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Professor Naomi E Pierce Christopher CM Baker

Complexity in mutualisms: indirect interactions with multiple parties
ABSTRACT

Ant-plants provide ants with rewards such as housing and food in exchange for protection from
herbivores. These protection mutualisms are complex webs of both direct interactions, such as ants
teeding on host plant extrafloral nectar, and indirect interactions mediated by ‘third party’ species,
such as ants consuming exudates from hemipterans feeding on the host plant. While some indirect
interactions are well understood, in many cases our understanding is hindered by an incomplete pic-
ture of the relevant third-party species.

In this dissertation, I explore third-party interactions of three obligately phytoecious ant species
on the African ant-plant Vachellia drepanolobium (formerly Acacia drepanolobium) — Crematogaster
mimosae, C. nigriceps and Tetraponera penzigi.

First, I examine relationships between ants and fungi. I show behavioral differences towards fungi
among the three ant species, and then use multiplexed amplicon sequencing to characterize their
associated fungal communities. Each ant species harbors its own distinctive fungal community, and
these communities are similar for each species even at two field sites separated by 200 kilometers.
The ants may vector fungi when they colonize new host trees. T. penzigi most likely uses fungi as a
food source, and fungi may also have nutritional or other growth implications for the host plant.

Second, I investigate relationships between ants and ‘myrmecophiles’ - i.e. ‘ant loving’ arthropods
that live alongside ants in the domatia. I show that myrmecophile communities differ among the
three ant species, but are also highly context dependent, differing strongly between locations and
sampling periods. Surprisingly, several species of myrmecophilous Lepidoptera are herbivorous, but
are more commonly associated with the ‘better” ant mutualists, C. mimosae, whose workers defend
more effectively against browsing mammalian herbivores.

My results show that plant ants shape both fungal communities and myrmecophile communi-
ties in domatia of their V. drepanolobium host plants. These third-party species may be viewed as ‘ex-
tended phenotypes’ of the ants, and are essential elements whose effects need to be incorporated into

our understanding of the ant-plant protection mutualism.
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CHAPTER 1

INTRODUCTION

Ant-plant protection mutualisms are widespread, especially in the tropics*”**%%. In these mutu-
alisms, plants provide ants with rewards such as housing and food in exchange for protection from
herbivores. The exchanges vary widely: some ants provide extrafloral nectar to a range of generalist
facultative ant partners; while others provide domatia, nectar and food bodies to specialized obligate
ant partners 28177

Ant defense adaptations have evolved many times; these protection mutualisms are found in more
than 100 angiosperm genera and over S0 ant genera**%2'°, Furthermore, the evolution of traits
to attract ant mutualists is associated with elevated plant diversification rates. In the legume genus
Senna, for example, a single evolution of extrafloral nectaries appears to have promoted diversifica-
tion by facilitating the colonization of new habitats'*°. An analysis across the vascular plants shows
that diversification rates are twice as high in plant families with extrafloral nectaries than in those
without>"?.

In addition to their ecological importance, ant plants have also featured prominently as model
systems for investigating how mutualisms evolve and persist>”%3; how species coexist *?%; how

communities may be regulated by multitrophic interactions *"'#7; the chemical ecology involved

in recruiting ant mutualists and inducing ant defense against herbivory3%95:186221; the nutritional

ecology underpinning the substantial biomass of ants in rainforest canopies ***!; and the coevolution

of traits in insects and plants>¥%*.

Central to many of these questions is an evaluation of costs and benefits relating to the ant-plant



mutualism, but these costs and benefits have long been difficult to quantify. Although the role of ants

433,179,210

in protecting plants from herbivores is now well establishe , even this remained controversial

until the observations and experiments of Janzen and others in the 1960s and 1970s”*

— despite
experiments dating back as early as 1889 suggesting that ants attracted to extrafloral nectaries could
reduce insect damage (von Wettstein, 1889%'® as cited in Beattie, 1985'*).

One of the chief challenges in assessing a variety of costs and benefits is that they need not be mu-
tually exclusive. For example, ants may deter herbivory by multiple species of herbivores, each target-
ing different parts of the plant. The costs of herbivory may vary among different locations and points

23166 Ants may protect host plants

in time®!, and over the lifespan of the plant and/or the ant colony
by pruning encroaching vegetation **782%2 but may also prune the host plant itself with the effect

of modifying growth or temporarily sterilizing the plant**®. Plants may provide for the nutritional
needs of their ants through multiple channels — extrafloral nectar, food bodies, fungal patches, and
hemipteran intermediaries '*® — but may also obtain nutrition from ants>>!7#2!1, Ants may provide
other services to theirs hosts, such as removing potentially pathogenic microbes 116 And different ant
symbionts may vary in their efficacy as plant defenders, and draw differently on the resources of the
host?”15¢, While in principle these myriad costs and benefits can be subsumed into measurements

of long-term reproductive fitness, this is often impractical, owing in part to the dispersal of both part-

185

ners and the longevity of host plants ™>°. Measures such as foliar herbivory, while convenient, prove

to be imperfect proxies for reproductive fitness'°.

Although ant-plant protection mutualisms are often described as interactions between ants and
host plants, many of the interactions that make up a given mutualism involve ‘third party’ species
(Figure 1.1). Phloem-feeding hemipterans, for example, facilitate the trophic exchange between

many plant-ants and their hosts*%5. Aggressive ant defense might be a direct deterrent to herbivores,

but might also have the effect of reducing the density of spiders and hymenopterans that would oth-



erwise eat or parasitize the herbivores'**. And of course protection against herbivores is itself an in-
teraction mediated by the herbivores'>”. The importance of third-parties magnifies the challenge

of understanding ant-plant mutualisms: although some interactions such as hemipteran-mediated
feeding are relatively well understood, others are often more diffuse and less well known. Treating
these indirect interactions as if they were direct may sometimes be a useful simplification, but ignores
context dependency arising from variation in the identity or abundance of third parties over time or
between locations.

One set of third parties whose role in ant-plant mutualisms has garnered particular attention in
recent years is fungi'?°. Chaetothyriales or ‘black yeast’ fungi have been found in the domatia of
about 20 plant genera associating with several unrelated ant species. These fungi appear to play a
nutritional role, especially in nutrient recycling for ants, but possibly also in nutrient transfer to the
host plant?%*%*_ A distinct group of these black yeast fungi have also been implicated as a building
resource in some ant-plant systems'33. As in many areas of microbial ecology, developing molecu-
lar methods are likely to expose additional roles and complexity surrounding these fungi in coming
years.

In this thesis, I explore two sets of third-party species — arthropods and fungi — inside domatia of

the African ant plant Vachellia drepanolobium.

1.1 THE VACHELLIA DREPANOLOBIUM ANT-PLANT SYSTEM

Myrmecophily has evolved multiple times in the genus Vachellia (formerly Acacia subg. Acacia)7>''°.

Among the African vachellias, swollen thorn domatia appear to have at least two origins, though the
phylogeny of these taxa is not well resolved. Among the neotropical vachellias, which diverged from
the Old World species ca. 15 mya, swollen-thorn taxa form a monophyletic group”>.

Vachellia drepanolobium ant-plants are widespread throughout the East African tropics, usually in
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FIGURE 1.1: (2) Ant-plant protection mutualisms may be usefully regarded as two-party interac-
tions. (b) However, protection against herbivores is really a multi-party interaction. (c) The two-
party representation is simple, but may have shortcomings. e.g. the value of protection depends on
herbivores being present, and plants may reduce costly investments in ants where herbivores are ab-
sent™”. (d) Ants may have different effects on different herbivores, so the value of protection de-
pends on the herbivores present. (e) Other interactions may also mediated by third-parties. e.g. fungi
might play beneficial roles in recycling ant nutrients or transferring nutrients to plants, or may be
pathogens of ants or host plants.
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FIGURE 1.2: V. drepanolobium is widespread in the East African tropics. Map shows 159 occurrence
records accessed through GBIF on 11 August 2015 plus our own sampling sites.

savannas with hardpan grey soil or poorly-drained black cotton soil* (Figure 1.2). Where it occurs,
it often forms large mono-dominant stands**’ (Figure 1.3).

V. drepanolobium is covered with hollow swollen-thorn domatia that, at least on larger trees, are
almost always occupied by ants>*” (Figure 1.4). Three ant species nest obligately in the domatia:
Crematogaster mimosae, C. nigriceps, and Tetraponera penzigi®®. A fourth species, C. sjostedti, also as-
sociates with V. drepanolobium trees but more commonly nests in trunk cavities created by ceram-
bycid beetles or in the ground around the tree bases'*®. Each tree is normally occupied by a single
ant species, but different trees, even within meters of one another, may be occupied by different
species °®. While the ants compete for housing on the same species of host plant, several ecologi-
cal mechanisms (outlined below and reviewed by Palmer et al.*>¢) have been shown to facilitate their

coexistence 'SU152158/196,197.198 At Jeast 11 other ant species have been recorded visiting V. drepanolo-



F1GURE 1.3: V. drepanolobium often forms large mono-dominant stands such as this one.

bium, but not nesting arboreally 35108237,

The obligate domatium-dwelling ants engage in a classic protection mutualism*® with their hosts.
In exchange for housing, as well as food in the form of extrafloral nectar, the ants protect their host
plant from mammalian herbivores such as giraffe, rhinoceros, antelope and goats'**'*°. The ants
vary, however, in the quality of their defense ®*'>*. Among the domatium-dwelling ants, the ag-
gressive C. mimosae provides better defense than C. nigriceps, while T. penzigi does little to deter
browsers'?*. The ants also impose other costs on their hosts: C. nigriceps prunes the plant’s axillary
buds, shaping growth and temporarily preventing flowering, while T. penzigi prunes the extrafloral
nectaries, perhaps to reduce the risk of invasion by another ant colony 3%,
The ants’ effects are also evident in the diverse assemblage of organisms on the host plant.
Existing studies have documented dozens of specialized domatium inhabitants that are sometimes

88,140

preferentially associated with one or more of the ant species . These inhabitants range from her-

bivores to parasitoids and predators. Scale insects, for example, are found with C. mimosae and C.

237

sjostedti=>’, while neither C. nigriceps nor T. penzigi is typically found with scales. The lycaenid An-



FIGURE 1.4: V. drepanolobium often forms large mono-dominant stands such as this one.

thene usamba specializes on trees occupied by C. mimosae'S. The braconid wasp Trigastrotheca laikip-
iensis is a brood parasite of claustral colonies of C. mimosae and C. nigriceps, but is rarely found with T.
penzigi'®.

Previous work has also indicated potential associations between the domatium ants and microbes.
Martins describes apparent fungivory in T. penzigi, based on behavioral observations and stable iso-
tope results, and reports isolating a specific Chaetomium strain from several T. penzigi domatia in the
field '23. Work in other ant systems has shown roles for fungi as a food source for ants??, as a building
material ®?, and as an agent of nutrient recycling and nutrient transfer to the host plant*.

But despite these promising observations, and evidence of differences in canopy insect communi-
ties'?, we have no quantitative data on either the communities of specialized domatium inhabitants
or the microbial communities in the domatia. This has left us without a good picture of the strength
and importance of associations between the ants and these third parties, which in turn limits our un-

derstanding of the potential roles of these third parties in facilitating the ants’ existence on the trees,



or in mediating indirect interactions between ants and their plant hosts.

1.2 DISSERTATION OVERVIEW

In Chapter 2, I explore relationships between ants and fungi, following previous observations sug-
gesting that T. penzigi may engage in trophic or other interactions with fungi in its domatia'?®. First,
I find that T. penzigi ants forage on and remove more fungi from a cultured isolate in a lab setting
than either C. mimosae or C. nigriceps. Then I use multiplexed amplicon sequencing to characterize
domatium fungal communities, and find that community composition differs among the three ant
species, but not between two sampling locations in Kenya separated by about 200km. Field-collected
domatium samples also differ from field-collected leaf samples and greenhouse-collected domatium
samples. Finally, I show that DNA extracted from alates of C. nigriceps contains matches for most of
the fungal sequences from C. nigriceps domatia, suggesting that alates may vector fungi when they
colonize new host trees, most likely in the debris that is visible in sections of alates’ infrabuccal pock-
ets. These results suggest that T. penzigi may use fungi as a food source — perhaps as a way to recycle
nutrients, since this species lacks the gut bacterial pouch found in other species of Tetraponera. They
also indicate that different ant species cultivate different fungal communities in the domatia, with
potential nutritional or other growth implications for the host plant.

In Chapter 3, I investigate patterns of association between ants and ‘myrmecophiles’ — i.e. ‘ant
loving’ arthropods that live alongside ants in the domatia. Using DNA barcoding, I identify over 80
myrmecophile taxa from domatia on almost 500 trees. Myrmecophile incidence and community
composition vary significantly among the three obligate domatium dwelling ant species. Surprisingly,
I find myrmecophiles are more common with the ant species normally regarded as better mutual-
ists on account of being better defenders against large mammalian herbivores, underscoring a need

to better incorporate myrmecophile communities into our understanding of this ant-plant system.



Myrmecophile community composition also varies substantially between collection locations and
years, suggesting that the V. drepanolobium ecosystem might show more spatial and temporal varia-
tion than has previously been appreciated.

In Chapter 4, I examine the trophic relationships among ants, myrmecophiles and their host plants.
Using carbon and nitrogen stable isotope analysis, I show that several species of Lepidoptera are her-
bivorous on the host plant, while several species of spider and Hymenoptera are predators or par-
asitoids, and derive up to 30% of their carbon from off the host plant. The Crematogaster mimosae
and C. nigriceps ants themselves appear herbivorous and are likely deriving much of their diet from
extrafloral nectar or scale insect exudates.

My results point to the role of plant-ants in shaping both fungal communities and myrmecophile
communities in V. drepanolobium domatia — communities that should therefore be viewed as part of
the ‘extended phenotype’ of the ants. These third-party species may have fitness implications for the
host plant, for example through nutrient recycling or herbivory, that should be incorporated into our
picture of the ant-plant mutualism, alongside other effects of the ants, such as protection from mam-
malian herbivores, and pruning of axillary buds and extrafloral nectaries. These results thus highlight
the need to incorporate both direct and indirect effects of ant mutualists when assessing their contri-

butions to host plant fitness.



CHAPTER 2

DIFFERENT ANT SPECIES HOST DISTINCTIVE FUNGAL COMMUNITIES IN DOMATIA OF

THE AFRICAN ANT PLANT, VACHELLIA (ACACIA) DREPANOLOBIUM

2.1 SUMMARY

Three species of ants nest obligately in the swollen-thorn domatia of the African ant-plant Vachellia
drepanolobium. In this study, we investigate observations that one of these species, Tetraponera pen-
zigi, may engage in trophic or other interactions with fungi in its domatia. First, we found that T. pen-
zigi ants would forage on and remove more fungi from a cultured isolate in a lab setting than either of
the other two ant species, Crematogaster mimosae and C. nigriceps. Second, we used multiplexed am-
plicon sequencing to show that fungal community composition differed among the three ant species,
but not between two sampling locations in Kenya separated by about 200km. Taxonomic richness
did not vary with ant species or location. These field-collected domatium samples differed from field-
collected leaf samples and greenhouse-collected domatium samples in both community composition
and taxonomic richness. Third, DNA extracted from alates of C. nigriceps contained matches for most
of the fungal sequences from that ant species’ domatia, suggesting that alates may vector fungi when
they colonize new host trees. Fungal hyphae and other debris are visible in sections of these alates’
infrabuccal pockets. Our results suggest that T. penzigi may use fungi as a food source — perhaps as

a way to recycle nutrients, since this species lacks the gut bacterial pouch found in other species of
Tetraponera. They also indicate that different ant species cultivate different fungal communities in the

domatia, with potential nutritional or other growth implications for the host plant.
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2.2 INTRODUCTION

Vachellia (Acacia) drepanolobium ant plants are widespread in the East African tropics and are typi-

cally the dominant tree in black cotton savannahs ¥’

. While as many as 15 ant species have been doc-
umented on V. drepanolobium in Kenya®, three obligately phytoecious species are common through-
out its range, nesting in swollen-thorn ‘domatia’ formed by the swollen bases of stipular thorns (Fig-
ures 2.1a and 2.1b): Tetraponera penzigi, Crematogaster mimosae and C. nigriceps. A fourth species, C.
sjostedti, is also common on V. drepanolobium in some locations, but typically nesting in trunk cavities
or in the ground at the tree base'>®. Each tree is normally occupied by one colony'#, although some-
times a single colony may extend over several trees, and it is not uncommon for adjacent trees to host
different ant species in a complex mosaic throughout the range of V. drepanolobium.

The four ant species engage in a protection mutualism with their host plants — defending against
large herbivores in exchange for housing (Figure 2.1d) - but the exchange varies among the species'*.
The ants differ in the extent to which they patrol and deter herbivores®'?*. The Crematogaster ants
take advantage of extrafloral nectaries on their host plants, while T. penzigi destroys them (Figure
2.1f) 135237 C. nigriceps prunes axillary buds, stimulating terminal growth but eliminating flower-
ing?%”. Demographic modelling indicates positive synergistic effects of these multiple ant species
over time '%%, suggesting that plants obtain different kinds of benefits each ant species.

While much of the existing work on V. drepanolobium has focused on direct interactions among
ants, plants and large herbivores, indirect interactions may also have important fitness consequences.

C. mimosae and C. sjostedti ants, for example, tend phloem-feeding scale insects %23’

, presumably
offsetting the protection those ants offer against large herbivores. But other ant associations are less
well known. For example, we have little quantitative data on the diverse community of ant-associates

or ‘myrmecophiles’ — such as lepidopterans and spiders 88 _ that live in the domatia alongside the

ants.
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Recent observations have raised the possibility that fungi are important players in the V. drepanolo-
bium system. Martins'2® describes T. penzigi engaging in behavior resembling fungus-tending, and
suggests that a Chaetomium sp. fungus isolated from colonies in the lab and field might represent
anew case of fungal agriculture (Figures 2.1c and 2.1e). Indeed, the diet of T. penzigi is otherwise
unknown: they do not tend scale insects; few workers are normally found outside of the doma-
tia; and unlike the two Crematogaster species they are not known to prey on insects, despite forfeit-
ing extrafloral nectar by destroying nectaries **!5%135237_ Some authors have suggested that T. pen-

zigi might feed on pollen and fungal spores'3>!%7

, but this remains untested. Existing observations
do not, however, establish whether putative fungus-tending behavior is specific to T. penzigi, nor
whether such behavior has any effects in the field.

In this study we explore ant-fungal associations in the V. drepanolobium system with three lines of
enquiry. Firstly, we test the hypothesis that the three obligate domatium-dwelling ant species would
show different recruitment to fungi isolated from ant colonies. Secondly, we hypothesize that the
ants inhabiting the domatia of V. drepanolobium might culture fungal communities, and explore this
hypothesis by using multiplexed amplicon sequencing to characterize the fungi living in the domatia.
Thirdly, after finding differences in fungal communities among the ants, we hypothesize that alates
may carry fungi with them when dispersing. We use additional amplicon sequencing to compare

fungi in surface-sterilized alates and in domatia, and light microscopy to examine alate infrabuccal

pockets.

2.3 REesuLTS

Recruitment experiment

To test whether T. penzigi, C. mimosae and C. nigriceps behave different towards fungi, we presented

colonies from each species with a Phoma fungal culture isolated from a V. drepanolobium domatium
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FIGURE 2.1: (a) T. penzigi workers on domatium. (b) V. drepanolobium sapling. (c) Details of
Chaetomium fungus growing on glass tube maintained by T. penzigi colony in lab. (d) Resident any
colonies defend host plants against damage by large mammalian herbivores. (e) T. penzigi grazing on
Chaetomium isolate. (f) and (g) T. penzigi destroys extrafloral nectaries and axillary buds on its host
plants. Images: Dino Martins.
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FIGURE 2.2: (a) T. penzigi workers have almost completely removed this Phoma isolate. (b) A

T. penzigi worker chewing on a Phoma fungal isolate.

and grown on PDA media, plus a control consisting of only PDA. Although T. penzigi colonies did
not recruit more workers to the fungal culture, they removed significantly more mycelium than C.
mimosae or C. nigriceps colonies (Figures 2.2 and 2.3). Ant species remained a significant predictor of
fungus removal in a generalized least squares model with recruitment to the fungus plate and colony
size included as predictors (LR = 10.4, p < 0.01); the presence of a queen or of brood were not sig-
nificant. This result did not appear specific to the Phoma isolate used in the experiment — similar re-

sults were obtained in preliminary trials with a range of fungal isolates.

Domatium fungal communities

Since the three obligate domatium-dwelling ants differed in their behavior toward the fungal iso-
lates, we used multiplexed amplicon sequencing to investigate how communities of fungi inside ant-
occupied domatia varied among the ant species. For this sequencing, we sampled the contents of 56
domatia from different V. drepanolobium trees in Kenya, split among the three ants and between two
distant sampling locations. Each domatium’s contents was typical for the ant occupant: old Vachel-

lia leaflets for C. nigriceps, carton lamellae for C. mimosae, and loose fibrous particles for T. penzigi®®
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FIGURE 2.3: T. penzigi ants (TP) removed significantly more fungus than either C. mimosae ants
(CM) or C. nigriceps ants (CN).

(Figure 2.4). For comparison, we also sampled the contents of 13 ant-occupied domatia from V.
drepanolobium trees in our greenhouse in Cambridge MA, plus leaves from 6 trees at Mpala.

