad a single brood pile (> 98% of nest boxes
had clusters with the presence of brood). Wherviddal foundresses were not observed in a
cluster with other queens they were often foradgimgeeds or were injured and were located in
the common foraging area. Across 17,525 total qobservations for the duration of the entire
experiment (84 days), queens were observed irotlagihg area only 1,176 times (6.7% of all
gueen observations). Out of 7,056 nest box obdensacross populations, queens were observed
in separate nest tubes only 366 times or 5.19%seénvations. The majority of occurrences where
gueens were located in different nest tubes withénsame nest box were for one or two days at
which times queens were again found clustered begeThere were only 6 occurrences during
the experiment where queens were observed in gepast tubes for 3 or more consecutive

observation days.

Results: Experiment-B
Aggression and survival
Queen survival differed significantly between theké Henshaw and Pine Valley
populations (Student T-test: T=-5.20, D.F. 880.00001; fig. 4.4) presumably due largely to

aggression as was the case among clustered fosadrgEem Lake Henshaw in Experiment-A.
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Because of high mortality due to desiccation inmest boxes the survival data from the Salt
River population was not used in this comparisoowelver, only 2 out of 20 nest boxes from the
Salt River ever had a joint-founding event (morantli queen nesting together) so in most cases
mortality would not have stemmed from aggressioguesens were not presumably not together
but we cannot rule this out entirely as tunnels imaye connected underground. Observed
aggression was also significant between the thopelptions (Chi-square tegf: = 17.89, P =
0.0001) with no aggressive interactions observetiérPine Valley population and 16 and 20 such
interactions observed in the Lake Henshaw andRSedtr populations respectively. When the

Pine Valley population was removed from the experitithe differences in aggression were no

longer significant (Chi-square tegf:= 5.01, P = 0.082).

Carrying behavior and joint-founding

When queens came into contact with one anotherdltbgr ignored one another,
antennated one another peacefully, had an aggesisséraction, or sometimes engaged in queen-
carrying behavior. Carrying behavior occurred wbae queen picked up another and relocated it
some distance away. Queen-carrying behavior alsoroed in the context of nest construction,
when a queen entered a hole that another queeaxgasgating. Instead of returning with a ball of
dirt on her next pass, the excavating queen woulerge carrying the other queen in her
mandibles and thereafter deposit her on the greontk distance from the nest. The frequency of
observed queen-carrying behavior was significatwéen populations. Queen-carrying behavior
was observed only once in the Pine Valley poputedind was observed 10 (6 of 20 trays) and 15
times (11/20 trays) in the Lake Henshaw and SaléeRpopulations respectively (Chi-square test:
¥?=11.91, P = 0.003). When the Pine Valley popatativas removed from the analysis no
significant difference remained (Chi-square tgSt 2.56, P = 0.278). Queen carrying in the
context of removal from an excavated nest was @bsgen 5 trays and only the Salt River
population (Chi-square tesf = 10.9, P =0.004).

The frequency of joint founding events also diftesignificantly between populations.

After the 24 hour settling-in period when queend bacavated and\or chosen their underground
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nest sites 11/20 trays had a joint-founding evetihé Pine Valley populations, 15/20 in the Lake
Henshaw population, and only 2/20 in the Salt Rp@pulation (Chi-square tegf = 17.81, P
=0.00014). When the Salt River population was resddvom the contingency table the
difference was no longer significant (Chi-squasst:t¢ = 1.76, P =0.415). However at the end of
the experiment the Pine Valley population had 2@/a@s with a joint-founding event whereas

Lake Henshaw had only 3/20 (Chi-square tgst 29.56, P <0.000001).

Discussion

Ant foundress associations provide a useful cortewthich to explore both the
mechanisms and consequences of cooperation amorgmdSince, they consist of unrelated
adults, cooperation is not rewarded via indirectefss gains and individuals must receive direct
benefits to make these associations stable (CHBtook 2002). To understand how such
cooperating groups evolve, we must also underdtamtiehavioral mechanisms that can facilitate
or impede such a transition. Organisms cannot Bbift a solitary to a cooperative state unless
certain mechanistic changes take place. These iratitihs do not necessarily have to be large;
they can be the alteration of a preexisting behasighe execution of a behavior in a new context,
producing evolutionary novelty. In the ant foundrease, the simple behavioral transition of
gueen tolerance for conspecifics seems to fa@ladbng-term cooperative association between

multiple unrelated queens and their worker offsprin

Behavioral mechanismsin the transition to sociality
Because ant colonies are territorial and queeressdampetition from nearby queens, we
might expect the solitary behavioral condition &t queens to be one of avoidance or aggression.
If so, a transition from avoidance to attractionudobe requisite for the switch to communal
living. Interestingly, however, we found that infieximent-A, haplometrotiP. californicus
gueens preferentially clustered together despitegbaffered multiple nest tubes (fig. 4.3). Their
tendency to cluster could not be separated frotnadte pleometrotic queens; the majority of

gueens from each of our three populations clustergether in one nest tube around a single
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brood pile for the duration of the experiment. Téigigests that regardless of avoidance or
aggression that they may exhibit in different catgequeens dP. californicus have an innate
attraction to conspecific queens or brood, regasdté whether they possess tolerance for the
continued presence of conspecific foundresses. @/dmood could serve as a means of indirect
attraction between queens; as such, the drivedi@anpal care toward brood serves as a pre-
condition for the aggregative behavior necessargdoperative sociality. The attractive force of
brood within the nest has also been suggestedtoder a proximate mechanism for the transition
to eusociality in wasps, as adult offspring shifinfi dispersing to brood care within the natal nest
(James Hunt, personal communication). In both ¢gsegimate behaviors already present in the
solitary context set the stage for the evolutiom obvel social phenotype, in this case communal
sociality. Within communal systems, clustering amdthe cue of brood presence may transition
into congregating, in which queens are directlyaated by the presence of other queens.

One of the paradoxical outcomes of Experiment-A thadack of avoidance behavior
exhibited by foundresses from the Salt River paueresulting in a discrepancy between the
high levels of clustering observed in the lab dmellow frequency of pleometrosis observed in
nature at the Salt River (Johnson 2004). In allyepons ofP. californicus, queens are obligate
foragers and must gather food to raise their fumtkers and thus do not permanently seal their
nest entrances during the colony founding stagediker claustral members of the genus
(Johnson 2004). Since mating flights in this spetadke place over several weeks rather than in a
punctuated flight after heavy rain like otlgonomyrmex, diffuse waves of queens searching for
nest sites are continually incoming. Incoming quesre attracted to the preformed holes of other
gueens which are left open and will enter them wfiecovery (personal observation). These holes
are an important resource because they minimizértteequeens are at the surface and reduce the
amount of digging they must perform (Tschinkel 1998the initial founding queen has since
died, holes may also be filled with food or brobdth valuable resources. This is especially likely
in P. californicus, as queens must leave their nests repeatedlydgdat least in the early stages

of founding (Johnson 2004).
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Because of this combination of life history chaeaistics and the discrepancy observed
regarding the Salt River population, it remainedpan question as to what was precluding
gueens from entering and remaining in the nestdledr queens in nature like they did in the
laboratory. Queen-carrying, a form of avoidanceavétr, provides an answer to this question. In
contrast to Experiment-A where the Salt River papiah exhibited high levels of clustering, in
Experiment B only 2 out of 20 trays ever had areoled joint-founding event during the duration
of the experiment (table 4.2). Presumably this duses at least partially to the co-occuring queen
carrying behavior which was seen only in Experini&n@lthough queen carrying behavior was
observed repeatedly in both the Lake Henshaw alidR&er populations, queens were only
observed removing other queens from their nedtsarSalt River population (observed in 5/20
trays). Often the invading queen would be remoegatedly in succession as she repeatedly
tried to enter. On one of the 5 occasions an inagmueen usurped a hole under construction by
successfully carrying and removing the queen wiibihidiated excavation. This behavior of
carrying conspecifics called adult transport haanbexamined in many ant species including
Pogonomyrmex californicus and is most commonly utilized by ants during nestdport
(Holldobler and Wilson 1990; Hélldobler and Wils2009). Adult carrying in a unique context in
P. californicus takes on new meaning as it allows queens to paljgiavoid queens whom they
do not tolerate from their nest while both partiesid lethal fighting. This avoidance behavior
functioned upstream of the mortality that occuilireeExperiment-A in the Salt River population.