We obtained 407769 sequences across more than 660 operational taxonomic units (OTUs) from
the 75 domatium and leaf samples. Many OTUs showed low abundance, with just 84 OTUs repre-
sented by > 100 sequences each. Sequencing depth varied between 1119 and 21345 sequences per
sample, with a median of 3980 sequences.

OTU richness varied substantially among the samples, but not with ant species. Rarefaction curves
indicated that the leaf samples contained more fungal OTUs than the Kenyan domatium samples,
which in turn contained more OTUs than the greenhouse domatium samples (Figure 2.5). At a rar-
efaction depth of 1000 sequences, these differences were highly significant (leaves vs Kenyan do-
matia: t5 3 = 6.0, p < 0.01; Kenyan vs greenhouse domatia: tss 3 = 12.8, p < 0.01). However, the
Kenyan domatia contained similar numbers of OT Us irrespective of ant or location (ant: F, 53 =2.2,
p =0.13; location: t45 4 = 0.33,p = 0.74).

Fungal community composition varied significantly among sample types when evaluated us-
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FIGURE 2.4: Typical domatium contents. (a) old Vachellia leaflets for C. nigriceps, (b) carton lamellae

for C. mimosae, and (c) loose fibrous particles for T. penzigi.

ing Serensen distances between samples rarefied to 1000 sequences. The greenhouse domatia and
the leaf samples were consistently distinct from the Kenyan domatium samples (Figure 2.6; ado-
nis pseudo-F, 7, = 9.4, p < 0.01), reflecting in part the differences in alpha diversity among these
sample types. But the Kenyan domatium communities also differed among the ants (adonis pseudo-
F,53=5.2,p <0.01), even though there was no significant difference in alpha diversity. Commu-
nity composition also varied with sampling location among the Kenyan domatia (adonis pseudo-
Fy 54 =2.2,p <0.01), but location had less explanatory power than ant species (adonis R* = 0.04 for
location vs R* = 0.17 for ant).

The community differences among the ants were apparent even after aggregating the fungi by class
(Figure 2.7). Although most abundant OTUs were present with more than one ant, some OTUs

showed stronger associations with some ants than with others (Figure 2.8; H2' = 0.5, p < 0.01).

Fungi carried by alates

To see whether the ants carry fungi in their infrabuccal pockets, we extracted and where possible

sequenced DNA from the heads of 21 surface-sterilized alates of C. nigriceps that we had collected
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FIGURE 2.5: Kenyan domatium communities differ in taxonomic diversity compared to leaf sample
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FIGURE 2.6: Non-metric multidimensional scaling based on Serensen distances for rarefied dataset.
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FIGURE 2.9: Proportion of each Kenyan domatium’s sequences that were also recovered from the
pooled alate samples.

previously in Kenya, with the assumption that fungal hyphae in the infrabuccal pocket would be cap-
tured in an extraction from the whole head. Of these alates, 10 contained sufficient sample to provide
> 1000 fungal sequence reads. Individual alates showed low alpha diversity, and did not recapitulate
the typical C. nigriceps domatium community. However, in aggregate, the fungi from the 10 alates
contained matches for, on average, 83% of the sequences we obtained from C. nigriceps-occupied do-
matia, compared to 76% of sequences from those occupied by T. penzigi, and 44% of those occupied
by C. mimosae (Figure 2.9).

Sagittal sections through the heads of female T. penzigi and C. nigriceps alates showed a pellet of
mixed debris in the infrabuccal pocket, supporting our assumption that fungi present in the alate

heads are being carried in the infrabuccal pocket (Figure 2.10).
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FIGURE 2.10: Sagittal view of (a) T. penzigi and (b) C. nigriceps alates showing debris in the infrabuc-
cal pockets (arrowed). Scale bars show SOpm.

2.4 DISCUSSION

Our sequencing results show that domatium fungal community composition differed among V.
drepanolobium trees occupied by different ant species. To our knowledge, this is the first record of
such ant-specific fungal community-level differences on the same myrmecophytic host species. V.
drepanolobium domatia that have never been occupied by ants have no entry holes (as these are cre-
ated initially by foundress queens), and we have never successfully amplified fungal ITS from un-
opened domatia, indicating that the presence of the fungal community accompanies ant occupation.
The ants’ communities showed similar differentiation at our two Kenyan sampling sites, suggesting
that the communities assemble in a consistent way.

The differentiation in fungal communities among the ants appears broad-based, highlighting the
utility of culture-independent community sequencing for examining microbial community structure.
In contrast to recent work in other ant-plant-fungal systems *2¢, Chaetothyriales fungi are not promi-

3

nent in our sequence libraries, nor indeed is the Chaetomium that initially caught our attention '?*.

The differences in fungal community composition and richness between leaves and domatia indi-
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cate that domatium communities are shaped by processes specific to the domatia, and can be viewed
as ‘extended phenotypes’ of the ants that inhabit them. First, fungal dispersal may influence commu-
nities — including both passive dispersal (e.g. by air or water movement, or on ants’ legs and bodies)
and active vectoring by ants (discussed further below). Ant-specific differences in the domatia, such
as in the size and number of domatium holes, or in typical foraging locations, may tend to favor dif-
ferent fungi. Second, the different substrates contributed by the ants — for T. penzigi, C. nigriceps and
C. mimosae these are loose fibrous particles, old dried leaflets and carton, respectively — may have
been exposed to different fungi prior to being handled by ants, and are likely to select differently for
fungal growth. Third, the ants might play an active role in manipulating community composition.
For example, weeding and grooming, or applying metapleural gland secretions, may help remove en-

3657147 or phytopathogens'*¢. The fungal community could also be shaped by the

tomopathogens
untargeted trimming of fungal growth to keep the ants’ living space free from obstructions and entan-
glements'?, or by ant-mediated changes to domatium characteristics such as chemistry or humidity.

Our sequencing results suggest that fungi may also be dispersed in ants’ infrabuccal pockets. These
structures are typically filled with debris that workers ingest while foraging, feeding, or cleaning'*'7*.
This debris may be periodically expelled onto the ants’ waste piles, potentially aiding microbial dis-
persal '»%°. Infrabuccal pockets may also allow microbes to be carried by dispersing alates — leafcutter
ant foundresses, for example, use the infrabuccal pocket to carry a fungal inoculum when starting a
new colony>®'72. A substantial fraction of the fungal sequences from C. nigriceps domatia were re-
covered from C. nigriceps alates, suggesting that the ants could be vectoring fungi in their infrabuccal
pockets (Figure 2.9) when dispersing between host trees.

Fungi may comprise part of the diet of the domatium-dwelling ants on V. drepanolobium. Our re-

cruitment experiment showed T. penzigi readily removing mycelium, perhaps to feed larvae as has

been described in other pseudomyrmecines??°. But while the accumululation of plant material in do-
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matia resembles the collection of fungal garden substrate prepared by lower attine ants, no obvious
fungal cultivars are growing on the material in V. drepanolobium domatia. The response of T. penzigi
to a range of fungi in our recruitment experiment and other observations, and the broad-based shift
in the fungal community revealed by our sequencing, also suggests that fungivory in T. penzigi is less
specialized than that observed in attine ants or in Chaetothyriales-based ant-plants*#2!°. Nonethe-
less, even small quantities of fungi may help relieve nitrogen or other nutrient constraints for the phy-
toecious ants associated with V. drepanolobium* by digesting ant waste or other domatium contents
and rendering nutrients available to workers*. This is especially likely to be important for T. penzigi,
which is rarely observed foraging for insect prey, does not associate with scale insects, and destroys
its host plant’s extrafloral nectaries 315%155237_ Fyrther, while some ants overcome nitrogen con-
straints through gut bacterial associations '®*, T. penzigi does not possess the bacterial gut divertic-
ulum previously described in other Tetraponera (7 and Appendix A), and fluorescence microscopy
and sequencing indicate relatively few bacteria (unpublished; also Sanders 2015 and '#*).

Domatium fungi might also play a role in host plant nutrition. Nutrients released by digesting
plant material or ant waste may become available to the host via the domatium wall - a flux known
in other systems®® and possibly even facilitated by fungi**. Indeed, we might expect partner fidelity
feedback to select for such fungi-mediated contributions by ants to their host plants.

In summary, different species of ants inhabiting V. drepanolobium cultivate distinctive and spe-
cialized fungal communities. These fungi may contribute to the nutrition of the ants and their plant
hosts, as well as perform other useful roles such as producing antimicrobial compounds or reinforc-
ing the C. mimosae carton wall. Future work investigating mechanisms of fungal transmission, and the
nutritional and/or other roles played by these fungi, will help incorporate fungi-mediated ant-plant
interactions into our understanding of the V. drepanolobium system. Other microbial communities —

such as epiphytic, endophytic, mycorrhizal and extrafloral-nectary fungi and bacteria — may likewise
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have important roles in the V. drepanolobium system and represent promising areas for research.

2.5 EXPERIMENTAL PROCEDURES

Recruitment experiment

Thirty ant colonies from our Kitengela field site in Kenya were presented with a plate containing a
Phoma sp. fungal culture on PDA media, plus a control plate containing only PDA. We selected the
fungus arbitrarily from several isolates from ant colonies on V. drepanolobium. We recorded the num-
ber of ants visiting the plates over 8 hours, and then determined the proportion of the dish contents

that had been removed.

Fungal community sequencing

We sampled the contents of 56 ant-occupied domatia from different V. drepanolobium trees in Kenya.
The samples were split roughly equally among C. mimosae, C. nigriceps and T. penzigi ant occupants,
and were also split between our Kitengela field site and our Mpala Research Centre field site (approx-
imately 190km apart). For comparison with the 56 Kenyan domatium samples, we also sampled the
contents of 13 ant-occupied domatia from different V. drepanolobium trees grown from seed in our
greenhouse in Cambridge MA, plus leaves from 6 trees at Mpala.

To see whether the ants carry fungi in their infrabuccal pockets, we extracted and where possible
sequenced DNA from the heads of 21 surface-sterilized alates of C. nigriceps collected at Kitengela,
assuming that fungal hyphae in the infrabuccal pocket would be captured in an extraction from the
whole head.

DNA extracts from all samples were sent to Research and Testing Laboratory (Lubbock TX) for
PCR and multiplexed 454 pyrosequencing, using ITS1F and ITS4 primers to target fungi.

We demultiplexed and denoised the data using Ampliconnoise in QIIME. We isolated the ITS1
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region and picked operational taxonomic units (OTUs) using uclust with a similarity threshold of
95%. We assigned putative taxonomic descriptions to OTUs using blast. Statistical analyses were

performed in R.

Alate microscopy

To examine the contents of T. penzigi and C. nigriceps infrabuccal pockets, we collected female alates
from our Kitengela field site in Kenya as they departed from domatia for their mating flights. The

alates” heads were fixed prior to sectioning and staining with methylene blue and thionin.

25



CHAPTER 3

MYRMECOPHILE COMMUNITIES VARY BETWEEN THREE ANT MUTUALISTS ON THE

AFRICAN ANT PLANT, VACHELLIA (ACACIA) DREPANOLOBIUM

3.1 ABSTRACT

Ant colonies represent unique habitats for diverse communities of specialized inhabitants or ‘myrme-
cophiles’ But since few studies provide quantitative data on these communities, our knowledge of
myrmecophile abundances, interactions and ecological importance remains limited. This study uses
DNA barcoding to identify over 80 myrmecophile taxa from domatia on almost 500 trees of the
widespread African ant-plant Vachellia drepanolobium. Three ant species nest obligately in the do-
matia of this ant-plant. Myrmecophile incidence and community composition varied significantly
among the three species. Myrmecophiles were more common with the ant species normally regarded
as better mutualists on account of being better defenders against large mammalian herbivores, un-
derscoring a need to better incorporate myrmecophile communities into our understanding of this
ant-plant system. Myrmecophile community composition also varied substantially between collec-
tion locations and years, suggesting that the V. drepanolobium ecosystem might show more spatial

and temporal variation than has previously been appreciated.

3.2 INTRODUCTION

Ants are some of the most ecologically and evolutionarily successful organisms, accounting for a

quarter of insect biomass in some areas'?’. Their success supports greater abundance and diversity
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throughout the ecosystem, on account of their effectiveness as predators, scavengers, herbivores, mu-
tualists and ecosystem engineers 155,

The success of ants is partly attributable to their ability to establish and defend a stable nest envi-
ronment. This ‘homeostatic fortress’®> often represents a highly modified environment relative to its
surroundings. It is environmentally controlled (e.g. humidity, temperature) '°2. It is heavily guarded
against intrusion by either conspecifics or predators, with entry controlled by highly evolved commu-
nication via pheromones and tactile signaling. And this stable protected environment is long-lived,
maintained by successive overlapping generations of ant workers.

But the fortress is not impregnable: many specialized ‘myrmecophiles’ spend part or all of their
lives in intimate association with ants°»'%. These myrmecophiles may be mutualists — for example
Anthene emolus caterpillars exchanging food secretions for protection by their Oecophylla smarag-
dina hosts>®. They may be commensals, providing little benefit to ants that might afford them some
protection from predators or parasitoids, but imposing little cost beyond the space they occupy —
such as is likely for Deloneura ochrascens caterpillars and their Crematogaster castenea hosts®”*2, Or
they may be detrimental to their hosts — such as Phengaris caterpillars eating on the brood of their

Myrmica hosts, or being fed by host workers®.

An ant colony is a highly unique habitat for these myrmecophiles. Myrmecophiles need to be able

1135217 160

to avoid the keen defenses of the ants: through chemica , acoustic '3 or tactile '** mimicry, with
physical defenses®*®, or by inducing the ants to drop their defenses through mutualism '*. But be-
yond the colony’s defenses, the unique environment of the nest is likely to further select for life his-
tory traits adapted to that environment — for example, ant parasites with low costs and ant mutualists
with low benefits. In addition to selecting for traits in individual myrmecophiles, the ant nest might

also be expected to shape myrmecophile interactions in a way that produces a distinct signature at a

community level 2.
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But despite strong theoretical predictions and a wealth of natural history information on individ-

90,106,226,227,228 159,161,175,235

ual myrmecophile species or interaction networks , we have limited quan-
titative data on myrmecophile communities. Such data are necessary in order to determine absolute
and relative abundances, to calculate covariation between species that may reflect interactions or en-
vironmental preferences, to identify patterns involving groups of species that may not manifest for
any individual species, and to parse out biotic and abiotic correlates of variation in the myrmecophile
community.

This study addresses this gap by examining communities of myrmecophiles associated with three

species of ant that nest obligately in Vachellia (formerly Acacia) drepanolobium trees.

Study system

V. drepanolobium ant-plants are the dominant trees in black cotton savannahs across East Africa. At
least 15 species of ant have been recorded previously on these trees, including 4 close associates: Cre-
matogaster mimosae, C. nigriceps and Tetraponera penzigi, all of which are obligately phytoecious; and
C. sjostedti, which is associated with V. drepanolobium in some locations but also occupies domatia
on V. seyal®1%%237 The ant associates nest arboreally and engage in a classic protection mutualism*®
with their plant hosts. C. mimosae, C. nigriceps, and T. penzigi nest within the hollow swollen stipular
thorns known as ‘domatia’ that cover the tree. C. sjostedti more commonly nests in trunk cavities or in
the ground around the bases of the trees. Each tree is typically occupied by a single ant species®” but
different trees, even in close proximity, may be occupied by different species. In addition to housing,
host plants also supply their ants with food in the form of extrafloral nectar from glands near the base
of the leaves.

But despite broad similarities in the obligate ants’ lifestyles, closer scrutiny reveals numerous dif-

terences in their interactions with their host plants. For example, the ants differ significantly in the

extent to which they patrol the plant and deter browsing by large herbivores®®!*%154. C. nigriceps
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prunes the plant’s axillary buds, shaping growth and temporarily preventing flowering, while T. pen-
zigi prunes the extrafloral nectaries, perhaps to reduce the risk of invasion by another ant colony 1%,
Long-term demographic data and modeling indicate synergistic (i.e. non-additive) effects when a
plant hosts different ant species over its lifetime '*°, presumably arising as a function of these and
other differences among the ants.

Existing work has also shown differing effects of the obligate ants on the diversity of insects living
in the tree canopy. Acacidiplosis gall midge parasites, for example, are found more frequently with C.
mimosae ants than with C. nigriceps ants'®°. A recent study using fogging and beating methods, and a
morphospecies approach, found that canopy insect communities on trees occupied by C. mimosae or
C. nigriceps were distinct from those on trees occupied by C. sjostedti or T. penzigi'® (see Appendix
B for a comparison of these datasets). In contrast, different vertebrate grazing and browsing regimes

109,157

appear to have little effect on canopy insect communities , even though terrestrial arthropods in

the same ecosystem may be indirectly affected by ungulate exclusion*’.

Several studies have documented specialized domatium inhabitants on V. drepanolobium. Hock-
ing, for example, recorded at least 44 species in actively ant-occupied domatia, and 24 in domatia
without ants®®. Numerous lepidopteran larvae, including tortricid moths, occur in domatia, often
protected by a silk tube or cap®**. Larvae of the dipteran Melanagromyza acaciae develop in domatia
after oviposition in growing thorns'**.

Many of these records of domatium inhabitants suggest preferential or even exclusive association

with particular ant species. The lycaenid Anthene usamba, for example, specializes on trees occupied

125 1

by C. mimosae>S. Hockiana insolitus scales associate with C. mimosae'’®, and Ceroplastes scales with

C. mimosae and C. sjostedti*>”, while neither C. nigriceps nor T. penzigi is typically found with scales.

The braconid wasp Trigastrotheca laikipiensis is a brood parasite of claustral colonies of C. mimosae

and C. nigriceps, but is rarely found with T. penzigi'®.
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TABLE 3.1: Samples were collected from two sites in Kenya, around 210km apart

Site name Location Latitude  Longitude Elevation

Kitengela undeveloped land outside Nairobi National =~ 1°23.8'S  36°49.5E  1650m asl
Park, Kajiado North County, Kenya

Suyian Suyian Ranch, Laikipia County, Kenya 0°31.3'N  36°43.3'E  1880masl

This study builds on and draws together our understanding of these various individual species by
comparing entire myrmecophile communities across hundreds of V. drepanolobium trees collected at
two locations in two field seasons. Each community is clearly delineated by tree and separated from

less closely associated taxa by its location inside domatia. Our study had four goals:

(i) to catalogue and quantify myrmecophile diversity in V. drepanolobium domatia;

(ii) to explore the structure of the myrmecophile communities, focusing especially on variation

with ant species, but also with date and location of collection;
(iii) to identify myrmecophile taxa associated with each ant species; and

(iv) to establish a myrmecophile DNA barcode library, to assist with identification, delineation of

taxa, and matching insect life stages in this and future studies.

3.3 MATERIALS AND METHODS

Sampling locations

Myrmecophiles were collected from 480 ant colonies at two field sites in Kenya (Table 3.1 and Figure
3.1). The two sites are approximately 210km apart. Collections took place during two field seasons:
in March 2012, we sampled 204 trees at Kitengela; in August 2013, we sampled 123 trees at Kitengela

and a further 153 at Suyian.
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FIGURE 3.1: Samples were collected from two sites in Kenya, around 210km apart

Sampling methods

Most trees that we surveyed were ‘fully sampled’ — i.e. we collected all myrmecophiles from every do-
matium on the tree. We selected trees for full sampling with two purposes in mind: to collect myrme-
cophiles and to obtain queenright colonies for unrelated lab experiments. We therefore favored trees
that were of moderate size (around 0.5-1.0m in height) that appeared to be occupied by a single ant
species, as these were likely to represent a single colony with workers. We also favored trees that were
either not close to any other trees, or close to a tree occupied by a different ant species, to minimize
the chances that the queen was located on a tree other than the one we sampled. For each tree, we
collected all domatia into one large ziplock bag, using secateurs to cut the branch above and below
the domatia, and to trim thorns so that they did not pierce the bag. This procedure allowed us to pro-
cess each tree quickly, minimizing the opportunities for myrmecophiles to evacuate the domatia. The
ziplock bag was placed into an insulated cooler box in order to help keep ants and myrmecophiles
alive while we sampled from other trees.

Forty-two of the trees that we surveyed were ‘subsampled’ — i.e. we collected myrmecophiles from
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a subset of the domatia. These trees were all located at Kitengela and were surveyed in 2013. They
made up around 34% of the Kitengela trees from 2013, and around 9% of the total trees surveyed
across 2012-13. The trees selected for subsampling were chosen haphazardly from among those on
a transect for an unrelated study. These trees were generally much larger than the fully sampled trees
(157cm vs S7cm) and it was infeasible to collect and survey all domatia. We therefore haphazardly
selected 40 domatia per tree and placed them in a large ziplock bag, for later processing as per the
fully sampled trees.

For each tree, we counted the number of domatia that we processed (i.e. either the total num-
ber on the fully sampled trees, or the number that we collected on the subsampled trees). We also

recorded tree height, GPS location and the species of ant occupant.

Sample processing

Upon return to the field station, we carefully cut open all domatia with secateurs or a sharp knife.
Ant workers and brood were placed into pre-prepared colony boxes for transport back to the lab.
Myrmecophiles — i.e. any other inhabitants of the domatia — were transferred into ethanol and stored
at —20°C in preparation for molecular work. Some of these myrmecophiles were clearly resident in
the domatia, e.g. pupae or larvae in silk tubes attached to the domatium wall. Others may have been
only temporarily present, e.g. other ant species foraging or sheltering in old abandoned domatia. We
made no attempt to exclude temporary residents from our sampling.

Upon return to the lab, each myrmecophile was assigned a unique identifier and photographed

using a Nikon D200 digital camera mounted on an Olympus SZX12 stereomicroscope.

Additional samples

In addition to our sampling in 2012-13, we collected myrmecophiles at Suyian in June 2014 for a re-

lated project using stable isotope analysis to examine myrmecophile trophic interactions (see Chap-
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ter 4). We also obtained the following specimens of Lepidoptera from David Agassiz’s personal col-
lection: Phthoropoea chalcomochla Agassiz (Tineidae); Dichomeris sp. (Gelechiidae); and Endotera
cyphospila (Meyrick) =nodi Agassiz, Hystrichophora bopprei Agassiz, Hystrichophora griseana Agas-
siz, Endotera cyaneana Agassiz, and Hystrichophora vittana Agassiz (all Tortricidae). Locations and
collecting methods for these species are detailed by Agassiz®.

These two sets of additional samples are generally excluded from the statistical analysis in this pa-
per. However, we have included their sequence data in defining myrmecophile taxa for this study,

and also in our analysis of within-taxon genetic diversity.

Molecular methods

Total genomic DNA was extracted from each sample using one of three extraction protocols.

We extracted DNA from the March 2012 myrmecophile samples with a Chelex bead rapid extrac-
tion method. A 5% Chelex slurry was prepared by mixing 2g of 200-400 mesh Chelex resin beads
with 20mL TE buffer and 20mL H,O. To extract DNA from each sample, a small piece of tissue was
placed in a 1.5SmL microcentrifuge tube with SOuL 5% Chelex and 1uL Proteinase K (20 mg/mL),
and ground with a micropestle. The tube was incubated for 1 hour at 57°C, followed by S min at
95°C. Samples were then centrifuged for 15 min at 13000 rpm. The supernatant was then used di-
rectly as the DNA template in PCRs.

For the August 2013 and June 2014 samples we used an automated DNA extraction with an Au-
toGenPrep 965 (essentially a phenol-chloroform extraction with ethanol precipitation). Samples
were prepared for DNA extraction by macerating a small amount of tissue in extraction buffer, con-
sisting of 200uL reagent M1, 200uL reagent M2 and 0.4mg Proteinase K. Samples were incubated at
55-60°C overnight. Samples were then processed in the AutoGenPrep 965 using the standard Mouse
Tail protocol, with 2 DNA washes and resuspending in SOuL of buffer.

For the specimens supplied by David Agassiz, we extracted DNA with the Qiagen Blood and Tis-
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sue kit, following the standard manufacturer’s protocol.

Following DNA extractions, we amplified cytochrome oxidase I (COI) from each sample using

standard barcode primers©!:
LCO01490 5' - GGTCAACAAATCATAAAGATATTGG - 3'
HCO02198 5' - TAAACTTCAGGGTGACCAAAAAATCA - 3'

We performed PCRs using 12.54L Omega BioTek MasterMix, 0.5mM MgCl, (additional to Master-
Mix), 0.5yM each primer, 1yL template and water to 25uL. PCR conditions followed a touchdown
profile: 3 min at 94°C, followed by 20 cycles of 50 sec at 94°C / 40 sec at 49°C decreasing by 0.5°C
per cycle / 80 sec at 72°C, followed by a further 20 cycles of 50 sec at 94°C / 40 sec at 48°C / 80 sec
at 72°C, and a final S min at 72°C. We used BigDye Terminator v3.1 reactions and sequenced prod-

ucts on an Applied Biosystems Genetic Analyzer 3130xl.

Data analysis

After processing raw DNA sequence data using Sequencher v.5.1, sequences were clustered into pu-
tative species or ‘operational taxonomic units’ (OTUs) at 97% similarity, with a small number of
manual adjustments especially for poor quality sequences (see Box 3.1). We cross-checked our OTU
assignments against our photographic records, particularly to identify potential sequence contamina-
tion. Where possible, we assigned taxonomic identifications to our sequence-based OTUs based on
our photographic records and on BLAST searches against the NCBI and BOLD databases.

Statistical analyses were conducted using R?%°. We used j* tests and logistic modeling to explore
relationships between overall myrmecophile incidence and collection year, location, sampling regime,
ant species, tree height and number of domatia (see Box 3.2). We then briefly examined overall
myrmecophile diversity, and per-tree myrmecophile abundance and taxonomic richness. We visu-

alized the community matrix for the most abundant myrmecophile taxa using correspondence analy-

34



Box 3.1: DELIMITING MYRMECOPHILE TAXA

In this study, individuals were classifed into taxa using DNA barcodes instead of morphological
characters®’. We sequenced a short segment of the mitochondrial cytochrome C oxidase I gene
for each individual, and deemed individuals with sufhiciently similar sequences to belong to the
same taxon. To delimit taxa — i.e. to determine which sequences are ‘sufficiently similar’ to be
called the same taxon — we used the uclust®* algorithm as implemented in QIIME*? to find clus-
ters of sequences meeting a 97% identity threshold (Figure 3.2). Our results were not generally
sensitive to the choice of identity threshold. Most clusters thus defined likely correspond to true
biological species, and where possible we identified the species by searching against publicly
available sequence databases. Many species, however, are not represented in these databases and,
in some cases, clusters may not correspond exactly with biological species. We therefore refer

to each cluster as an ‘operational taxonomic unit’ (OTU) rather than a species, and assign each
OTU a number for identification purposes (e.g. OTU 1, OTU 2 etc).

Otu2
- e .
°

°.Y\~ other

e -~ sequences

-

FIGURE 3.2: The uclust algorithm > defines clusters such that each sequence in a cluster exceeds
a specified identity threshold, in our case 97%, relative to the centroid of the cluster.
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Box 3.2: QUANTIFYING MYRMECOPHILES

After clustering sequences into OTUs (see Box 3.1), myrmecophiles were quantified in a variety
of ways. An OTU’s incidence refers to the probability that an OTUs is present on a randomly
selected tree or, equivalently, the proportion of trees with at least one representative of the

OTU. In Figure 3.3, for example, both the spiders and the orange ladybugs have an incidence of
80%, while the striped green beetles have an incidence of 20%. The number of representatives of
the OTU on each tree is disregarded. In contrast, an OTU’s abundance refers to the number of
individuals from that OT'U. In Figure 3.3, the abundance of the spiders is 2 individuals per tree,

compared to 4 orange ladybugs, and 0.6 striped green beetles per tree

FIGURE 3.3: Illustrative myrmecophile communities

sis and hierarchical clustering of the taxa based on Spearman correlations, focusing especially on the
variation associated with sampling location and year.

To examine the effect of ant species on myrmecophile community composition, we first used
canonical correspondence analysis to examined the community variation associated with ant species,
conditioning on location, year and sampling regime, both among the most abundant taxa and among
the full dataset. We used Dufréne and Legendre’s indicator value (IndVal) analysis to identify myrme-

cophile taxa showing especially strong associations with the three ants***°. IndVal is the product of
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‘specificity’ and ‘fidelity’ for each myrmecophile taxon with respect to each ant (or combination of
ants), where specificity is the proportion of myrmecophile taxon’s individuals associated with the
ant species, and fidelity is the proportion of the ant species’ trees where the myrmecophile taxon was
found. To help avoid problems arising from year or location effects, we conducted separate analyses
for each of the three year/location combinations.

We used a probabalistic model to identify OT'U pairs that tended to co-occur more or less fre-
quently than expected by chance®!*. Species co-occurrence patterns have long been of interest to
ecologists for their potential to reflect biogeographic history, common environmental requirements,
and positive or negative interactions between the species themselves. Much of this work has focused
on quantifying co-occurrence across entire communities’"*°!. Pairwise co-occurrence analyses have

111,150,214,215

become popular recently , though older whole-matrix methods remain appropriate for

some questions'?!.

Finally we used a Mantel testing approach to look for signs of within-taxon genetic variation asso-

ciated with physical distance, location or ant species.

3.4 RESULTS

Collection summary

We collected a total of 2361 myrmecophiles from 480 trees at our 2 sites over 2012-13 (Table 3.2).

DNA barcoding and taxon delineation

We obtained COI sequence for 1091 individual myrmecophiles from 2012 and 2013. We classified a
further 28 individuals based on visual inspection where we failed to obtain good sequence. We also
classified 1270 individuals that we did not attempt to sequence. These individuals belonged to 6 mor-

photypes, found with high abundance on a relatively small number of trees, for which the cost of

37



TABLE 3.2: Summary of myrmecophile collections. The table excludes 1S5 trees and 124 myrme-
cophiles for which either ant colony data were not recorded or a single ant species could not be iden-
tified for the tree.

Trees Myrmecophiles

Site Ant Mar2012 Aug2013 Mar2012 Aug2013

CM 75 37 135 141
Kitengela CN 66 43 108 214
TP 63 29 70 165

CM - 50 - 1004
Suyian CN - 54 - 190
TP - 48 - 213

sequencing all individuals did not appear to be justified (873 scale insects, 149 snails, 53 thrips, and
132 ants belonging to three taxa). We therefore had a total of 2326 classified myrmecophiles. We
were unable to classify the remaining 35 myrmecophiles; however these were retained in the dataset
for analyses that did not require classification (e.g. total myrmecophile incidence).

Sequences from the 2012-13 collections clustered into 82 operational taxonomic units (OTUs).
Representative photographs of each OTU are included in Appendix B. Rarefaction curves indicate
that our current sampling effort falls some way short of exhausting taxonomic diversity even on these
small trees (Figure 3.4a). Chao2 richness estimators suggest that our sampling has recovered around
half of the true diversity on small trees at these sites.

In addition to the sequence data from the 2012-13 collections, we obtained sequences from 180
samples collected in 2014, and for 6 of the 7 samples from David Agassiz (we were unable to amplify
P chalcomochla). These mostly overlapped with OTU clusters that already contained samples from
the 2012-13 collections. Just four additional OTUs were present in the 2014 data, and among the

samples that we successfully amplified from David Agassiz, only H. bopprei was not recovered in the
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FIGURE 3.4: (a) Rarefaction curves indicate that our present sampling effort falls short of exhausting
taxonomic diversity even on these small trees. (b) Chao2 estimators suggest that our present sam-
pling effort has recovered approximately half of the true diversity.
2012-2013 collections.

Sequence data are available through the NCBI and through BOLD. The full set of photographs

and other metadata are associated with the sequence data in BOLD. Photographs and data are also

available directly from the authors.

Taxonomic assignments

Table 3.3 summarizes the breakdown of our putative taxonomic assignments. Appendix B provides a

full listing of OTUs and summarizes the presence/absence data graphically.

Myrmecophile incidence

Myrmecophiles were present on 62% of all trees sampled. However, the proportion of trees with
myrmecophiles was substantially higher in 2013 (72% occupied) than in 2012 (49% occupied) (Fig-

ure 3.5a). In addition, myrmecophile incidence varied significantly with ant species in both years
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TABLE 3.3: Summary of myrmecophile taxa collected at Kitengela and Suyian in 2012 and 2013,
ordered by trees occupied.

Group OTUs Trees Individuals

Lepidoptera 29 219 581
Araneae 16 108 322
Hymenoptera 18 45 234
Hemiptera 2 39 874
Gastropoda 1 23 152
Polyxenida 1 16 35
Coleoptera 8 16 20
Diptera 4 11 30
Blattodea 1 S S
Thysanoptera 1 3 59
unknown 1 1 14
Total 82 - 2326

(2012: y* =9.99,df =2, p = 0.007; 2013: y* = 16.30, df = 2, p < 0.001). C. mimosae-occupied
trees were most likely to contain at least one myrmecophile, and T. penzigi-occupied trees least likely.
Among the 2013 samples, there was no significant difference in myrmecophile incidence between
location conditional on ant species (y* = 5.99, df = 6, p = 0.42S; Figure 3.5b).

Trees with more domatia tended to be more likely to have myrmecopbhiles (Figure 3.6a). However
the number of domatia also varied among trees occupied by different ant species. The median num-
ber of domatia on trees occupied by C. mimosae was 38 in 2012 and 42 in 2013, compared to 43.5
and 42 respectively on those occupied by C. nigriceps, and 60 and 51 respectively on those occupied
by T. penzigi (Figure 3.6b). But this did not explain the variation in myrmecopbhile incidence with ant

species — rather, the ant species with higher myrmecophile incidence tended to have fewer domatia.
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FIGURE 3.5: Proportions of sampled trees yielding at least one myrmecophile. (a) The proportion
occupied differed significantly between sampling years, but also among ant species within each year.
(b) Within the 2013 samples, myrmecophile incidence followed broadly the same pattern among ant
species at both locations.
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FIGURE 3.6: (a) Trees with more domatia tended to be more likely to have myrmecophiles. (b) But
the number of domatia per tree also varied with ant species, with domatia especially numerous on T.
penzigi trees.
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We used logistic regression to assess the effects of ant species, number of domatia and collection
year on the probability that a tree has myrmecophiles. These predictors were all significant, with signs

on coefficients corroborating the simpler analyses in Figures 3.5 and 3.6 (see Table 3.4).

Overall myrmecophile diversity

We identified 82 different myrmecophile OTUs in 2012-13. In both years, abundance was highly
right skewed, with just 3 taxa recovered from 5% or more of the sampled trees in 2012, and just 11
taxa in 2013 (Figures 3.7a and 3.7b). Individual- and tree-counts were positively correlated across
the two years, though with substantial noise (Figures 3.7c and 3.7d; individual counts: r, = 0.20; tree

counts: r; = 0.30).

Per tree abundance and richness

The myrmecophile community was relatively sparse on most trees (Figures 3.8a and 3.8b). In the
2012 dataset, the median number of myrmecophile individuals was 2 per tree, for each of the three
ant species. In the 2013 dataset, the median number of individuals was 5 for C. mimosae, 3 for C. ni-
griceps and 2 for T. penzigi. However, the distributions of myrmecophile counts were highly skewed,

with some trees yielding dozens of myrmecophiles, especially scale insects on C. mimosae trees at

TABLE 3.4: Results of logit modeling of probability a tree contains myrmecophiles

estimate  z-statistic p-value

intercept -1.524e+03  -3.363  <0.001
collectionyear  7.578e-01 3.365 <0.001
ant (CN) -5.801e-01  -2.066  0.039
ant (TP) ‘1.516e+00  -5.245  <0.001
no. of domatia  1.036e-02 2.653 0.008
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Suyian in 2013: excluding these the median numbers of individuals per tree in 2013 fell to 3 for C.
mimosae.

Per-tree taxonomic richness was also low. The median tree contained just 1 myrmecophile taxon
in 2012, and 2 taxa in 2013, consistent with the low median numbers of individuals. As for the indi-
vidual counts, the distributions of taxa per tree were right skewed (Figure 3.8c). However, we never
recovered any more than 7 different myrmecophile taxa from a single tree, even on trees with much
higher individual counts. In other words, high individual counts were not the result of those trees ac-
cumulating a large and rich myrmecophile community, but rather the result of those trees sustaining

high numbers of a small set of taxa — especially scale insects.

Variation in myrmecophile communities with year and location

Much of the overall variation in the composition of myrmecophile communities was associated with
collection location and year. Several of the major taxonomic groups showed substantial differences
between years and locations in the proportion of trees occupied (Figure 3.9).

A clustering of the 15 most abundant taxa (defined as those occurring on > 10 trees) indicated
four main groups among these taxa (Figure 3. 10). One group comprised taxa found only at Suyian;
another comprised taxa found predominantly at Kitengela; and the remaining two groups consisted
of taxa found at both collecting locations.

In a correspondence analysis (CA) of these 15 taxa, the strong effect of location was visible (Fig-
ure 3.11) and, among the Kitengela samples, the effects of collecting year were also apparent. In addi-
tion, larger subsampled trees from Kitengela in 2013 tended to yield non-representative communities
relative to fully sampled trees at the same location and time (Figure 3.11 — crosses vs. open circles).
Coloring trees by ant species, the same correspondence analysis also indicated non-random associa-

tions between myrmecophile taxa and ant species (Figure 3.12).
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FIGURE 3.11: Correspondence analysis biplot for myrmecophile taxa found on > 10 trees. Myrme-
cophile taxa are shown in grey lettering; trees are shown as points. Abundance data were log trans-
formed with adjustment for zeros®. Coloring trees by site and using different symbols for different
collection years shows separation by location, year and sampling completeness.
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Variation in myrmecophile communities with ant species

Although much of the obvious variation in myrmecophile community composition was associated
with collection year and location — especially among the most abundant taxa — the ant species occu-
pying the tree also affected the myrmecophile community. Some of this ant-associated variation is
visible even in data aggregated at higher taxonomic levels (Figures 3.13 through 3.15).

A canonical correspondence analysis (CCA) based on the full dataset revealed significant ant-
associated variation after controlling for collection location and year (Figure 3.16; F = 3.1367, df =
2,264, p = 0.001). The CCA suggested a number of myrmecopbhile taxa are specialized to associate
with the three ant species, including some of the most abundant taxa (Figure 3.17). For example, the
tortricid Hystrichophora griseana (OTU 3) was found much less commonly with T. penzigi than with
C. mimosae or C. nigriceps; and the scale insect Hockiana sp. (OTU 82) was strongly associated with
C. mimosae but not with the other ant species. This was supported by the significant network-wide
specialization measure H2’ (i.e. normalized two-dimensional Shannon entropy H2*') (H2' = 0.24,
p<0.001).

Our IndVal analysis identified 12 myrmecophile taxa significantly associated with either one or
two of the ant species in at least one of the analyses; these taxa may be regarded as a candidate set of
‘specialists” In addition, 6 taxa show the highest IndVal results for all three ants combined, and might
be regarded as a candidate set of fully generalist taxa. To identify a subset of taxa that are most likely
to display true specialization or generalization, we filtered the IndVal results to those taxa found on at

least 10 trees (Table 3.5).

Myrmecophile co-occurrence patterns

The co-occurrence of myrmecophile OTUs on trees in our dataset is largely a reflection of the com-

munity patterns associated with collecting location, year, and ant species. While we lack the power to
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FIGURE 3.16: Canonical correspondence analysis based on all myrmecophile taxa, using log trans-
formed data with adjustment for zeros®. Ant species was the explanatory variable; ordinations condi-
tioned on collection location, year and completeness of sampling.
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FIGURE 3.17: Canonical correspondence analysis based on all myrmecophile taxa, using log trans-
formed data with adjustment for zeros®. The central portion of the biplot has been enlarged, and the
15 most abundant myrmecophile taxa (occuring on > 10 trees) are shown in larger text. Ant species
was the explanatory variable; ordinations conditioned on collection location, year and completeness
of sampling.
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TABLE 3.5: Myrmecophile-ant specialization. Indicator Value calculated for each OTU within each year/location combination.
Table only shows significant results for myrmecophiles sampled from > 10 trees within year/location, plus taxa reporting high-
est Indicator Value for CM+CN+TP. p-values are not corrected for multiple testing. CM = C. mimosae, CN = C. nigriceps, TP = T.

penzigi.

OTU Description Location Year Grouping A By VIndVal p-value no. trees
82  Hempitera: Hockiana sp. Suyian 2013 CM 091 0.77 0.84 0.005 38
72 Eutichuridae: Cheiracanthium sp. Kitengela 2013 TP 0.64 0.60 0.62 0.005 25
85  Gastropoda: unknown sp. Suyian 2013 TP 0.77 0.40 0.56 0.005 23

3 Tortricidae: H. griseana Kitengela 2012 CM+CN 0.94 0.65 0.78 0.00S SS
3 Tortricidae: H. griseana Kitengela 2013 CM+CN 1.00 033 0.57 0.020 24
3 Tortricidae: H. griseana Suyian 2013 CM+CN 0.99 0.60 0.77 0.005 47
65  Salticidae: unknown sp. Kitengela 2013 CM+TP 091 032 0.54 0.020 20
25  Gelechiidae: Dichomeris sp. Kitengela 2012 CM+CN+TP 1.00 0.24 0.49 NA 24
25 Gelechiidae: Dichomeris sp. Suyian 2013 CM+CN+TP 1.00 0.15 0.39 NA 16
64  Salticidae: Myrmarachne sp. Kitengela 2013 CM+CN+TP 1.00 0.23 0.48 NA 24

71  Eutichuridae: Cheiracanthium sp. Kitengela 2013 CM+CN+TP 1.00 0.28 0.53 NA 28




test many pairs in our dataset, several OT'U pairs co-occurred significantly more or less than would be

expected by chance (Figure 3.18a).

Sources of genetic variation within myrmecophile taxa

Using a Mantel testing approach, we found a significant difference between Kitengela and Suyian in
genetic distance in a number of myrmecophile taxa. Among the S taxa present on at least 10 trees
per collecting location, location was significantly associated with genetic distance in 4 taxa: OTU 3
(Tortricidae: H. griseana, p = 0.001), OTU 25 (Gelechiidae: Dichomeris sp., p = 0.001), OTU 63
(bristly millipedes, p = 0.001) and OTU 65 (Salticidae sp., p = 0.001); OTU 72 ( Cheiracanthium
sp.) showed no significant association between genetic distance and location (p = 0.399). Within
the two locations, however, we did not find any significant association between genetic distance and
either geographic distance (based on GPS coordinates) or collecting year.