In Experiment-B, queens from the Salt River popalatvere still attracted to one another and/or
to excavated nests and attempted to enter themvdretalmost invariably removed as 18/20 trays
from this populations contained no joint foundingets. Although queen-carrying did occur in
both the Salt River and Lake Henshaw populatiowai$ never observed in the context of queen-
removal from a nest in any population but Salt Riidne Lake Henshaw population which lacked
the queen-nest removal behavior had more traysagong a joint founding event after 24 hours
than even Pine Valley (15/20 vs. 11/20). Howevagh tevels of mortality occurred in the Lake
Henshaw population which reduced pleometrosis tp 820 trays by the end of the experiment

compared to 20/20 for Pine Valley. This was simitathe pattern seen in Experiment-A and
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presumably was mortality driven by aggression asg in Experiment-A. This suggests that the
Lake Henshaw population may be in a transitioratesbetween the Salt River and Pine Valley
populations in that they failed to produce the dgaoce behavior observed in the Salt River
populations but still exhibit high levels of aggsEs unlike clustering individuals at Pine Valley.
The fact that after the first 24 hours only 11/2%/% in the Pine Valley population contained
pleometrotic foundings but by the final censug8litrays did is strong evidence that even queens
who excavated their own holes changed nests sitgsister with conspecifics after initially

excavating their own nest.

The results of our study show that on average,dmesses from pleometrotic populations
exhibit much more tolerance towards conspecifiesitfhose from haplometrotic populations.
They also demonstrate that previously undetectifereinces exist even among populations which
were classified as “haplometrotic”. The result&Egperiment-B where queens from Lake
Henshaw still failed to separate when those frothfSger did suggests that Lake Henshaw may
exhibit secondary monogyny in some cases wherengueend together but eventually fight until
only one remains. Our initial hypothesis, thatimgic differences in tendency to aggregate or
segregate in queens would alone explain the papualkvel variation in frequency of
pleometrosis, was not supported. In Experimentéitémdency to cluster between populations did
not differ significantly (fig. 4.3) demonstratinigat queens from all population typeshof
californicus have an innate attraction to either conspecific§@ brood. These results indicate
that a switch from a solitary to a social life bistin founding queens &. californicus, a colony

level trait, is based on a switch to higher toleeaf conspecifics, an individual level trait.

In contrast to clustering, aggression and quesreval behavior in the haplometrotic
populations served as a barrier to social groumddion. Consistent with expectations, our results
indicate that a switch from a solitary to a sotifal history in this species is based, at leagidrt,
on the evolution of increased tolerance for conijgscin those associations exhibiting
aggression, what initially seemed to be tolerahig@®r was interrupted when one queen grasped

another in its mandibles, beginning a struggle ldsted several hours and ended with the
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severing of the head or gaster of the attackedTduis. pattern of punctuated aggression was
commonly observed for both haplometrotic populaid@ueen removal from a nest provided a

mechanism upstream from costly battles for intalecaieens to avoid another queen’s presence.

Smple genetic architecture underlying variation in cooperation

The transition from solitary to cooperative nestrfding poses the questions of how
genetic architecture is reshaped by selectiondoiafity. Recently, several studies have reported
simple single-gene mechanisms driving variatioaggregation and cooperation. In the fire ant
Solenopsisinvicta, the social organization of a colony has been shimvwhe associated with
genetic variation at the Gp-9 locus. Colonies cosepoof workers with only the BB genotype
tolerate only one BB queen resulting in monogynlyereas colonies with workers bearing b
alleles tolerate multiple Bb queens resulting podygynous colony form (Krieger and Ross
2002). In the nematodeaenorhabditis elegans, variation in whether worms aggregate with
conspecifics on food sources is explained largglg bolymorphism at a single amino acid of the
G protein-coupled receptor npr-1(Gloria-Soria armbvedo 2008). In the yeg&ccharomyces
cerevisiae, a key gene, FLO1, determines whether cells capeo form a protective biofilm.

The gene also provides a built-in mechanism tactiteoperation toward other FLO1 carriers and
protects against cheaters that would benefit floenfitm without producing it (Smukalla et al.
2008). These examples illustrate that relativetypé genetic changes can influence a complex
social trait. In this way, a behavior such as agjitor communal breeding can be selected for
quickly based on the fithess payoffs associated eatch strategy.