We also found no convincing association between myrmecophile genetic distance and the ant
species occupying the tree. Even without correcting for multiple testing, no significant results for ant
species were obtained for myrmecophile taxa represented by more than S trees per ant species — ei-
ther within collecting locations and partialling out tree effects, or pooling across collecting locations

and partialling out location effects.

3.5 DiscussION

Myrmecophile incidence and abundance

Our collection of more than 80 myrmecophile taxa from domatia on almost 500 V. drepanolobium
trees reveals substantial variation in abundance. Some of these taxa — e g. Hockiana sp. scale insects,
the tortricid H. griseana, snails, the salticid ant-mimic Myrmarachne sp. and the gelechiid Dichomeris

sp. — were found repeatedly, often with extremely high numbers. These taxa are likely to represent
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important ecological components and are particularly good candidates for closer study. However,
the many taxa that were found on just one or two trees may still play important ecological roles, es-
pecially in aggregate, and need to be considered in any complete picture of the system. Moreover,
all of these taxa, irrespective of abundance, are species that have managed to bypass their ant hosts’
defenses in order to live alongside them in the domatia, and thus are likely to have specialized and
interesting natural history®?.

Our dataset likely underestimates the richness and abundance of myrmecophile communities
across V. drepanolobium trees in general. Many of the trees in our dataset yielded no myrmecophiles,
and even trees with myrmecophiles often had a sparse community. However, our collections were fo-
cused on relatively small trees, and we would expect a larger and richer community of myrmecophiles
on larger trees. Although we did not find good evidence for a relationship between tree height and
myrmecophile incidence, this is likely an artifact of our collection scheme, which was not designed
to sample well across a range of tree sizes (see also discussion of community composition and sam-
pling regime below). Our data did show, however, that myrmecophile incidence increased with the
number of domatia.

A positive relationship between myrmecophile and number of domatia might arise from several
causes. First, more domatia likely implies more ant-occupied domatia. For myrmecophiles that need
to interact with the ants (e.g. ant brood predators), this therefore increases the size of the resource.
Second, larger and older trees tend to have more domatia, and on those trees a larger fraction of the
domatia (e.g. older or damaged domatia) may be abandoned or underutilized by ants. This there-
fore increases the space available for myrmecophiles that prefer to be associated peripherally with the
ant colony (e.g. spiders that prey on insects other than ants but benefit from the ‘enemy-free space’
available on the ant-plant®®. Third, domatia represent discrete hiding places for myrmecophiles.

Thus, even holding constant the size of the ant colony or the volume of unoccupied domatia, myrme-
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cophiles wishing to avoid interactions with other myrmecophiles have more opportunities to occupy
a tree with more domatia. Fourth, domatium count may be correlated with other tree characteris-
tics. e.g. healthier trees have both more domatia and more herbivores that may be prey for a myrme-
cophilic spider. A detailed dataset with better sampling of tree sizes and more detailed information
on other characteristics (e.g. foliar nitrogen content) may help disentangle some of these correlated
variables. Finally, domatium number may respond to myrmecophiles or herbivory — e.g. trees subject

96157 "and this may be correlated with myrmecophile

to heavy herbivory may put on more domatia
incidence either because myrmecophiles themselves are responsible for the herbivory or because

they prey on the herbivores.

Myrmecophile community variation with location and year

Our dataset shows collecting year and location to be major sources of variation in myrmecophile
incidence and community composition (Figures 3.5 and 3.11). This substantial variation is not anec-
dotally surprising — for example, recent sampling from a small number of trees at Suyian in May 2015
yielded even lower myrmecophile densities than reported here.

Several myrmecophile taxa were present at either Kitengela or Suyian, and virtually absent at the
other site. The lepidopteran taxa OTU 15 (Tineidae), OTU 24 (Gelechiidae), and OTU 27 were
present in good numbers at Kitengela in 2012 and 2013 but not at Suyian in 2013. This was also the
case for the braconid OTU 46 (T. laikipiensis), the coleopteran OTU S5, and the spiders OTU 65
(Salticidae), OTU 71 ( Cheiracanthium sp.) and OTU 76. OTU 72 (also Cheiracanthium sp.) showed
a similar pattern, except that it was also collected readily from T. penzigi trees at Suyian. In contrast,
OTU 85 (Gastropoda) and OTU 82 (scale insects), and the lepidopteran taxa OTU 19 (Geometri-
dae), OTU 20 and OTU 28, were virtually absent at Kitengela in both 2012 and 2013, but readily
collected from trees at Suyian in 2013.

The tight association between location and OTU 82 (scale insects) accounts for several of the non-

60



random pairwise OTU co-occurrences (Figure 3.18). OTU 82 appears negatively associated with
the higher-abundance myrmecophiles that do not share its affiliation with Suyian, including OTUs
71 and 72 (Cheiracanthium spp.), OTU 63 (Polyxenida) and OTU 64 (Myrmarachne). At the same
time, it is positively associated with OTU 21 and OTU 28, both of which occurred at Suyian but not
Kitengela.

Some of the community variation across collection locations and years is likely to reflect seasonal
and spatiotemporal climatic variation, especially in rainfall. The 2012 and 2013 samples were col-
lected at different times of year — March and August respectively — with the March sampling at the
end of Kenya’s relatively long dry season and the August sampling in the shorter dry period between
the two main annual rainy seasons (Figure 3.19). Seasonal or year-to-year rainfall variation might
therefore account for differences in abundance and composition in our data between the two years.
Although the 2013 Kitengela and Suyian samples were collected at the same time of year, the rainfall
regime differs between the two sites, with Suyian experiencing a third rainy period in the middle of
the short dry season, i.e. just prior to the August sampling. This interaction between site and time of
year might therefore explain a portion of the location effect in our dataset.

Some of the variation in location is also likely to reflect long term differences in the myrmecophile
fauna at the Kitengela and Suyian locations. This in turn suggests that there might be more hetero-
geneity among different areas of V. drepanolobium savannah than has been recognized up to now,
either reflecting site-to-site variation in environmental parameters or patchiness in the distribution of
taxa. Indeed, recent work has uncovered significant differences in the relative abundances of the ob-
ligate ants on V. drepanolobium at different sites (J.Boyle, unpublished), suggesting more site-to-site
variation than has previously been appreciated.

The clear variation among sites represents an excellent opportunity to assess mechanisms underly-

ing community assembly and subsequent dynamics of myrmecophiles. For example, why are scale in-
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sects so abundant at Suyian but not at Kitengela? The putative interaction — namely C. mimosae ants
protecting scales feeding on V. drepanolobium as a food source for themselves — seems just as feasible
at both sites. Is there something that makes this interaction infeasible or unnecessary at Kitengela, or
does the explanation simply come from historical contingency? Are biotic or abiotic conditions un-
suitable there for the scales? Interactions among myrmecophiles might also be responsible for some
of the differences between sites. For example, the lepidopteran OTU 28 was found at Suyian but not
Kitengela, while for OT'U 27 the reverse was true. Our DNA sequence data indicate that these are
closely related taxa, suggesting similar ecology. Could competitive exclusion between these OTUs
explain their distribution at the two sites, or could their distribution point to relevant environmental

differences between the sites?

Myrmecophile community variation with sampling regime

Although our collections were not designed to examine the effect of tree size or age, community
differences between the sampling regimes raises the possibility of succession in the myrmecophile
community as the tree grows and ages, since the subsampled trees were substantially larger than the
fully sampled trees (approx 150cm vs SOcm). Our data show that myrmecophile communities on the
larger subsampled trees overlapped with, but were not representative of, the smaller fully sampled
trees from Kitengela in 2013. But the effect of the sampling regime itself does not appear to fully ex-
plain the difference between the two sets of trees: montecarlo resampling of the fully sampled trees
did not remove the difference. While future collections from a range of tree sizes will be necessary
to thoroughly examine community succession effects, the existing dataset suggests several candidate
taxa for investigation.

One particularly promising set of taxa for further work is a small guild of spiders: OTU 64 (Myr-
marachne), OTU 65 (unidentified Salticidae), and OTUs 71 and 72 ( Cheiracanthium spp.). Among

the Kitengela 2013 samples, OTU 72 appears to be relatively strongly associated with the set of large
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subsampled trees, while OTUs 64 and 71 are more strongly associated with the set of small fully-
sampled trees, and OTU 65 does not show an obvious preference. These associations are naturally
reflected in the OTUs’ co-occurrences, especially between OTUs 64 and 71 (negative association)
and OTUs 64 and 72 (positive association). The association between OTUs 71 and 72 was negative
but only marginally significant (p ~ 0.06). But underscoring these associations at Kitengela, OTU 72
(Cheiracanthium sp.) was also readily found with T. penzigi at Suyian, while the other three spiders
were virtually absent at that location. What underlies the distribution of these taxa? Do the T. penzigi
trees at Suyian share characteristics with the smaller trees occupied by other ants at Kitengela that fa-
vor OTU 72 but not the other spiders in this guild (e.g. low prey numbers)? Given their abundance,
and the likely ecological similarities among the taxa (and especially between the two Cheiracanthium

spp.), these spiders represent good candidates for closer examination.

Myrmecophile community variation with ant species

Our data showed clear differences in myrmecophile community abundance and composition among
the three ant species. Myrmecophiles were consistently more likely to be present on C. mimosae trees
and less likely to be present on T. penzigi trees, even after controlling for tree size and number of do-
matia. Isbell and Young found a similar result in their 2007 study, in which they counted larvae from
1-3 randomly chosen domatia per tree; C. mimosae domatia were more likely than C. nigriceps or T.
penzigi domatia to contain myrmecophile larvae, although spider webs were found with all three
ants?®. The three ant species also tended to host different species of myrmecophiles, notwithstanding
substantial variation among individual trees. The ant-associated variation in myrmecophile commu-
nity composition appears stronger than variation of taxa living in the canopy of V. drepanolobium as

assessed with fogging and beating methods and a morphospecies approach **

— canopy communities
associated with T. penzigi are distinctive but those associated with the Crematogaster ants are less well

differentiated.
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The increase in myrmecophile incidence from T. penzigi to C. nigriceps, and from C. nigriceps to C.
mimosae, is particularly interesting in relation to the competitive hierarchy and patrolling tendencies
of the ants. Among the three ants in our study, C. mimosae is regarded as the most aggressive, and
competitively dominant over the other two species'*®, while T. penzigi appears least reactive to dis-
turbances on their trees. These differences in aggression appear to translate into large herbivore deter-
rence, with the more aggressive ants providing greater deterrence '**. However, any benefits for the
tree from large herbivore deterrence need to considered in the context of other costs and benefits —
especially if more aggressive ants also tend to be better defenders of associates like scale insects>"*¥7,
which represent a cost to the plant. Our data show that differences in myrmecophile communities
among the ants are not just restricted to scale insects, but rather are manifest across numerous taxa,
including many of the most abundant. These results underscore the importance of expanding our
view of each ant species to encompass its set of characteristic associates, as it is the combination of
the ants and their myrmecophile that make up the full ‘extended phenotype’** of the ants.

The mechanisms by which the ants affect their myrmecophile communities remain unknown.
Some myrmecophiles may show an affiliation for ant species that they are better adapted to living
with, e.g. through mutualism or mimicry, or conversely may avoid ant species that are more likely to
be aggressive. The ants may also shape their myrmecophile communities indirectly. For example, C.
mimosae trees might on average have canopy foliage that is more attractive to herbivores that either
are themselves myrmecophiles or attract predatory myrmecophiles.

Associations between myrmecophile taxa and ant species

Associations between ants and specific myrmecophile taxa in our dataset range from highly spe-
cific and reliable connections, through loose associations only visible at larger sample sizes, to taxa
that appear to be true generalists. Our quantitative data allow the identification of these weaker asso-

ciations that may have gone unnoticed in more casual observations. But what accounts for this range
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of specificity?

Where a myrmecophile taxon tends to be found with some ant species more than others, it may be
conceptually useful to consider this association between ant species and myrmecophile abundance
to arise from two sources. Firstly, direct associations arise where a myrmecophile is better adapted to
some ant species than to others, e.g. chemical mimicry that works for one ant but not for another. In
this case, the tightness of the association between ant and myrmecophile will depend on the speci-
ficity of the adaptation and the extent to which it is obligate versus facultative. Secondly, indirect
associations arise where a myrmecophile does better on some trees than others, and the character-
istics that make a tree better or worse are correlated with the ant species, e.g. the myrmecophile eats
on insect herbivores which are more abundant with some ants than others, perhaps due to systematic
differences in tree health. In this case, the tightness of the association between ant and myrmecophile
will depend on the importance of the tree characteristic in question for the myrmecophile, as well as
the tightness of the correlation between the characteristic and the ant species. In reality, of course,
these two sources may not be completely distinct — for example, a myrmecophile seeking a particu-
lar tree characteristic may use ant species as a cue, and may still need specific adaptations to escape
detection by the ants.

Two high-abundance taxa show particularly clear ant-associations. OTU 82 (scale insects, likely
Hockiana sp.'7®) was found commonly and almost exclusively with C. mimosae, though only at Suyian.
This association, in which C. mimosae defends the scale insects for food, is well known #8237 though
the strong variation in abundance between locations is an aspect that deserves further attention. A
less well recognized but equally tight association is that involving the tortricid OTU 3 (H. griseana,
likely an obligate associate of V. drepanolobium®*), found reliably with C. mimosae and C. nigriceps,
and only rarely with T. penzigi. While the diet of H. griseana remains unknown, we speculate that the

tortricid eats the ant brood; after removing such a tortricid from its domtium and presenting it with
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an ant larva, we observed the tortricid biting into the ant (M. Whitaker, pers. obs.). However, the
reason for specializing on the two species of Crematogaster is less clear. In any case, the high abun-
dances of these scales and tortricids means that they are easily found and likely to have biologically
important effects, making them excellent candidates for more targeted investigation into their ecol-
ogy and distribution.

On the other hand, some taxa show little ant association and are likely generalists with respect
to their ant hosts. For example, the moderately abundant gelechiid moth OTU 25 (Dichomeris sp.)
and the two Cheiracanthium sp. spiders OTU 71 and OTU 72 were found with all three ants, though
OTU 72 shows some greater association with T. penzigi — especially at Suyian — possibly reflecting
a tendency to be found on smaller trees than its congener OTU 72. More surprisingly, we found
little evidence of ant specialization in the salticid OTU 64 (Myrmarachne), which is an extremely
convincing visual mimic of C. mimosae ants (Figure 3.20). It is unclear why selection should favor
close mimicry of a specific ant if the spiders are not found preferentially with C. mimosae. Perhaps
the spiders benefit from deceiving predators such as birds who recognize it as a legitimate aggressive
domatium-dwelling ant without noticing that it differs from other ants on the tree, which would im-
mediately give away its true identity.

In between these two extremes, several myrmecophile taxa showed weaker evidence for ant as-
sociation — either because of weaker specialization or a limited number of observations. OTU 63
(Polyxenida) and OTU 85 (snails), for example, were found with all three ants, but were found more
commonly and in higher numbers with T. penzigi. OTU 65 (Salticidae sp.) likewise occurred with all
ants, but more often with C. mimosae and T. penzigi. Diptera and Coleoptera were mostly found with
C. mimosae and C. nigriceps colonies although individual taxa were not abundant enough to assess
separately. The small number of Blattodea in our dataset were also found only with C. mimosae and C.

nigriceps, in line with previous findings that Blattodea were relatively common with Crematogaster'®.
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5mm

FIGURE 3.20: The myrmecophile spider OTU 63 (Myrmarachne) (left) is an good visual mimic of
C. mimosae ants (right), but surprisingly was not found to be any more closely associated with C.
mimosae than with either C. nigriceps or T. penzigi.

Lepidoptera, aside from OTU 3 (H. griseana), showed a mix of putative ant associations. OTU 12
(Pyralidae), OTU 1S (Tineidae), OTU 24 (Gelechiidae), and OTU 26 appear relatively T. penzigi-
associated. Meanwhile, OTU 19 (Geometridae), OTU 21, OTU 27 and OTU 28 may tend to be as-
sociates of C. mimosae and C. nigriceps. The lycaenid taxa OTUs 16 and 17, thought to be C. mimosae
associated '*°, were in fact found also with C. nigriceps. However, in the 2014 dataset (not included in
the analysis here), most examples were found with C. mimosae, suggesting that such association with
C. nigriceps is relatively unusual, or perhaps that those trees had been subject to turnover of the ants.

Many Hymenoptera were found with C. mimosae and C. nigriceps ants colonies. These included
several chalcid wasps, ichneumonids and braconids that are likely to be parasitoids of lepidoptera
living in the domatia. (Indeed, a number of our hymenopteran sequences came from specimens of
lepidopteran pupae and larvae that we did not realize had been parasitized until we received the bar-
code data.) The preferential association of these taxa with C. mimosae and C. nigriceps might thus be
driven in part by the relative abundance of taxa such as OTU 3 (H. griseana) with those ants. The
braconid OTU 46 (Trigastrotheca laikipiensis), reported to be a claustral brood parasite of C. mimosae

and C. nigriceps*®®, was indeed not observed with T. penzigi; however ant associations were not well
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documented for this species, as many came from trees with multiple foundresses.

The high abundance and strong ant-association of OTU 3 (H. griseana) accounts for many of the
non-random pairwise co-occurrence measures among the myrmecophiles (Figure 3.18). The Cre-
matogaster-associated OTU 3 appears negatively associated with several other taxa that are found
with all three ants, including OTU 25 (Dichomeris sp.), OTU 64 (Myrmarachne) and OTU 71 (Cheira-
canthium sp.), or that are found relatively often with T. penzigi, including OTU 15 (Tineidae), OTU
24 (Gelechiidae), OTU 26, OTU 63 (Polyxenida) and OTU 71 (Cheiracanthium sp.). On the other
hand, it shows a positive association with the lepidopteran OTU 28 and the chalcid wasp OTU 30,

both of which were only found with C. mimosae and C. nigriceps ants.

Within-taxon genetic differentiation

Our detection of at least some genetic differentiation between our sampling locations in two lepi-
dopterans, two spiders and a millipede makes intuitive sense. Our sampling sites are some 210km
apart and we might thus expect some degree of isolation by distance. Conversely, distances within
each site are in the order of meters to hundreds of meters, and dispersal over these distances seems
unlikely to be seriously impeded. The apparent lack of genetic differentiation between individuals

on trees with different ant species is also perhaps unsurprising. Any such differentiation is unlikely to
arise from spatial isolation — the trees occupied by the different ants occur in the same areas, such
that dispersal between trees occupied by different ants is unlikely to be seriously hampered. It is

also unlikely to be fostered by vertical transmission, since new ant colonies are founded by single
foundresses rather than by colony fission. Therefore, any differentiation would likely arise from pref-
erential association between particular myrmecophile genotypes and specific ant species. However, if
there were some advantage to preferential association, we would only see this in our dataset if the lin-
eages have not yet sufficiently diverged, i.e. if the preferential association has arisen recently and/or if

the preferential association is weak. Once the lineages have diverged sufficiently, then they would ap-
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pear in our dataset as two ant-specialized OTUs. Although we have many individuals in our dataset,
most taxa are relatively rare, limiting our ability to detect specialization and thus to test for phyloge-
netic pairs of specialized species. A larger myrmecophile dataset may yet reveal evolutionary patterns

of specialization.

Conclusions

The long-lived stable environments of ant colonies not only facilitate the ecological success of ants,
but also represent unique habitats for communities of specialized ‘myrmecophiles’ Despite a large
literature on the natural history of myrmecophiles, few datasets provide quantitative data on myrme-
cophile communities, leaving a gap in our understanding of myrmecophile abundances and inter-
actions, and their ecological importance. The data that do exist suggest that the taxonomic distribu-
tion of myrmecophiles varies substantially between ant species, e.g. among the doryline army ant

159

Eciton burchellii*”, the formicine red wood ant Formica rufa'>®, the ponerine army ant Leptogenys

235 and the camponotine weaver ant Camponotus sp. aff. textor '5!. Future meta-analyses

distinguenda
and quantitative studies of myrmecophile communities across ant species from a variety of habitats,
geographic locations, and with a variety of lifestyles, will be invaluable to identify broader patterns
that are difficult to identify within any single ant species.

This study identifies over 80 myrmecophile taxa in domatia on V. drepanolobium trees occupied by
3 species of obligate ant mutualist. Some are rare, but others are highly abundant. While many trees
had no or few myrmecophiles, some had extremely high numbers; however, our focus on small trees
almost certainly underestimates myrmecophile incidence on typical trees. Myrmecophiles were most
commonly found with C. mimosae, and least commonly with T. penzigi; moreover, myrmecophile
community composition varied significantly with ant species. As C. mimosae is usually regarded as
the most mutualistic of these ants, being the best defenders of the trees against large herbivores ¢,

this finding underscores the importance of incorporating myrmecophiles into our understanding of
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this ant-plant system. The composition of the myrmecophile community also varied substantially
between collection locations and years, suggesting that the V. drepanolobium ecosystem might show
more spatial and temporal biotic variation than has previously been appreciated.

Our community-level findings on the V. drepanolobium myrmecophiles suggest several promising
directions for future inquiry.

First, sampling across additional locations at multiple time points would improve our understand-
ing of spatiotemporal variation in myrmecophile communities. Sampling from a wider range of tree
sizes will be useful for exploring community succession. Recording additional environmental param-
eters (e.g. foliar nitrogen content, canopy density) and examining spatial information (e.g. proximity
to termite mounds) will help identify additional myrmecophile community determinants. This in
turn will be invaluable for improving our understanding of variation within the V. drepanolobium sys-
tem.

Second, collecting and identifying additional life stages, and connecting those samples to existing
datasets such as this one using sequence data, will substantially increase the value of both the existing
natural history knowledge and this community ecology work. Our natural history understanding
is likely to benefit from a quantitative picture of the ecological context in which the organisms live.
At the same time, DNA barcoding can help identify the juvenile stages of organisms that have only
to date been identified from adults. However, current sequence databases are sparsely populated,
frequently failing to provide a good match even to insect family.

Third, it would be useful to examine the myrmecophile-ant interactions more closely. How do the
myrmecophiles employ mimicry, physical protection or mutualism to bypass the ants’ defenses? If
ants are so good at defending their nests against intrusion against conspecifics, how is it that some
myrmecophiles can associate with multiple ant species? How are the myrmecophiles distributed at

a fine spatial scale over the tree? For example, alates tend to be located in more distal domatia, while
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workers and brood tend to be located on higher branches 96 Which taxa share domatia with the ants,
and which are more peripherally associated with the colony? We might expect this to shed some light
on the myrmecophiles’ life histories — e.g. with ant parasites and mutualists located in higher and
more distal domatia, and commensals distributed more uniformly or in the proximal domatia. This
information is likely to help in further parsing the myrmecophile community data — we might, for
example, expect myrmecophiles found in domatia with ant workers and brood to show tighter associ-
ations with ant species than those found in domatia that are not actively ant occupied.

Finally, what are the ecological roles played by the myrmecophiles? We might, for example, use
stable isotope data to help uncover trophic interactions. In combination with quantitative informa-
tion on how ants structure the myrmecophile community, this is likely to shed useful light on the

roles of these myrmecophiles as part of the ants’ extended phenotypes.
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CHAPTER 4

ANTS THAT DEFEND AGAINST MAMMALIAN HERBIVORES HARBOR INSECT HERBIVORES

IN DOMATIA OF THE AFRICAN ANT-PLANT VACHELLIA (ACACIA) DREPANOLOBIUM

4.1 ABSTRACT

Three different ant species live obligately in domatia of the African ant-plant, Vachellia drepanolo-
bium. Dozens of other arthropods, or ‘myrmecophiles), also inhabit the domatia alongside the ants,
with different myrmecophiles tending to accompany different ants. However, the roles of these
mymecophiles remain largely unknown, although it seems likely that some may be more conse-
quential than others. Using carbon and nitrogen stable isotope analysis, this study shows that 9 lepi-
dopteran and 1 dipteran myrmecophiles are herbivorous on the host plant; in addition, 8 spider and
2 hymenopteran myrmecophiles are predators or parasitoids, and up to 30% of their carbon comes
from prey that is not herbivorous on the host plant. The Crematogaster mimosae and C. nigriceps ants
themselves appear to be herbivorous and are likely deriving much of their diet from extrafloral nec-
tar or scale insect exudates. The herbivorous myrmecophiles in this study tend to be more abundant
with C. mimosae and C. nigriceps ants than with the third obligate ant associate, Tetraponera penzigi —
even though the Crematogaster ants are more aggressive and usually thought to be better mutualists
for their host plant. These results highlight the need to take into account indirect effects of the ants

on their host plants when evaluating the roles of the different ants in the mutualism.
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4.2 INTRODUCTION

Ant-plant protection mutualisms are widespread, especially in the tropics*”*>°%177_ In these sym-
bioses, ants protect their host plants from herbivory in exchange for housing (e.g. domatia) and
food (e.g. extrafloral nectar and food bodies). Such mutually beneficial arrangements have evolved
repeatedly, and consequently are found in more than 100 angiosperm genera and over 50 ant gen-
era®321% The exchanges vary widely, from tight obligate relationships to diffuse facultative associa-
tions.

The nutritional ecology of arboreal plant-ants contrasts with that of non-arboreal ants. Though
ants are often regarded as predatory®’, the biomass of arboreal ants often far exceeds what could be
supported by available prey, leading John Tobin to point out that perhaps a great many canopy ants
might be herbivorous2°®%. Plant ants are thus often functionally herbivorous, relying on food sup-
plied by their host plants or on exudates from insects feeding on plant fluids*°. Where ants consume
plant-supplied food, such as extrafloral nectar or food bodies, this may give host plants some scope
to preferentially attract better ants mutualists or to incentivize better defense when necessary by ma-

d104

nipulating the quantity or nutritional composition of the foo . Where ants rely on exudates from

insects such as hemipterans, the ants often protect and herd the insects in a close symbiotic relation-

20,44

ship. More recently, research has focused on fungi cultivated by plant-ants as a food source “**, and

preliminary studies of plant-ant associated bacteria have identified putatively nitrogen-fixing taxa*?,

in line with results for gut bacteria in other arboreal ants 1*%184,

In most ant-plant systems, the fitness interests of the ant and plant are broadly aligned. Many ant-
plant symbioses probably evolved as byproduct mutualisms, in which ants happened to visit plants
in search of food such as herbivorous insects, and plants benefited from further attracting those ants

with shelter and additional food 2. Once established, many ant-plant symbioses have likely been

maintained through partner fidelity feedback, in which each party’s fitness is tied to the fitness of
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the other. Ants have little incentive to shirk their duties patrolling their hosts, as herbivore damage
to the plant might also endanger the ant colony; likewise, plants have little incentive to reduce their
investment in the ants, as a weaker ant colony might render the plant vulnerable to herbivory.

But some plant ants manipulate their hosts while at the same time defending them from herbi-
vores. Allomerus ants, for example, temporarily sterilize their Cordia nodosa host plants in order to
direct more plant resources to ant housing*®. Crematogaster nigriceps prunes axial buds of its host
plant, again temporarily sterilizing the host and also redirecting plant growth to minimize contact
with neighboring plants that may host a different ant species or colony'*®. Such manipulations ap-
pear to enhance the fitness of the ants at the short term expense of the plant. It is less clear whether
the plant’s fitness is reduced or enhanced in the long term — either through partner fidelity feedback,
or because the forced short term reallocation of plant resources from reproduction to growth actually

enhances long term reproductive success.

Exploitation and parasitism of ant-plant mutualisms

Ant plant symbioses are also vulnerable to exploitation by unrelated ants. While partner fidelity feed-
back keeps mutualistic ant partners acting cooperatively, there is no such constraint on an unrelated
ant, since its fitness is not — at least initially — tied to the fitness of a particular host plant. Campono-
tus planatus and Pseudomyrmex gracilis ants, for example, provide relatively little defense to their
neotropical Vachellia host plants, and are not evolutionarily derived from the plants’ usual P. ferrug-
ineus ant mutualists®>'72. Ant plants may thus associate with multiple ants that vary in quality as part-
ners, raising interesting evolutionary questions about how such mutualisms are maintained, and eco-
logical questions about how multiple ant species can coexist in ostensibly overlapping niches7*¢.

Ant plant mutualisms may also be parasitized by species other than ants. The salticid spider Bagheera

kiplingi, for example, consumes Beltian food bodies from its Vachellia ant-plants'**. Phyllobaenus bee-

tle larvae both feed on the brood of Pheidole ant mutualists of Piper ant plants and also deceive the
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host plant into producing food bodies that the beetle larvae consume instead '*>.

But other attendees may be commensal or beneficial to the ant-plant mutualisms. Sap-sucking
insects such as scales and aphids, for example, appear to be an important feature of some ant-plant
mututalisms ', By tapping into plant resources and effectively directing those resources to the ants,
they may relieve the ants’ nutritional constraint, and thus facilitate the mutualism without the plant
having to produce specialized food sources. Attendees such as predators or parasitoids of herbivores
may raise the fitness of the ant and the plant by augmenting the ant defense and removing herbivores

that would otherwise harm the host plant %2,

Study system

Vachellia (formerly Acacia) drepanolobium is an East African ant-plant that dominates the black cot-
ton savannahs where it occurs?*’. It associates with four ant species: Crematogaster mimosae, C. ni-
griceps, and Tetraponera penzigi nest obligately in the many hollow, swollen stipular thorns known as
‘domatia’ that cover the trees; C. sjostedti more commonly nests in cavities bored by cerambycid bee-
tle larvae in the trunk or in the ground around the bases of the trees®®!%%, In addition to housing, the
host plant provides food in the form of extrafloral nectar secreted from glands near the base of leaves.
Each tree is generally occupied by a single ant colony (i.e. a single species), but neighboring trees
often host different species'>®.

In exchange for housing and food, the ants protect their hosts from mammalian herbivores such

119,

as giraffe, rhinoceros, antelope and goats %', However, the ants vary in the quality of their de-

fense 88,154

. Among the domatium-dwelling ants, the aggressive C. mimosae provides better defense
than C. nigriceps, while T. penzigi provides little deterrence to large herbivores'?*. In addition to
their patrolling behavior, closer scrutiny also reveals other differences in their interactions with their

host plants. C. nigriceps prunes the plant’s axillary buds, shaping growth and temporarily preventing

flowering, while T. penzigi prunes the extrafloral nectaries, perhaps to reduce the risk of invasion by
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another ant species 319

. Plants live longer than ant colonies in this system, and long-term demo-
graphic data and modeling indicate synergistic (i.e. non-additive) effects when a plant hosts different
ant species over its lifetime '>%, presumably arising as a function of these and other differences among
the ants.

Numerous species of insects, spiders and even mollusks are found on V. drepanolobium trees along
with the ants. Hocking, for example, recorded at least 44 species in actively ant-occupied domatia,
and 24 in domatia without ants®®. Monod and Schmitt list some 20 species, excluding ants, recorded
by several authors'*°. Our own DNA barcode study identified over 80 species living in domatia
(Chapter 3).

The abundance of these arthropods varies among the ants. Domatia occupied by C. nigriceps are
less likely to contain myrmecophiles than those occupied by C. mimosae, and those occupied by T.
penzigiless likely again®S (see also Chapter 3). Invertebrates are more common on the branches and
trunks of trees occupied by C. mimosae than on trees occupied by C. nigriceps*°.

The composition of the insect communities also varies among the ants. Canopy insect communi-
ties on trees occupied by C. mimosae or C. nigriceps differ from those on trees occupied by C. sjostedti
or T. penzigi'®. The composition of the domatium myrmecophile community also varies among the
three ants (Chapter 3). Indeed many of the ant associates occur preferentially or even exclusively
with one or more of the ant species. The lycaenid Anthene usamba, for example, is only found with

125 Hockiana insolitus scales are likewise found with C. mimosae'”®, and Ceroplastes scales

C. mimosae
with C. mimosae and C. sjostedti**’. Trees occupied by C. mimosae are significantly more likely to be
infested with Acacidiplosis gall midges than those occupied by C. nigriceps'*°.

Several studies have described aspects of the diet or other natural history of species inhabiting

the domatia. For example, the braconid wasp Trigastrotheca laikipiensis and the lycaenid A. usamba

parasitize ant brood 2%, Larvae of the dipteran Melanagromyza acaciae develop in domatia after
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oviposition in growing thorns***. H. insolitus and Ceroplastes scales presumably tap into plant sap and
feed ants 25237 (but see also Schneider et al.'%®).

For the most part, however, the roles played by insects in the canopy or myrmecophiles in the do-
matia of V. drepanolobium remain unknown. For example, the larvae of Lepidoptera such as tortricid
moths occur in domatia, often protected by a silk tube or cap®**. Are these larvae parasites of the
ants, perhaps feeding on ant brood, or are they herbivores? If they are herbivorous, do the ants gain
trophically — say by preying on the larvae or feeding on exudates — or are the larvae true parasites of

the ant plant mutualism?

Stable isotope analysis

This study uses carbon and nitrogen stable isotopes to examine trophic relationships among C. mi-
mosae and C. nigriceps ants, their V. drepanolobium host plants, and several myrmecophiles taxa that
inhabit the domatia. These analyses involve quantifying the abundance of the '*N and '*N isotopes
of nitrogen, and the '*C and *C isotopes of carbon, in small samples of ant, myrmecophile and plant

tissue. These data are expressed as ratios relative to a standard:

1SI\Isam e 14I\Tsam e
815N5<15 Pl /14 Pl —1) x 1000 (4.1)
Nstandard/ Nstandard
and
13C - 12C -
813c5( sample/ e —1) % 1000 (4.2)
Cstandard/ Cstandard

where multiplying by 1000 serves to express the difference from the standard in permil (%o).
An ant or myrmecophile’s §**N and §"C values reflect the isotopic mix in its diet. For example,
if a herbivore consumes two food plants, one with low §3C and one with high & 13C, then the herbi-

vore’s own §">C will tend to lie somewhere between the two, depending on the contributions of the
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two plants to the herbivore’s carbon budget. In our savannah study system, virtually all trees are V.
drepanolobium®>” which has a low §*C of around —28%, as is characteristic of C3 photosynthesiz-
ers. The §">C of C, plants including many of the understory grasses>*” is typically around —14%o'?2.
A herbivorous myrmecophile’s §13C then largely reflects the relative contributions of C; and C,
plants, which we might regard as a proxy for the host plant and other carbon sources respectively.

But a myrmecophile’s §'*N and §"*C will also normally deviate slightly from its dietary sources
— a phenomenon referred to as fractionation. Fractionation among herbivores and plant sap feeders
varies widely due to variation in nutrient limitations and the relative contributions of assimilative and

213,234

metabolic fractionation . Among higher trophic levels, however, metabolic fractionation domi-

nates, and rates of fractionation are more consistent (though with non-trivial variation 12%213)_ Ni-
trogen shows a particularly strong trophic signal, with the lighter '*N isotope preferentially excreted,

leaving higher-order consumers enriched in N by around 3 or 4% relative to their diets*>#%138:207

§'3C typically shows a smaller increase of around 1%o between trophic levels?!3,
Stable isotope analysis thus provides information on ant and myrmecophile diet, without the need

to observe feeding directly. It also has the advantage of integrating diet over time, thus accommodat-

ing dietary variation. Using this approach, our goals for this study were:

(i) to characterize trophic relationships among brood, workers and host plants, for both C. mi-

mosae and C. nigriceps;
(ii) to characterize trophic differences between C. mimosae and C. nigriceps;

(iii) to identify likely trophic relationships for a set of domatium dwelling myrmecopbhiles.

This information in turn sheds light on the likely relationships among the ants, myrmecophiles and

host plants, informing our understanding of the V. drepanolobium ant-plant mutualism.
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4.3 MATERIALS AND METHODS

Sampling locations

We collected samples at our Suyian Ranch field site in Laikipia County, Kenya (0°31.3'N 36°43.3'E,

1880m asl; Figure 4.1). Collections took place in June 2014.

meters

5000

4000

3000

2000

1000

-1.0 -0.5 0.0

-15

— meters

— 4000

— 3000

- 2000

— 1000

35.5 36.0 36.5 37.0 37.5

F1GURE 4.1: Samples were collected from Suyian Ranch in Laikipia County, Kenya

Sampling and sample storage

Trees were selected for sampling by haphazardly choosing trees approximately 1m in height with

visibly active ant colonies. Only trees occupied by C. mimosae and C. nigriceps were selected for sam-

pling, because sampling was conducted in conjunction with an unrelated project focusing on those

ant species. Moreover, based on data from previous collections (see Chapter 3), in which the relative

abundance of myrmecophiles with the ants was quantified, we expected to encounter many of the

most abundant taxa with this sampling approach.

For each tree, we avoided older domatia towards the center of the tree, as these tended to contain
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tissue Drierite
paper  desiccant

sample

FIGURE 4.2: Sample storage method. Placing the sample in the tube first, below a loose wad of tissue
paper and before the desiccant, simplifies changing the desiccant whenever necessary.

fewer myrmecophiles, and searched exhausitively or haphazardly through the remaining domatia.
Trees that yielded no myrmecophiles were not recorded. Each myrmecophile found was placed in a
2mL Sarstedt screw cap micro tube with a small quantity of Drierite indicating desiccant (Figure 4.2;
CaSO, desiccant; W.A. Hammond Drierite Co. Ltd, Xenia OH), since the ethanol preservation that
we normally favor for preserving DNA can affect stable isotope signatures?’. We dissected the gut
from all lepidopteran larvae prior to storage, for a separate project; other myrmecophiles were stored
whole. The Drierite was replaced as often as necessary as the samples dried out and the desiccant
absorbed the moisture. For each tree with myrmecopbhiles, we collected samples of leaves (3-S5 pri-
mary leaflets) and around 10 ant workers (and in many cases, ant brood) to help control for variation

among host plants.

DNA barcoding and taxon delineation

In order to connect these samples to existing myrmecophiles samples (see Chapter 3), we extracted
genomic DNA and sequenced the mitochondrial cytochrome oxidase I (COI) barcode region for

each sample. While we have found COI barcoding to be useful for assessing myrmecophile diversity
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in general, it was especially helpful for these samples, as the drying process altered the appearance of
the samples, making identification difficult, and in some cases gut dissections rendered the sample
unrecognizable.

Total genomic DNA was extracted from each sample using an AutoGen Gene Prep DNA prepara-
tion robot — essentially a phenol-chloroform extraction with ethanol precipitation. Samples were pre-
pared for DNA extraction by macerating a small amount of tissue in extraction bufter, consisting of
200pL reagent M1, 200uL reagent M2 and 0.4mg Proteinase K. Samples were incubated at 55 — 60°C
overnight. Samples were then processed in the AutoGenPrep 965 using the standard Mouse Tail pro-

tocol, with 2 DNA washes and resuspending in SOuL of buffer.

We amplified COI using standard barcode primers®:
1.CO1490 5' - GGTCAACAAATCATAAAGATATTGG - 3'
HCO02198 5' - TAAACTTCAGGGTGACCAAAAAATCA - 3'

We performed PCRs using 12.54L Omega BioTek MasterMix, 0.5mM MgCl, (additional to Master-
Mix), 0.5uM each primer, 1yL template and water to 25uL. PCR conditions followed a touchdown
profile: 3 min at 94°C, followed by 20 cycles of 50 sec at 94°C / 40 sec at 49°C decreasing by 0.5°C
per cycle / 80 sec at 72°C, followed by a further 20 cycles of 50 sec at 94°C / 40 sec at 48°C / 80 sec
at 72°C, and a final S min at 72°C. We used BigDye Terminator v3.1 reactions and sequenced prod-
ucts on an Applied Biosystems Genetic Analyzer 3130xl.

After processing raw DNA sequence data using Sequencher v.5.1, sequences were added to those
from previous myrmecophile collections (see Chapter 3) and clustered into putative species or ‘op-
erational taxonomic units’ (OTUs) at 97% similarity, with a small number of manual adjustments
especially for poor quality sequences. Where possible, we assigned taxonomic identifications to our
sequence-based OTUs based on photographic records from our previous collections and on BLAST

searches against the NCBI and BOLD databases.
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Preparations for stable isotope analysis

Following DNA barcoding, myrmecophile samples were selected for stable isotope analysis from
among the successfully identified samples — in particular, we excluded some samples from taxa that
were over-represented in our collection. Leaf and ant samples were also selected for analysis so that,
as far as possible, each myrmecophile could be compared to its own host plant and to ants from the
same host. For a subset of host plants, ant workers and brood (mostly pupae) from the same plant
were analyzed, in order to capture any potential variation across ant life stages.

Myrmecophile and plant samples were carefully weighed into tinfoil capsules (5 x 9mm capsules,
Costech Analytical, Valencia CA) in preparation for stable isotope analysis. We used approximately
Img of tissue for ant and myrmecophile samples, with ants from the same host plant pooled where
necessary to make up the required mass; we used approximately 4mg of tissue for plant leaf samples,
again pooling leaflets from the same plant as required. For ant worker and spider samples, we avoided
using the gaster or abdomen in order to avoid influence of gut contents on the data®”’, although this
was not possible with the ant larvae; lepidopteran samples had already had their guts removed prior
to preparation for stable isotope analysis.

Samples were sent to the UC Davis Stable Isotope Facility for analysis. Each sample was analyzed
for carbon and and nitrogen isotopes with a PDZ Europa ANCA-GSL elemental analyzer interfaced
to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Throughout
this paper, delta values for carbon are expressed relative to Vienna PeeDee Belemnite, and those for

nitrogen relative to atmospheric air.

Analysis of stable isotope data

We compared the stable isotope data for ant brood, ant workers, and host plants to identify both rela-

tionships among brood, workers and plants , and overall differences among the sample types in §">C
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and §"*N. We paid particular attention to differences between C. mimosae and C. nigriceps ants, since
existing data on the ants have suggested different orderings '**'32. We examined differences among
myrmecophile taxa, ants and host plants in order to infer trophic relationships. Since host plant sta-
ble isotope values are strongly correlated with those of ants and myrmecophiles living on the plant,
we used linear regression to control for variation among host plant. Finally, since spiders showed
substantial variation in §"*C, we implemented a simple two-member mixing model for spiders to es-
timate the proportion of their carbon budget derived from C3 and Cy plants. Statistical analyses were

conducted using R206,

4.4 RESULTS

Sequencing and stable isotope sample summary

We obtained DNA barcodes from 180 myrmecophiles in 20 taxa. We had seen 16 of these taxa previ-
ously in our 2012-13 barcoding study (see Chapter 3), but 4 were not in that dataset. Sequence data
are available through the NCBI and through BOLD, or directly from the authors.