Our research demonstrates that simple behavioaalges such as tolerance to nearby
conspecifics and lack of the queen-removal behaeisult in a population-level difference in
colony social structure iR. californicus. Although aggression against other adults andtieen
carrying behavior serve as a barrier to socialwian in of P. californicus, the level of variation
in these behaviors observed both within and aqropsilation types suggests it is potentially
responsive to selection. Tolerant individuals (@dmined by our experiment, i.e. not engaging

in aggressive behaviors or queen-removal) wereeptés our haplometrotic populations and
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likewise, aggressive individuals were present @optetrotic associations, albeit at low
frequencies. This intrapopulation variation shaalldw selection to quickly alter the frequency of
communal living based on the local fitness costslznefits imposed by the environment. It
suggests also that the fitness benefits betwe&arsohnd cooperative nest founding vary
considerably across even the small spatial scaleest populations. Our findings also reveal that
contrary to what was previously known, behavioieseven for populations previously
characterized and grouped as haplometrotic. In thatlthoice experiment and in the dirt tray
experiment, foundresses in the Lake Henshaw papalatill exhibited high levels of clustering
and subsequent reduction (secondary monogynyultidoe argued that this was an artifact of our
experimental design as even queens from the Sadt Ropulation clustered in Experiment-A.
However, in the trays of Experiment-B, queens ftbmmajority of individuals did not cluster
presumably because of a queen’s aggressive intaracnd carrying behavior in defense of her
excavated hole. The fact that queen removal frovesa was not observed in the Lake Henshaw
population and high levels of clustering occurredhdnstrates variation for behavioral

mechanisms even between populations with colohegseventually become monogynous.

Foundress density and aggregation

How do benefits to communal living vary across &tescalifornicus populations, such
that one population has a high frequency of pleowset, while others, including geographically
adjacent ones, do no@he suggested possibility is that pleometrosisgeoaimate response to
high foundress densities (Tschinkel and Howard 1988undress density can be influenced by
the number of foundresses after mating flights @mglfactor that promotes queen crowding:
established colonies, microtopography, nest-sitéidition, etc. Queens from populations with
higher densities of foundresses may be limitepfmssible nest sites, with consequent negative
fitness effects if queens act aggressively when tloene in contact. Work on the ai8senopsis
invicta andLasius niger has demonstrated that the frequency of cooperftiveding by
pleometrotic queens is related to queen densigy afaiting flights; thus, queen number per colony

is a proximate response to local conditions (Nori&®&2; Sommer and Holldobler 1995;
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Tschinkel and Howard 1983; Ward, Webster, and B@06). These results, however, are for
populations of already pleometrotic ants. Accordimghe density hypothesis, local queen
densities could influence selection for pleomet@s well as contribute to the context for its
expression. No formal data have been collectegdst-flight foundress densities Bf

californicus, however, anecdotal evidence from the collectibfoondresses suggests that there
are no major differences in initial foundress dgnisetween our focal populations. Measuring
post-flight queen density in this species is ctmglieg due to the fact that mating flights are drawn
out over several weeks and most likely vary frorary®-year for a given population.

In both Experiment-A and B we started with an equeden density, but queens still
exhibited strong population-specific differencedéhaviors that have relevance to cooperative
founding. This suggests that behavior is the prymagulator of the observed variation in
pleometrosis, rather than proximate effects ofllgc@en density. Our experiment was, in effect, a
common garden experiment where foundresses rethietealioral differences when they were
removed from their respective environments andqulan the laoratory.

Our results suggest that a relatively small nundféey mechanistic differences separate
solitary founding queens from closely related pafiahs in which queens behave as cooperative
units with non-relatives. Certain behaviors alreadglace, such as attraction to conspecifics and
brood, take on new meaning in a cooperative corlattin this case stabilizes the group as a
social unit. Because of these preexisting behayibesevolution of sociality in this system may be
associated with a small number of key behaviorisstthe most important being increased
tolerance of conspecifics. Simple genetic and bielnalchanges may produce a novel social
phenotype with multiple matrilines, each consistifigiroups of non-reproducing workers and
sexual offspring. These matrilin