After excluding some samples from over-represented taxa, we obtained stable isotope data for 115
myrmecophiles spread across the 20 taxa (Table 4.1). We also sent 49 ant worker samples and 47
plant leaf samples, such that 95 myrmecophiles were paired with both ant worker and leaf samples.
In addition, we sent 24 samples of ant brood, of which 23 were paired with both ant worker and leaf

samples, in order to examine variation between ant and host plant, and between ant life stages.

Relative abundance of taxa

Although our stable isotope dataset does not provide abundance information for individual species,
we were able to obtain this information from our larger collection of myrmecophiles from 2012 and

2013 (see Chapter 3 for methods and discussion). The Lepidoptera in our stable isotope dataset were

84



on average more abundant with C. mimosae and C. nigriceps ants than with T. penzigi ants (Figure

4.3). The abundance of Araneae did not differ significantly with ant species.

Ant worker and brood stable isotopes

C. mimosae workers differed from C. nigriceps workers in §">C, though the difference was small (Fig-
ure 4.4). 8§">C was approximately 1.1%o higher in C. mimosae workers than in C. nigriceps workers
(t=3.9,df=41.3,p < 0.001). §°N did not differ significantly between the species (t = 0.85, df =
43.1,p = 0.402). Workers did not differ significantly from brood in either §"*N or §"*C in either ant
species.

Both species showed higher §°N and §'*C than their host plants. §"°N was about 1.8%o higher
than host plants in both species (paired t-tests C. mimosae: t = 6.17, df = 10, p < 0.001; C. nigriceps:
t=6.81,df=11,p < 0.001). §">C was about 2.1%o higher in C. mimosae workers than in host plants
(paired t-test t = 12.7, df = 10, p < 0.001), and about 1.8%o higher in C. nigriceps than in host plants
(paired t-test t = 11.8, df = 11, p < 0.001).

Interestingly, the host plants of C. mimosae showed §"*C values around 0.8%o higher than those
of C. nigriceps (t = 2.6, df = 43.5, p = 0.013), though no difference in SN (t=0.21, df=41.1,

p = 0.83). C. mimosae-occupied plants also had slightly higher C:N ratios than those occupied by
C. nigriceps (t=2.16,df = 39.6,p = 0.04).

Matched samples of ant workers, ant brood and plant leaves showed strong linear relationships be-
tween the three sample types for both §"°N and §"*C (Figure 4.5). Slopes for all six regressions were
significantly different from zero (§ 1SN workers vs brood t = 18.9, df=22; SN workers vs plant
t=10.4,df=21; §"*N brood vs plant t = 14.7, df=21; §"3C workers vs brood t = 8.1, df =22; §BC
workers vs plant t = 7.7, df = 21; §*C brood vs plant t = 9.9, df = 21; all tests p < 0.001) and not
significantly different from one. However, different intercepts among the regressions reflect the pair-

wise differences seen in Figure 4.4.
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TABLE 4.1: Summary of samples by ant species (CM = C. mimosae, CN = C. nigriceps)

Trees
OTU CM CN Order Family Species
0 2 S Lepidoptera  Tortricidae Endotera cyaneana
1 3 0 Lepidoptera  Tortricidae Endotera cyphospila
3 12 14 Lepidoptera  Tortricidae Hystrichophora griseana
11 1 0 Lepidoptera ~ UnknownLeplf UnknownLepls
17 16 1  Lepidoptera  Lycaenidae Lycaenidls
19 1 0 Lepidoptera  Geometridae Geometridls
23 1 0 Lepidoptera ~ UnknownLep2f UnknownLep2s
25 1 2 Lepidoptera  Gelechiidae Dichomeris sp.
28 20 6 Lepidoptera ~ UnknownLep3f UnknownLep3s
44 1 0  Hymenoptera Braconidae Braconidls
47 1 0  Hymenoptera Pompilidae Pompilid1s
S2 0 2 Diptera UnknownDiplf UnknownDipls
65 7 4 Araneae Salticidae Salticidls
67 2 0  Araneae Salticidae Salticid2s
69 3 0  Araneae Clubionidae Clubiona
71 1 0  Araneae Eutichuridae Cheiracanthium
72 0 4 Araneae Eutichuridae Cheiracanthium
74 1 1  Araneae UnknownAralf UnknownArals
75 0 2 Araneae UnknownAra2f UnknownAra2s
76 1 0  Araneae Gnaphosidae Gnaphosidls
antworkers 28 21 - - -

ant brood 12 12 -

plantleaves 27 20 - - _
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FIGURE 4.3: Lepidoptera were more abundant with CM and CN ants than with TP, while Araneae
abundance was similar for the three ants. Figure shows per-tree abundance of Lepidoptera and
Araneae taxa in the stable isotopes dataset, based on data from our previous myrmecophile surveys
(see Chapter 3 for methods and analysis of those data). Error bars show standard errors.
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FIGURE 4.4: (a) and (b) Stable isotope values for ant brood (CM: n = 12; CN: n = 12), workers
(CM: n=28; CN: n =21), and plant leaf samples (CM: n = 27; CN: n = 20). These panels use the
full data set; workers, brood and leaves were not necessarily sampled from the same trees. (c) and (d)
Stable isotope values for matched samples of ant brood, ant workers and plant leaves. Within each of
the two and species, workers, brood and leaves all come from the same trees (CM: n = 11 trees; CN:
n =12 trees). CM = C. mimosae; CN = C. nigriceps.
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FIGURE 4.5: Stable isotope values for matched samples of ant brood, ant workers and plant leaves
(CM: n =11 trees; CN: n = 12 trees). For reference, dashed lines indicate equal x and y values. CM
= C. mimosae; CN = C. nigriceps.
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Myrmecophile stable isotopes

On average, our Lepidoptera samples showed §"°N values around 0.7%o higher than their host plants
and §"*C values around 1.4%o higher than their host plants, placing them mostly between plants and
ant workers (Figure 4.6). Spiders showed §'°N values around 4.3%o higher than their host plants,
and §"C values around 4.0%o higher, putting them substantially higher than the ant workers. Our
Diptera samples showed similar §'*C values to the Lepidoptera, but relatively low §'°*N; our Hy-
menoptera samples were placed close to the spiders. Among the spiders, OTUs 65, 67, 69 and 76

appear to cluster, with OTUs 72, 74 and 75 tending to show higher §">C values.

Covariation of stable isotopes with host plant

As with the ant brood and workers (Figure 4.5), §'°N and §">C values covaried strongly in myrme-
cophiles and their host plants (Figure 4.7). However, the slope of the relationship between myrme-
cophile and plant stable isotope values was significantly greater for Lepidoptera than for Araneae. Re-
gressing myrmecophile §°N on plant §"*N and myrmecophile type (Araneae/Lepidoptera) showed
a significant interaction between myrmecophile type and slope (F= 6.7, df = 1,91, p = 0.011); the
same was true for §°C (F = 17.4,df = 1,91, p < 0.001).

We used linear regression to reduce the effect of host plant variability on myrmecophile and ant

stable isotope values. For the myrmecophiles, we used OLS to estimate the model

Y= ﬁoij +pB lijXj +¢; for je{Araneae, Lepidoptera} (4.3)

where Yj; is the myrmecophile’s §'*N or §">C value, X is the host plant’s §'*N or §'">C value, D; is
a dummy variable denoting the two sets of myrmecophiles, and &; ~ N(0, ¢*). We then calculated

corrected §*°N and §'3C values as
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FIGURE 4.6: Stable isotope values for myrmecophiles, ant workers and and plant samples. Numbers
adjacent to centroids denote OTU numbers. CM denotes C. mimosae; CN denotes C. nigriceps; plant
denotes V. drepanolobium samples. See Table 4.1 for OTU numbers and sample sizes. Errors bars
show standard errors.
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FIGURE 4.7: Stable isotope values for Araneae (n = 21) and Lepidoptera (n = 74) myrmecophile
samples, plotted against values for leaves from each myrmecophile’s host plant. Lines show predicted
values from OLS regression. For both nitrogen and carbon, variation in the plant is associated with
less variation in Araneae than in Lepidoptera.

i’,-j = [§0ij + ,[A?lij}_( +¢&; for je{Araneae, Lepidoptera} (4.4)

where the /}0]. ) /A3 ; and &; are our estimated parameters and residuals, and X is the mean plant §'°N
or §"C in our dataset (i.e. 8N = 2.13%o0 and §">C = —28.30%o). For the purposes of model fit-
ting, we treated the Hymenoptera samples as if they were Araneae, and the Diptera samples as if they
were Lepidoptera, as their §"°N and §"*C values suggest trophic similarity, but we did not have suf-
ficient data to estimates separate slopes for those groups. While we might ideally have estimated
separate effects for each species, this was not feasible with our dataset owing to the small number
of data points for several taxa. We fit a second, analogous model to the ant workers — i.e. withj €

{C. mimosae, C. nigriceps} — and determined corrected §"*N and §"*C values in the same way.
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The corrected values show stronger clustering of spiders and of Lepidoptera (Figure 4.8), pro-
viding stronger support for trophic similarity within each of those groups and trophic separation
between them. The spiders, however, still show substantial variation especially in §'>C. C. mimosae
and C. nigriceps ants still show a significant difference in §'*C after controlling for the effect of host
plant (F=11.9,df =1, 38, p = 0.0013) but no significant difference in §"*N (F=0.50,df=1, 38,

p=0.48).

A simple two-member mixing model for spiders

In our dataset, the mean §"C for Lepidoptera was —27.4%o, representing a roughly 1%o enrichment
over the C3-photosynthesizing V. drepanolobium host plants at —28.3%o. V. drepanolobium com-
prises most of the trees in this system, but the understory comprises several species of grasses and
herbs?%”. We would expect C, photosynthesizers in the understory to have §'*C values of approxi-
mately —14%o'*2. Assuming similar carbon fractionation for herbivores of these plants as for Lep-
idoptera on V. drepanolobium, then these C, herbivores should have §">C values of approximately
—13%o.

A spider that obtains a fraction  of its carbon from Cj herbivores, with §">C of around —27.4%,
and the remaining fraction (1 — 6) from C, herbivores, with § 13C of around ?13%o, will have a mean

dietary §"*C of

Slscspiderdiet = (_274)9+ (—13())(1 — 9) (45)

If spiders have similar carbon fractionation values to the herbivores, i.e. about 1%o, then the spi-

der’s own §"*C will then be approximately

8P Copider = [(—27.4)0+ (—13.0)(1—0)] + 1.0. (4.6)
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FIGURE 4.8: Stable isotope values for myrmecophiles, ant workers and and plant samples, stan-
dardized to the mean plant stable isotope values from our dataset (i.e. §'*N = 2.13%o and §"*C =
—28.30%o0). Numbers adjacent to centroids denote OTU numbers. CM denotes C. mimosae; CN
denotes C. nigriceps; plant denotes V. drepanolobium samples. See Table 4.1 for OTU numbers and
sample sizes. Errors bars show standard errors. Note that some taxa present in the raw data (Figure
4.6) are absent due to missing plant stable isotope data.
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Since we have empirical data on 813Cspider , this allows us to estimate the fraction of carbon ob-
tained from C; herbivores as
12.0 + 8" Cypiger

0= 4.7
14.4 (47)

The estimated carbon contribution of C; herbivores ranges from around 1 for those taxa with the
lower §"*C values in Figures 4.6 and 4.8 to around 0.7 to those with the higher §'>C values. These
should be a good approximation of the carbon contribution of herbivores on the V. drepanolobium; it
does not allow us to distinguish the host plant from other V. drepanolobium plants, but the host plant

is likely to dominate, especially light of the correlation of spider and host plant stable isotope values.

4.5 DiscussiON

Ants are functionally herbivorous

Carbon and nitrogen stable isotope data indicate that the C. mimosae and C. nigriceps ants in our
dataset, like many arboreal ants*’, are largely relying on a herbivorous diet sourced from their host
plants. Extrafloral nectar is probably a major diet component, supplemented by scale insect exudates
in C. mimosae. Data for ant workers and brood show no evidence of dietary shifts between life stages.
However, the two ant species are towards the top end of the range of §'°N and §"*C seen among
the herbivorous myrmecophiles. Since extrafloral nectar is usually a poor nitrogen source, the ants
likely supplement it with insect prey'®!, or perhaps other detritus that is likely to have a similar iso-
topic profile to the host plant®”1%3, However, the ant stable isotope data suggest that the contribution
of these other sources to the ants’ diet is small. Another possibility is that plant tissues vary in stable
isotope content and dietary differences — say between feeding on leaves, extrafloral nectar or insect
exudates derived from plant phloem — may tend to separate the ants from the other herbivores. Con-

sistent with this, Rudolph and Palmer report slightly higher mean §13C for extrafloral nectar com-
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pared to our measurements for leaves, and slightly lower values for C. nigriceps fractionation, though
the differences are small (EFN §"*Cmean 1 sd = —26.96 + 1.62 compared to our leaf samples from
C. nigriceps trees §'>C = —27.78 4 1.02; C. nigriceps carbon fractionation was ~ 1.4%o in Rudolph

and Palmer'®' compared to 1.8%o in our study).

Differences in stable isotope values between ant species

Our data showed no significant difference in 8N values between C. mimosae and C. nigriceps, and
only a small difference in §">C, suggesting similar diets for the two ants. Palmer et al. also found lim-
ited differentiation between C. mimosae and C. nigriceps colonies located >10m from termite mounds,
with values similar to those in our study'>* (see also Appendix C). Martins reports higher §'*N in

C. nigriceps than in C. mimosae, and higher §"*C in C. mimosae than in C. nigriceps'*>. While these
differences were statistically significant, values of §°N in that study showed an order of magnitude
less intercolony variation than those in our study, despite comparable sample sizes, suggesting that
multiple samples might have been drawn from colonies spanning multiple trees. (see Appendix C).
On the other hand, Palmer et al. found that C. mimosae showed higher §'*N than C. nigriceps among
colonies <10m from mounds, and values for both species were elevated relative to colonies further

from mounds (12

; see also Appendix C). Given the tight coupling between ant and host plant stable
isotopes, this may in part reflect higher plant §"*N values closer to mounds . But in addition, these
results suggest that both C. mimosae and C. nigriceps may subsist on a functionally herbivorous diet
when necessary, and in situations with better prey availability — such as near termite mounds - C.

mimosae tends to adopt a more carnivorous diet than C. nigriceps.

Variation in plant stable isotope values

Part of the difference in §>C between C. mimosae and C. nigriceps was explained by differences in

host plant §"*C, but the two ant species were still significantly different after controlling for host plant
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differences. But what explains the differences in plant §'>C values between the ant species? One pos-
sibility is that the ants preferentially occupy trees with different characteristics such as size or age ¥’
that are reflected in §"°C.

On the other hand, it is also possible that the different ant occupants are responsible for differ-
ences in §">C in their host plants. Possible mechanisms might include, firstly, different ants modify-
ing photosynthesis — a major source of carbon isotope variation in plants'?* — in a way that alters the
plant’s §"*C. Different ant occupants are known to have different effects on photosynthetic rate in V.
drepanolobium, with C. mimosae and C. nigriceps occupied trees showing greater photosynthesis in the
presence of browsing than C. sjostedti or T. penzigi occupied trees'%>. While this is insufficient to ac-
count for the difference in §"*>C between the ant species, since C. mimosae and C. nigriceps appear to
have similar effects, it is possible that other aspects of photosynthesis are altered. Such regulation of
plant metabolism is not unknown: aphid-colonized plants have higher §**N relative to uncolonized
controls because of higher nitrate reductase activity in colonized plants**.

A second possibility is that different ants draw on plant extrafloral nectar to different extents. Since
different plant tissues and fluids may have different isotopic contents 57, differences in EFN flux
will tend to be reflected in differences in plant §"*C. A similar sink function has been described for
nitrogen e.g. for coccids feeding on Euphorbia'®.

A third possibility is that some nutrient flow occurs from ant to plant. While insects such as aphids
may inject proteins in the course of feeding®**, in our case it seems most likely if nutrients including
carbon can be absorbed through the domatium wall. Some other species of ant plant source nitrogen
from inside domatia e.g. Piper gets small amounts of nitrogen from ants>*'”8. While carbon is usually
readily available to plants as atmospheric CO,, supplementing this supply with carbon from inside
domatia might have advantages such as limiting water loss through exposed leaf stomata — potentially

a substantial advantage in the xeric conditions at our field sites. The ant plant Dischidia major, for ex-
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ample, obtains almost 40% of the carbon in its sac domatium leaves from ants>!*. While V. drepanolo-
bium domatia are not modified leaves, and are therefore unlikely to have specialized structures such
as stomata for taking in carbon, some plants are known to take in CO, from tissue surfaces without
specialized structures, such as inside hollow stems '®, and this kind of uptake has been suggested in
other ant plants'”®. Coupled with dietary differences among the ants that might generate differences
in ant §3C, such as feeding on non-tree-derived carbon sources, such nutrient update could allow the

different ants to generate consistent differences in §'>C in their host plants.

Myrmecophile trophic relationships

Stable isotope data indicate that all nine species of Lepidoptera in our dataset are herbivorous on
their V. drepanolobium host plants. There is no evidence that they are preying on ant brood or on
other myrmecophiles. On average, §"°N values were around 0 to 2%o higher than host plant leaves,
while §"*C values ranged from around 1%o below host plants to around 2%o above. These values are
consistent with herbivory, and are further supported by the strong correlations between myrme-
cophile and host plant isotope values (Figure 4.7). OTU 17 (Lycaenidae) showed consistently higher
§"3C than other Lepidoptera, similar to ant workers, possibly reflecting dietary differences with other
Lepidoptera, but no difference in §"°N suggesting similar trophic position. One possible explanation
is that most of the lepidopteran larvae consume leaf material, while the ant larvae are more likely to
consume extrafloral nectar which may have a different stable isotope signature than leaves'!; if ant
workers feed lycaenid larvae (OTU 17) via trophallaxis, this would explain the elevated §">C in this
species relative to other Lepidoptera.

Our results suggest that shelter is the primary benefit to Lepidoptera residing in domatia, rather
than predation on ants. Consistent with this, many larvae and pupae are found within domatia but

within a protective tube or below a tough membrane separating them from the ants3. When ant

workers and lepidopteran larvae are placed together, ants typically attack and kill the larvae®. On
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the other hand, we have also observed lepidopteran larvae attacking and consuming ant larvae when
placed together (Whitaker pers. obs.). Taken together with the stable isotope data, these observa-
tions suggest that the lepidopteran larvae are herbivorous, but capable of attacking in response to

a threat, e.g. from ants that have breached the larva’s protective membrane. However, it is unclear
how the membranes are constructed in the first place, nor how they might be enlarged by the larvae
if necessary for growth. Agassiz reports sharp ovipositors on several species, including our OTU 0
(Endotera cyaneana), OTU 3 (E. cyphospila) and OTU 25 (Dichomeris sp.), and speculates that eggs
may be injected into soft, growing plant tissue>. It is possible that larvae have some capacity for cam-
ouflaging themselves from ant workers while constructing or enlarging their protective membrane;
but the stable isotope data suggest that they do not take advantage of any such camougflage to prey
on ants.

All eight spider taxa in our dataset appear predatory and one trophic level higher than the Lepi-
doptera and ants. §'°N was on average about 3.6%o higher for the spiders than for the Lepidoptera —
a difference roughly equal to the 3.4%o step seen on average between consecutive trophic levels**138,
But §'3C was more variable among taxa. Some taxa — e.g. OTUs 65, 69, 67 and 76 — showed §BC
values 1 to 2%o higher than the Lepidoptera, consistent with typical fractionation between trophic
levels?!®. Other taxa — e.g. OTUs 72, 74 and 75 — showed §13C values up to 5.5%o higher than Lepi-
doptera. A simple mixing model suggests that taxa towards the upper end of this range of §'>C values
may be deriving up to 30% of their carbon from C, plants (Figure 4.9), by consuming herbivores
that are consuming understory grasses. The lower correlations between spider and host plant isotope
values (Figure 4.7) compared to Lepidoptera are consistent with the host plant contributing less to
spider diet. While our data do not allow us to identify prey species, the variation in the contribution
of C4 plants to the carbon budget suggest variation in prey species or foraging modes among the taxa,

perhaps facilitating coexistence of these species.
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FIGURE 4.9: A simple two-member mixing model suggests that some spider taxa (e.g. OTU 65,
Salticidae) derive virtually all of their carbon from prey that are herbivorous on C; plants, most likely

the host plant. Others (e.g. OTU 75) derive up to about a third of their carbon from prey that are
herbivorous on C, plants such as understory grasses.

Our dataset also included a small number of samples from an unidentified species of Diptera and
two unidentified species of Hymenoptera — one pompilid wasp and one braconid wasp. Many pom-
pilids and braconids are parasitoids and, consistent with this, §'*N values for both taxa in our dataset
placed them at the same trophic level as the spiders. The dipteran, on the other hand, showed simi-

lar stable isotope values to the Lepidoptera in our dataset, suggesting a herbivorous or detritivorous

lifestyle.

Cheating, exploitation, parasitism and mutualism

Data from our previous myrmecophile collections indicate that the Lepidoptera shown here to be
herbivores are more abundant on C. mimosae- and C. nigriceps-occupied trees than on T. penzigi-
occupied trees (Figure 4.3). In contrast, C. mimosae and C. nigriceps are usually regarded as more

aggressive ants, reflected in the ants’ ability to deter large herbivores, and T. penzigi shows little reac-
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tion to disturbances on its trees'*#!38, These higher abundances of herbivores, moreover, echo the
distribution of plant-feeding scale insects with the more aggressive C. mimosae and C. sjostedti ants*>’
(see also Chapter 3).

The abundance of the carnivorous spiders, however, did not differ significantly among the ants.
Previous studies of Pseudocedrela kotschyi plants and their Camponotus spp. ants found that ants were
negatively associated with spiders and hymenoptera that might have otherwise have contributed to
reducing herbivory. We might likewise have expected more effective ant defense here to be partly
offset by a reduction in spider abundance, but found no evidence**.

Why are there more herbivores in the domatia of supposedly more aggressive ants? One possi-
bility is that ant optimal behaviors trade off defense against insect herbivores with defense against
mammalian herbivores. For example, if the marginal effect of insect herbivores on plant fitness is low
for a plant that is already well defended against mammalian herbivores, and high for a plant that is
poorly defended, then ants that are poor defenders against mammals should allocate more resources
to defending against insects. In other words, timid ants may be good defenders against arthropod

herbivores %7114

, even if they are poor defenders against mammals, and vice versa for aggressive ants.
But the presence of insect herbivores could, alternatively, be a sign of diligent ant defenses if the her-
bivores are under bottom-up control: i.e. trees occupied by the Crematogaster ants are healthier, ei-
ther due to ant patrolling or otherwise, and the healthier trees attract more herbivores (Figure 4.10a).
A third possibility is that herbivores are under top-down control and ants that effectively deter mam-
malian herbivores also deter predators that would prey on insect herbivores (Figure 4.10b) *'.
Overlaid on any ecological differences among the ants is specialization in some myrmecophile
taxa. For example, the highly abundant tortricid Hystrichophora griseana (OTU 3) was found on

37% of the C. mimosae and C. nigriceps trees in our 2012-2013 dataset, but only 4% of the T. penzigi

trees. It seems unlikely that there is enough variation in tree quality or defense among the ant species,
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FIGURE 4.10: Two potential explanations for the greater abundance of herbivorous myrmecophiles
with ants that are better defenders against herbivory by large mammals such as giraffe. (a) Better
defenders deter mammals, and thus benefit their plant (1). Healthier plants support more myrme-
cophiles, partly offsetting the benefits of ant protection (2). (b) Better defenders deter mammals,
but also predators and parasitoids, such as spiders and wasps (possibly not domatium residents) (1).
Ants benefit their host plants by deterring mammals (2). But since predators and parasitoids would
otherwise have reduced insect herbivory, this represents a cost to the host plant (3).

relative to within each species, to account for such a dichotomous pattern. Myrmecophile ant speci-
ficity might reflect myrmecophiles being able to evade colony defense for some but not all ants, or
myrmecophiles using ant species as a cue to identify better quality or better defended trees.

The fitness effects of the Lepidoptera on the ants remain unknown. Unlike known ant parasites

such as the braconid Trigastrotheca laikipiensis 169

, our stable isotope data show that the Lepidoptera
are not preying on the ants, despite sharing domatia, but are instead drawing nutrition from the plant.
Is their presence negative to the ants by virtue of the cost imposed on the host plant, or is it possible
that the ants even benefit from the presence of herbivorous myrmecophiles? Trees respond to mam-

94,157

malian browsing with an increased number of extrafloral nectaries and domatia , and natural or

artificial herbivory increases thorn length?3¢. In addition, pruning of axillary buds by C. nigriceps is
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associated with more shoots, healthier leaves, and more numerous and larger nectaries'*®, suggest-
ing stimulation by pruning, perhaps through release of apical dominance. Ants might then benefit
from the presence of herbivorous myrmecophiles if their presence results in a transfer of resources
from plant to ant that more than offsets any ant fitness cost arising from decreased host plant fitness.
Such ants would experience little pressure to evict herbivorous myrmecophiles and might even favor
them. Indeed, such indirect ant-herbivore mutualisms even suggests an additional explanation for the
higher abundance of myrmecophiles with C. mimosae and C. nigriceps ants — the Crematogaster ants
might favor a low density of myrmecophiles for their stimulating effects on extrafloral nectar, but T.
penzigi would be less likely to favor myrmecophiles as it would indirectly bear costs of herbivory on
the plant yet derive little benefit from extrafloral nectar, since it destroys nectaries*’.

The net fitness effects of herbivorous myrmecophiles on the plant are also not obvious. While her-
bivory necessarily imposes a direct cost from tissue loss, the fitness cost to the plant may be small, e.g.
if the tissue is non-photosynthetic tissue from inside the domatia rather than the leaves. The absolute
volume of herbivory may also be small. Palmer and Brody found no significant difference in inverte-
brate leaf herbivory between C. mimosae and T. penzigi, and lower leaf herbivory with C. nigriceps'>*.
Moreover, any direct costs may be more than offset by positive fitness effects, e.g. from release from
apical dominance or from recycling nutrients into new growth®. If plants respond to insect herbivory
by boosting inducements to their mutualistic ants, then plants might also experience higher long-
term fitness because its mutualistic ants benefit and provide better defense against future insect or
mammalian herbivores — just as plant fluid feeders such as aphids and scale insects may facilitate ant
protection . Alternatively, a fitter ant colony might be more resistant to eviction by a less mutual-
istic ant partner'**. Indeed, a potential parallel already exists with large mammalian herbivores of V.
drepanolobium, in which reductions in extrafloral nectar and in the number of domatia in herbivore

exclusion plots leads to mutualism breakdown %57,
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Conclusions

This study uses stable isotopes to investigate trophic relationships for several associates of the ant
plant V. drepanolobium. The ants themselves, like many plant ants, appear functionally herbivorous,
and they share their domatia with several species of herbivorous Lepidoptera and carnivorous spi-
ders. Surprisingly, the herbivorous Lepidoptera are more abundant (see Chapter 3) with C. mimosae
and C. nigriceps ants, which are normally regarded as better host plant mutualists. Host plants also
showed small differences in isotopic ratios between the two ants, perhaps reflecting either host plant
selection or ant mediated effects on the plant.

Including myrmecophiles in our picture of the V. drepanolobium system opens up new possibili-
ties for understanding variation in the system over space and time, since myrmecophiles may have
different responses than either the ants or their host plants to outside forces such as climate, nutrient
availability, and other indigenous or introduced species. Our results suggest several promising lines
for further study. Additional collections and stable isotope analyses will be useful for teasing out vari-
ation at multiple scales — for example, between geographic locations, among different trees at a site,
within individual trees, or over the lifetime of a tree or ant colony. Experimental work is needed to
explore interactions among plants, ants and myrmecophiles. For example, ant and herbivore exclu-
sion experiments in screened enclosures or greenhouses would allow growth effects on plants to be
quantified, as well as plant responses such as extrafloral nectary production. Finally, detailed work on
the natural history and chemical ecology of some of the more abundant myrmecophile taxa will be
invaluable for understanding the nature and mechanics of interactions between those myrmecophiles

and their ants.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR CHAPTER 2

A.1 RECRUITMENT EXPERIMENT: DETAILED METHODS AND RESULTS

We ran a recruitment experiment to quantify ant preferences towards fungi. Ant colonies were col-
lected in March 2012 from our Kitengela field site in Kenya (1°23.8'S, 36°49.5'E, 1650m asl) and
transported to Cambridge, MA, USA where they were housed in glass containers with sides coated
with Insect-A-Slip Insect Barrier until the choice trial experiment was conducted in May 2012. Col-
onies were supplied with water continuously, and with Bhatkar-Whitcomb ant diet*® approximately
every two days.

For the experiment, we tested a total of 30 different colonies split into 2 groups of 15 assayed on
consecutive days. Each ant colony’s glass container was placed next to a foraging arena comprising a
~ 25cm diameter plastic dish whose sides were also coated with Insect-A-Slip. A balsa wood bridge
led from the floor of the glass container to the center of the foraging arena. This entire setup for each
colony was placed inside a large lidded plastic box.

Each colony was presented with two 60mm plastic petri dishes on opposite sides of the foraging
arena. Each petri dish contained Difco potato dextrose agar (PDA) media. One of the two plates had
previously been inoculated with a single fungal strain isolated from a C. mimosae-occupied domatium
and incubated at room temperature for ~ 3 days to allow the fungus to grow. We selected this fungus
arbitrarily from among several isolates, and tentatively identified it as Phoma sp. based on ITS and

LSU sequences. We were also able to isolate the same fungus from T. penzigi domatia. The location

10S



of the fungus and control plates was alternated between colonies to avoid potential artefacts from e.g.
phototaxis.

Every hour, we recorded the number of ants present at each petri dish (inside the rim) and, of
those, the number that were stationary and apparently manipulating the dish contents (agar and/or
fungus). Observations continued for 8 hours, after which the dishes were removed and photographed.
The photographs were used to determine the proportion of the dish contents’ area that had been
chewed or removed by the ants.

T. penzigi colonies tended to remove a larger fraction of the fungus than did C. nigriceps or C. mi-
mosae colonies (Figure A.1a). This did not appear to be simply an artefact of the T. penzigi colonies
being more vigorous than the Crematogaster colonies since C. nigriceps, rather than T. penzigi, showed
the highest recruitment to both fungus and control plates (Figures A.1b and A.1c). To formalize this
result, we estimated a generalized least squares model, with different variance parameters for each ant
species to deal with heteroskedasticity. Ant species was a significant predictor of fungus removal even
with recruitment to the fungus plate and colony size included in the model (LR = 10.4, p < 0.01).

The presence of a queen or of brood were not significant predictors.
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FIGURE A.1: (a) T. penzigi colonies removed a larger proportion of the Phoma fungus culture pre-
sented to them than either C. mimosae or C. nigriceps. (b) and (c) T. penzigi colonies were not simply
larger and more active than the Crematogaster colonies — C. nigriceps generally had more workers at
both fungus and control plates.
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TABLE A.1: Sampling locations

Sitename  Location Latitude  Longitude Elevation
Mpala Mpala Research Center, Laikipia County, 0°18.8'N  36°52.5E  1800m asl
Kenya

Kitengela undeveloped land outside Nairobi National ~ 1°23.8'S  36°49.5E  1650m asl
Park, Kajiado North County, Kenya

Greenhouse Museum of Comparative Zoology Labs, 42°22.8'N  71°06.9E  SOm asl
Harvard University, Cambridge MA, USA

A.2 MULTIPLEXED AMPLICON SEQUENCING: DETAILED METHODS

Sampling locations

We sampled from two field sites in Kenya and from our greenhouse in Cambridge MA, USA (Table

A.1). The two Kenyan study sites are approximately 190km apart.

Sample summary

Table A.2 shows the breakdown of the samples used for the fungal community analysis in this paper,

split by ant species, location and sample type.

Sampling procedure — domatium and leaf samples

At Mpala and Kitengela, we selected trees by walking transects and haphazardly choosing a set of
trees approximately every 100m, with every set including one tree occupied by each of Crematogaster
mimosae (CM), C. nigriceps (CN) and Tetraponera penzigi (TP). Some flexibility was required in the
tree selection since trees were not uniformly distributed across the landscape, nor were ants uni-
formly distributed on trees. We removed around five domatia from each tree and placed them in a
new plastic zip-closure sandwich bag for later processing. We selected domatia that appeared healthy

and were actively used by the host ants. We also sampled several fresh leaves from the same trees,

107



TABLE A.2: Number of samples by ant species, location and sample type

Domatia Leaves  Alates
Ant Mpala Kitengela Greenhouse Mpala Kitengela
C. mimosae 13 7 3 3 -
C. nigriceps 9 8 8 - 10*
T. penzigi 13 6 2 3 -

* We extracted from 21 surface sterilised C. nigriceps alates, but we
were unable to PCR amplify from 6 of these. DNA from the 15
remaining alates was sent for 454 sequencing. Two of those were un-
able to be sequenced, and we excluded a further 3 alates that yielded
low 454 sequence counts. Data from the remaining 10 alates were
used in our analysis.

keeping them separate from the domatium samples.

We opened domatia with sterile instruments and transferred their contents to preservative on the
same day that the domatia were collected. Almost all domatia contained ants. In addition, domatia
of the three ant species typically contained different ‘substrates’ CM domatia typically contained
carton lamellae; CN domatia contained old Vachellia leaflets; and TP domatia usually contained
the loose fibrous particles that Hocking suggests may be derived from the domatium’s medullary
parenchyma®®. Only one of the five domatia collected from each tree was used for molecular work.
Where a domatium did not contain both ants and substrate, its contents were discarded and the next
domatium from the same tree was examined, until we had found a suitable domatium. The fresh leaf
samples were also placed in preservative, separate from the domatium contents. In both cases, the
preservative was a pH 5.2 buffered ammonium sulfate solution. Samples were kept at room temper-
ature for around three weeks while in the field, and then at —20°C upon return to Cambridge MA,
USA.

In addition to the field samples, we also collected a small number of samples from Vachellia drepanolo-
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bium plants grown from seed in our greenhouse in Cambridge MA, USA. Seeds were originally col-
lected from the Kitengela field site in September 2010, and planted in March 2011. In April 2012,

we introduced to each plant an ant colony that had been collected from Kitengela in March 2012 and
transported to Cambridge. The ants occupied the plants for approximately 4 months before doma-
tia and leaves were sampled as per the Kenyan field samples, except that samples were immediately

stored at —20°C instead of being kept in preservative at room temperature.

Sampling procedure — alate samples

After determining that domatium fungal communities differed among the ant species, we wanted to
investigate the possibility that alates were transporting fungi in their infrabuccal pockets and thus
vectoring the fungal community in the same manner as those of attine ants'”*. We therefore decided
to examine the diversity of fungi in alate heads using pyrosequencing methods similar to those used
for the main analysis in this paper.

For this study, we used 21 CN alates collected opportunistically in the course of carrying out other
fieldwork in Kenya at the sampling locations described above. Alates were stored at 20°C in 100%

ethanol.

DNA extractions — domatium and leaf samples

We prepared domatium and leaf samples for DNA extraction by placing each sample in a sterile
1.SmL microcentrifuge tube, removing excess preservative with a pipette, rinsing the sample with
molecular grade water, and then removing excess water. For fresh leaf samples and the old leaflet
samples from CN domatia, we counted out 40 leaves for the extraction. For the fibrous particle sam-
ples from TP domatia and the carton lamellae from CM domatia, we measured out 80 to 100mg wet
weight. We used the whole sample wherever less material was available.

We homogenized each sample in an MPBio Lysing Matrix A tube (including ceramic sphere; MP
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Biomedicals LLC, Santa Ana CA) using an MPBio FastPrep-24 benchtop homogeniser. Each tube
contained the sample plus 1000uL of Qiagen Buffer AP1 with 44L Qiagen Proteinase K (20mg/mL;
Qiagen Inc, Valencia CA) added. Other researchers have found Proteinase K to be important for
successful extraction from samples preserved in ammonium sulfate '*. We homogenized samples for
40 sec at speed setting 6.0, removed the samples to ice for 5 min, then homogenized for a further 40
sec at the same speed.

We incubated the homogenized samples for 10 min at 60 — 65°C, inverting the tubes 2-3 times
during incubation. We further incubated the tubes overnight at 55°C in a shaking incubator.

We continued the extraction protocol the next day, following the Qiagen DNeasy Plant Mini Kit
protocol with the following modifications. We added 325uL Buffer AP2 to the lysate, since the lysate
volume was larger than that in the original protocol. After precipitation, we split the lysate for each
sample into two portions and passed each portion through a separate QIAshredder column. Af-
ter adding Buffer AP3/E, we passed the combined flow-through from both QIAshredder columns
through a single DNEasy Mini spin column. We washed the adsorbed DNA with a single SO0uL vol-
ume of Buffer AW, and eluted with two 100yL volumes of Buffer AE.

DNA extracts were quantified with a NanoDrop and a Qubit fluorometer, precipited in ethanol
and resuspended in Buffer AE at 20ng/uL, or at a lower concentration if required in order to have a

minimum 20uL once resuspended.

DNA extractions — alate samples

We extracted DNA from all 21 CN alates following a standard phenol-chloroform extraction pro-
tocol. Using forceps and a scalpel blade, alate heads were removed and placed in individual 2 mL
Sarstedt tubes with five 0.5mm glass beads. We homogenized these samples in a Mini-Beadbeater-8
(BioSpec Products, Bartlesville OK) at full speed for 1 min. We then added 400uL CTab buffer, and

incubated samples overnight at 60 — 65°C. Flame sterilized tools were used to handle the alates at
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all times. Some samples were surface sterilized prior to DNA extraction with 1 min in 100% ethanol
followed by 1 min in 10% bleach.

Following incubation, we added 400uL of 25:24:1 phenol:chloroform:isoamyl alcohol and re-
peatedly inverted the tubes for 1 min to mix. We then centrifuged samples for 15 min at 13000 rpm.
We removed 300uL supernatant to a new tube and added 300uL of 24:1 chloroform:isoamyl alcohol
before again mixing for 1 min and centrifuging for 15 min at 13000 rpm. We transferred 200uL su-
pernatant to a new tube, and added S00uL of 100% ethanol, 7SuL sodium acetate, and 3uL glycogen
to precipitate DNA.

After precipitating overnight at 20°C, we centrifuged samples for 15 min at 13000 rpm and re-
moved supernatant. We then washed the pellet in S00uL of 70% ethanol and centrifuged the samples
again for 10 min at 13000 rpm. We removed the ethanol with a pipette, air dried the pellets and re-
suspended DNA in 100yL of molecular grade water. Extracts were quantified with a NanoDrop and a

Qubit fluorometer. Extracts were stored at 20°C or 80°C until PCR amplification and sequencing.

PCR amplifications — alate samples

Since the alate samples were small and likely varied in the amount of fungal material that they con-
tained — particularly if some were not carrying an infrabuccal pellet — we used PCR amplifications

to assess the presence of fungal material in each alate sample. PCR products were visualised using
agarose gel electrophoresis and scored for either successful or unsuccessful amplification. Each reac-
tion consisted of 2.5uL. Omega BioTek 10X bufter, 1.0yL MgCl, at 25mM, 0.25uL dNTPs at 25mM,
1.2uL each primer at 10uM, 1U Omega BioTek Taq polymerase, 1uL. DNA template and molecu-

lar grade H, O to 25uL. Reaction conditions were 2 min at 94°C, followed by 34 cycles of 35 sec

at 95°C / 55 secat 55°C / 45 sec at 72°C, and a final 7 min at 72°C. We used the primers ITS1F%
(5' -CTTGGTCATTTAGAGGAAGTAA-3 ') and ITS4%° (5' -TCCTCCGCTTATTGATATGC-3 ") to

capture the broad fungal community while excluding non-fungal taxa.
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Multiplexed amplicon pyrosequencing — all samples

Amplification and pyrosequencing were performed by Research and Testing Laboratory (RTL), Lub-
bock, TX. We sent 75 domatium and leaf samples for sequencing, plus the 15 CN alates that we suc-
cessfully PCR amplified and that passed NanoDrop/Qubit quality checks.

Samples were first amplified using forward and reverse fusion primers. The forward primer was
made up of the Roche A linker (454 Life Sciences, Branford CT), an 8bp multiplex identifier and the
ITS1F fungal primer® (5 ' ~CTTGGTCATTTAGAGGAAGTAA-3 ' ). The reverse primer consisted of a
biotin molecule, the Roche B linker, and the ITS4 primer®* (5 ' —-TCCTCCGCTTATTGATATGC-3").
PCRs comprised 1uL of each primer at SuM, 1uL of extract, Qiagen HotStarTaq Master Mix plus
water to a total volume of 25uL. RTL performed reactions on ABI Veriti Thermo Cyclers (Applied
Biosytems, Carlsbad CA) with the following conditions: S min at 95°C, followed by 35 cycles of 30
secat 94°C / 40 sec at 54°C / 60 sec at 72°C, and a final 10 min at 72°C. PCR products were then
pooled equimolar.

Pooled PCR products were cleaned with Diffinity Rapid Tips (Diffinity Genomics, West Henrietta
NY), and size selected using Agencourt AMPure XP beads (BeckmanCoulter, Indianapolis IN) fol-
lowing Roche 454 protocols. RTL then hybridized 150ng of DNA to Dynabeads M-270 (Life Tech-
nologies, Grand Island NY) to create single stranded DNA, again following Roche 454 protocols.
Single stranded DNA was diluted and used in emulsion PCR reactions, which were subsequently en-
riched. Sequencing was performed on a Roche GS FLX 454 pyrosequencer with Titanium chemistry

following standard manufacturer protocols.

Bioinformatics — all samples

RTL provided demultiplexed sff files generated using the Roche sffinfo tool. The demultiplexing op-

eration filters out sequences whose terminal regions (i.e. primer, linker or barcode sequences) fail to
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match the known set of valid sequences, and thus functioned as a basic quality filter.

We processed the prefiltered sequence data ourselves using a combination of software tools. We

170 2

denoised sequences with Ampliconnoise'”° as implemented in the QIIME 1.6 bioinformatics pipeline *.

We then isolated the ITS1 region from our reads using an open-source software utility provided by
Nilsson et al., as OTU clustering may be distorted by the inclusion of conserved flanking regions '*.
Because our unidirectional sequencing started from the end of 188, virtually all sequences contained
ITS1; any remaining sequence (i.e. 188, 5.8S or ITS2) was discarded from our analysis. Previous
studies suggest that ITS1 and ITS2 yield similar results for this kind of analysis'?, so we do not con-
sider our decision to sequence from the ITS1 primer likely to be highly consequential.

We picked OT'Us based on the ITS1 fragments using uclust>® in QIIME with a similarity thresh-
old of 95%. We used the full dataset for the clustering — i.e. the 75 domatium and leaf samples, plus
the 10 alates samples remaining after excluding 2 that could not be sequenced and a further 3 with
low sequence counts (each yielded <500 sequences).

For comparison, we also tried several variants on this workflow, including open reference OTU
picking in QIIME and ESPRIT complete-linkage based hierarchical clustering®®® instead of uclust,
different similarity thresholds, and clustering with full-length sequences rather than just ITSI. Re-
sults were broadly similar to those presented here.

We assigned putative taxonomic descriptions to a representative sequence from each OTU using
blast via QIIME’s assign_taxonomy.py script. In short, we downloaded nucleotide (db=nuccore)

sequences from NCBI with the query

"fungi[Organism] NOT (environmental sample[filter] OR

metagenomes[orgn])"

to help exclude unidentified environmental sequences, and built a blast database from those se-

quences. We then used our own Python script to parse the NCBI taxonomy database and return a
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QIIME-compatible taxonomy mapping file for our blast database. Our Python code is freely avail-
able and may be applied to any fasta file using NCBI GI numbers as identifiers (i.e. including any

sequence set downloaded from the NCBI using gquery or e-direct).

Data analysis — domatium and leaf samples

We performed statistical analyses of the OTU data using a combination of QIIME, the statistics

148 t 10 t 117)

package R2% and the R packages vegan'*®, biom '*!, RcolorBrewer'*?, spatstat'® , randomFores

232 bipartite *® and shape '*2, plus our own custom scripts.

plyr

We used a rarefaction curve approach to assess differences in taxon richness and diversity between
groups of samples. We resampled our OT'U table 1000 times at predefined per-sample depths. For
each sample and for each sampling depth, we calculated the mean number of observed species across
the 1000 resamplings. We then used these averages to find group means and standard errors at each
sampling depth, so that our standard errors primarily reflect between-sample variation.

To formally test for differences in diversity evident in the rarefaction curves, we used simple para-
metric statistical tests after rarefying each sample to 1000 sequences, since sampling depth may af-
fect observed taxonomic richness and beta diversity comparisons®*. Although some authors argue
that rarefying is statistically inefficient '32, we were relatively unconcerned about type II errors in this
dataset, as we effect sizes appeared reasonably large. Rarefying to 1000 sequences allowed us to retain
all domatium and leaf samples in the analysis, since the minimum of sequences per sample was 1119
sequences. As the rarefaction curves do not cross, our choice of rarefaction depth is unlikely to have
much influence over our qualitative assessment of alpha diversity, which is our main interest here.

We used distance-based ordination to assess variation in fungal community composition within
and among our sample types and sampling locations. Although phylogenetic distances such as UniFrac

are commonly used in work on bacterial communities and may be more informative ''®, the ITS re-

gion is not easily aligned among highly diverged taxa such as those in our samples'®*. Moreover, no
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multiple alignment is available as a scaffold akin to the Silva or Greengenes datasets for bacterial 16S.
We therefore chose to use Serensen '*® and Bray-Curtis > distances for our ordinations. Using a sin-
gle rarefaction to 1000 sequences, we visualised distances using non-metric multidimensional scaling
(NMDS) plots in three dimensions. We then used adonis” to test the significance of the separation
between sample types and locations in the full multidimensional space implied by the distance matri-
ces.

We used bipartite graphs to help visualise associations between particular fungal OTUs and the
three ant species. Since part of our interest in these fungal communities is to identify fungal taxa that
may have ecological relevance, we focused on relatively abundant taxa by applying several filters to
our OTU table. Although we cannot rule out apparently rare OT Us playing an important role, this
would require, for example, sequencing biases to have reduced the apparent abundance of a common
fungus, or for a rare fungus to have unusually large effects. We therefore chose to focus on the more
abundant taxa. We included only OTUs with > 100 total sequences, and that were present in > 2
samples from the same ant species. These OTUs together comprised more than 90% of the rarefied
dataset. Instances where an OT'U contributed < 10 sequences to a sample were omitted from the
graph for clarity (but an OTU may still be shown on the graph where it contributed > 10 sequences

to other samples).

Data analysis — alate samples

We assessed alpha and beta diversity of the alate samples using rarefaction curves, distance-based
ordinations, and permutational statistical tests as described above for the domatium and leaf samples.
To gauge the possibility that alates might contribute to the domatium communities by vectoring
fungi, we also pooled the CN alate samples and determined the proportion of sequences in each ant-

occupied Kenyan domatium that was found among the pooled alates. This pooling approach allows

for the possibility that individual alates only take or contribute a fraction of the fungal community,
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and also helps overcome the limitations of applying our extraction and amplification methods to the
tiny alate samples. Our opportunistic sampling did not allow such pooling at a finer scale (e.g. within

a tree or within an ant colony).

A.3 MULTIPLEXED AMPLICON SEQUENCING: DETAILED RESULTS

PCR amplifications and pyrosequencing data — all samples

Our PCR amplifications were successful for 15 of the 21 surface sterilised CN alate samples that we
tested (71%). We sent these 15 samples for 454 sequencing, along with the 75 domatium and leaf
samples. Two of the 15 CN alate samples could not be amplified by RTL; we therefore received se-
quence data for a total of 88 samples.

Although PCR products were pooled in equimolar amounts per sample prior to multiplexed se-
quencing, sequence yields for the domatium and leaf samples after denoising and filtering ranged
from 1119 to 21345 sequences per sample. The CN alates ranged from 263 to 11159 sequences per
sample. Three CN alate samples yielded fewer than 500 sequences and were excluded from the anal-
ysis prior to OT'U clustering; after removing these samples, the lowest sequence count for the alate
samples was 1068 sequences. The distribution of per-sample sequence counts in the final dataset
used for the analysis was broadly similar across the sample types (Figure A.2).

The final dataset comprised 451755 sequences, including 407769 from the domatium and leaf
samples and 43986 from the CN alates. After picking OTUs using uclust with a 95% similarity thresh-
old, our library separated into 673 OTUs; of these, 666 were present among the domatium and leaf
samples, and 27 were present among the CN alate samples. Many OTUs were present at low abun-

dance, with just 84 represented by > 100 sequences each.
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FIGURE A.2: Per-sample sequencing depth

Alpha diversity — domatium and leaf samples

OTU richness varied substantially among the samples. Rarefaction curves showed that Kenyan leaf
samples contained more fungal OTUs than the Kenyan domatium samples, which in turn contained
more OTUs than the greenhouse domatium samples (Figure A.3). At a rarefaction depth of 1000
sequences, these differences were highly significant (leaves vs Kenyan domatia: £5 3 = 6.0, p < 0.01;
Kenyan domatia vs greenhouse domatia: ts.g = 12.8, p < 0.01). Among the Kenyan domatia, how-
ever, there was little variation between the two sampling locations (t45 4 = 0.33, p = 0.74 at 1000 se-
quences rarefaction depth) or among the three ant species (F, 53 = 2.2, p = 0.13 at 1000 sequences

rarefaction depth).

Beta diversity — domatium and leaf samples

Our NMDS plots showed clear separation between Kenyan leaves, greenhouse domatia and Kenyan
domatia with either binary (Serensen) or quantitative (Bray-Curtis) distance measures (Figures A.4
and A.S). Our adonis tests provided statistical confirmation of the separation (Serensen: pseudo-

F, 7, = 9.4, p <0.001 with 1000 permutations; Bray-Curtis: pseudo-F, 7, = 5.4, p < 0.001 with
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FIGURE A.3: Rarefaction curves for observed number of OTUs. Panel (a) breaks down Kenyan do-
matia by sampling location. Panel (b) instead breaks down Kenyan domatia by ant occupant.

1000 permutations).

The Kenyan domatia also separated clearly by ant occupant (Figures A.4 and A.S), and to a lesser
extent by location (not shown). Both ant occupant and location were significant among the Kenyan
domatia (Serensen: adonis pseudo-F, s3 = 5.2, p < 0.001 for ant and F; 54 = 2.2, p = 0.007 for loca-
tion; Bray-Curtis: pseudo-F, 7, = 6.4, p < 0.001 for ant and F; 54 = 1.7, p = 0.0S for location; 1000
permutations for each test).

These differences in community composition do not appear to be driven primarily by differences
in OTU richness or multivariate dispersion. OTU richness was similar among ant occupants and
between locations for the Kenyan domatia (see above). Multivariate dispersion® for the Kenyan do-
matia was not significantly different among ants or between locations, though it varied among the
greenhouse domatia, Kenyan domatia and leaf samples.

These differences also do not appear to be artifacts of the single rarefaction to 1000 sequences.

Repeated rarefactions produce similar separation between the sample groups (e.g. Figure A.6) and
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stantial noise, the samples still clearly separate by sample type.

qualititatively similar statistical results (not shown).

Taxonomy assignment — domatium and leaf samples

Our taxonomic assignments showed differences between the sample types but also highlighted the
degree of within-group variability (Figure A.7). In the absence of phylogenetic distances for our sam-
ples (see above), examining the taxonomic breakdowns provides a useful complement to our beta
diversity analyses described.

Although we have found our taxonomy assignments to be useful in describing broad patterns in
our data, it was generally difficult to be confident in our assignments to species level, and therefore
difficult to draw conclusions about the natural history of the fungi in our samples based on taxonomy.

Although the ITS region may be a good general purpose barcode for fungi'®®, we typically found a
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diversity of fungal taxa among the top blast hits for any given sequence in our dataset. Our results
were typically stable at higher taxonomic levels (e.g. family or class) but not at lower levels (e.g. genus
or species).

A major problem with taxonomic assignment is that fungal ITS databases generally remain either
poorly populated or curated. Global fungal diversity is estimated at around 1.5 million species’® but
the number of described species accounts for less than 10 per cent of that estimated diversity. Our
NCBI-derived fungal database contained almost 1.2 million sequences. However, many of these se-
quences do not cover the ITS region, and coverage of fungal taxa is uneven, so that many fungi still
lack representation even in the largest publicly available dataset. Moreover, many sequences in the
database lack good taxonomic information, often because they are uncultured environmental se-
quences, or are even misidentified. While the problems of misidentification can be solved by relying

on well-curated fungal datasets such as the UNITE database "1°%, such datasets remain small.

Bipartite analysis — domatium and leaf samples

Bipartite graphs showed that few of the most abundant fungal taxa associated with just one ant species
(Figure A.10). However, many fungi appeared to have stronger associations with some ant species
than with others. This was supported by the significant network-wide specialisation measure H2' (i.e.

normalised two-dimensional Shannon entropy H2%!) (H2' = 0.5, p < 0.01).

Alpha and beta diversity — alate samples

Taxonomic diversity of the alate samples was slightly lower than that in the greenhouse domatia and
significantly less than that of the Kenyan domatia (Figure A.8).

The composition of the alate fungal communities was substantially different than that of the do-
matium or leaf communities (Figure A.9), consistent with the low alpha diversity for the alate sam-

ples relative to the leaves and domatia. There was little evidence that alate fungal communities were
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leaf and alate samples, based on Serensen (i.e. binary) distances between communities rarefied to
1000 sequences per sample.
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FIGURE A.10: Bipartite graph showing major fungal species recovered from Kenyan domatia.



any closer to CN domatium communities than to the domatium communities of the other two ant
species.

These results show that the alate fungal communities do not simply recapitulate those of the CN
domatia, but rather are distinct, low-diversity sets of fungi. Further, there is little evidence that the
alate communites are on average any closer to the CN domatia than to the domatia of CM or TP
ants. Although the alate samples were preserved and extracted using different methods than the do-
matium and leaf samples, other studies suggest that this is unlikely to account for the entirety of the

differences in composition %180,

Overlap between alate and domatium samples

Although individual alate fungal communities are distinct from individual domatium communities,
it is also useful to consider the alate as a pooled sample. Although our alates came from different
colonies, we might imagine the pooled alates to be representive of a set of alates that had emerged
from a single CN colony, each bearing some fungi in its infrabuccal pouch. Each individual alate
might contain a different subset of the colony’s fungi, but together we might expect them to largely
cover the community of fungi present in the colony.

We therefore pooled the alates and, for each domatium, asked what proportion of the fungal se-
quences could conceivably have been transferred to at least one of the alates — in other words, for
what proportion of each domatium’s fungal sequences was there at least one match in the pooled
alate sample? On average, over 83% of the sequences in each CN domatium were also recovered from
the pooled alates, compared to 76% for the TP domatia and 41% for the CM domatia (F; 346 = 10.2,

p <0.001) (Figure A.11).
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FIGURE A.11: Proportion of each Kenyan domatium’s sequences that were also recovered from the
pooled alate samples.

A.4 MICROSCOPY: DETAILED METHODS AND RESULTS

To examine the contents of T. penzigi and C. nigriceps infrabuccal pockets, we collected female alates
as they departed from domatia for their natal flight and subsequent journey to establish a new colony
at our Kitengela field site in Kenya (1°23.8'S, 36°49.5'E, 1650m asl). For comparison, we also col-
lected T. penzigi workers and plant material from the inside of the domatium wall. The ant heads and
domatium wall material were fixed in 2% glutaraldehyde overnight at 4°C. The glutaraldehyde was
then exchanged for a pH 7.3 buffer containing S0mM sodium cacodylate and 150 mM saccharose.
We exchanged the bufer for fresh buffer after 10 minutes and kept the sample at 4°C until we could
perform sectioning. The heads were embedded in Araldite and sectioned with a Reichert Ultracut E
microtome. Semithin 1 mm sections were stained with methylene blue and thionin and viewed in a
Zeiss Axioskop microscope.

Debris pellets were visible in the infrabuccal pockets of both T. penzigi (Figure A.12) and C. nigri-

ceps alates (Figure A.13). T. penzigi workers also had debris in their infrabuccal pockets resembling
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FIGURE A.12: Sagittal sections through T. penzigi alate heads. (a) and (b) show the same worker
at different magnifications; likewise for (c) and (d). Arrows indicate debris pellet in the infrabuccal
pocket.

plant cells from the domatium wall (Figure A.14).

To examine the morphology of the T. penzigi digestive tract, we dissected several workers and
examined them under an Olympus SZX12 stereomicroscope. Workers were briefly immersed in
ethanol before being dissected immediately in pH 7.4 phosphate buffered saline. We dissected the
workers’ gasters by gently pulling on the last abdominal segment with forceps to extend the digestive
tract and then removing the anterior sclerites. No evidence of a pouch or other specialized structure

that might contain bacterial symbionts was visible at the midgut-hindgut junction (Figure A.15).
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FIGURE A.13: Sagittal sections through C. nigriceps alate heads. (a) and (b) show the same worker at
different magnifications. Arrows indicate debris pellet in the infrabuccal pocket.

FIGURE A.14: (a) Sagittal section through T. penzigi worker infrabuccal pocket showing debris pel-
let. Arrow indicates debris resembling plant cells. (b) Section through cells from the inside of the
domatium wall.

FIGURE A.1S: Dissected T. penzigi worker gut. No evidence of a bacterial pouch is present at the
junction of midgut and hindgut, indicated with an arrow.
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER 3

(a) Kitengela sampling points
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FIGURE B.1: Maps of sampling locations at (a) Kitengela and (b) Suyian
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FIGURE B.2: Domatium communities show little taxonomic overlap with canopy communities as
assessed by Kuria and Villet in 2012 using fogging and beating methods and a morphospecies ap-
proach'%. Each order is broken down here by the ant species occupying the tree.
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian

Kitengela Kitengela Suyian
2012 2013 2013 Total
OTU Family Species trees indivs trees indivs trees indivs trees indivs
Arthropoda : Insecta : Lepidoptera
0 Tortricidae Endotera cyaneana Agassiz 2 2 2 2 0 0 4 4
1 Tortricidae Endotera cyphospila (Meyrick) 1 1 2 2 0 0 3
=nodi Agassiz

2 Tortricidae Hystrichophora vittana Agassiz 0 0 1 1 0 0 1 1
3 Tortricidae Hystrichophora griseana Agassiz ~ SS 119 24 39 47 108 126 266
4 Tortricidae Hystrichophora bopprei Agassiz 0 0 0 0 0 0 0 0
S Noctuidae NA 0 0 0 0 1 1 1 1
6 NA NA 1 2 0 0 0 0 1 2
7 NA NA 0 0 0 0 1 1 1 1
8 NA NA 0 0 6 7 0 0 6 7
9 NA NA 0 0 0 0 1 1 1 1
10 NA NA 2 2 0 0 0 0 2 2
11 NA NA 0 0 0 0 1 1 1 1
12 NA NA 2 2 4 4 0 0 6 6
13 NA NA 0 0 1 1 0 0 1 1
14 NA Tytroca leucoptera? 0 0 0 0 1 2 1 2
1S Tineidae Phthoropoea chalcomochla? 6 27 8 20 1 2 15 49
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian (continued)

Kitengela Kitengela Suyian
2012 2013 2013 Total
OTU Family Species trees indivs trees indivs trees indivs trees indivs
16  Lycaenidae NA 1 1 0 0 0 0 1 1
17  Lycaenidae NA 0 0 1 2 1 1 2 3
18  Geometridae NA 0 0 1 1 2 3 3 4
19  Geometridae NA 3 3 1 1 7 7 11 11
200 NA NA 0 0 1 1 0 0 1 1
21 NA NA 0 0 0 0 17 46 17 46
22 NA NA 0 0 1 1 0 0 1 1
23 NA NA 3 3 2 3 1 10 6 16
24 Gelechiidae NA 3 S 6 13 0 0 9 18
25 Gelechiidae Dichomeris sp. 24 43 13 22 16 24 53 89
26 NA NA 6 16 0 0 0 0 6 16
27 NA NA S 7 7 7 0 0 12 14
28 NA NA 0 0 0 0 10 13 10 13
29 NA NA 0 0 1 1 0 0 1 1
Arthropoda : Insecta : Hymenoptera
30 NA NA 2 2 0 0 4 4 6 6
31 Chalcidoidea NA 0 0 0 0 1 12 1 12

32 Chalcidoidea NA 0 0 1 1 0 0 1 1
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian (continued)

Kitengela Kitengela Suyian
2012 2013 2013 Total
OTU Family Species trees indivs trees indivs trees indivs trees indivs
33 Chalcidoidea NA 1 3 0 0 0 0 1 3
34  Chalcidoidea NA 1 8 0 0 1 8 2 16
35  Chalcidoidea NA 1 3 4 4 0 0 S 7
36  Megachilidae NA 0 0 1 1 0 0 1 1
37  Formicidae Crematogaster sp. 0 0 0 0 3 45 3 45
38  Formicidae Technomyrmex sp. 0 0 2 50 1 4 3 54
39  Formicidae Tapinoma sp. 0 0 1 45 0 0 1 45
40  Ichneumonidae NA 0 0 0 0 4 6 4 6
41  Ichneumonidae NA 2 2 0 0 0 0 2 2
42 Ichneumonidae NA 1 1 0 0 0 0 1 1
43 Braconidae NA 0 0 1 1 0 0 1 1
44  Braconidae NA 0 0 0 0 0 0 0 0
45 Braconidae NA 0 0 3 S 0 0 3 S
46  Braconidae Trigastrotheca laikipiensis'® 1 1 14 22 1 4 16 27
47  Pompilidae NA 0 0 0 0 0 0 0 0
48 Diapriidae NA 0 0 1 1 0 0 1 1
49  Crabronidae NA 0 0 1 1 0 0 1 1
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian (continued)

Kitengela Kitengela Suyian
2012 2013 2013 Total

OTU Family Species trees indivs trees indivs trees indivs trees indivs
Arthropoda : Insecta : Diptera

S0  Syrphidae Microdon sp. 1 1 1 1 0 0 2 2

S1 Phoridae NA 0 0 1 1 0 0 1 1

52 NA NA 0 0 0 0 0 0 0 0

53 NA NA 0 0 2 2 0 0 2 2

54  Agromyzidae Melanagromyza acaciae®%'%* 1 3 0 0 S 22 6 25
Arthropoda : Insecta : Coleoptera

55 Chrysomelidae NA 1 1 6 8 0 0 7 9

56  Chrysomelidae NA 0 0 1 1 0 0 1 1

57  Tenebrionidae =~ NA 0 0 0 0 1 1 1 1

58  Cerambycidae =~ NA 0 0 2 2 0 0 2 2

59  Curculionidae ~ NA 0 0 1 1 0 0 1 1

60  Anthicidae NA 1 1 2 2 0 0 3 3

61 NA NA 0 0 1 2 0 0 1 2

62 NA NA 0 0 0 0 1 1 1 1
Arthropoda : Diplopoda : Polyxenida

63 NA NA 2 2 7 12 7 21 16 35
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian (continued)

Kitengela Kitengela Suyian
2012 2013 2013 Total
OTU Family Species trees indivs trees indivs trees indivs trees indivs
Arthropoda : Arachnida : Araneae
64  Salticidae Myrmarachne sp. 8 9 24 97 0 0 32 106
65  Salticidae NA 10 17 20 28 1 1 31 46
66  Salticidae Hyllus dotatus? 0 0 0 0 1 1 1 1
67  Salticidae NA 1 1 0 0 0 0 1 1
68  Salticidae NA 1 1 0 0 0 0 1 1
69  Clubionidae Clubiona sp. 1 1 1 2 0 0 2 3
70  Clubionidae Clubiona sp. 0 0 S 6 1 1 6 7
71  Eutichuridae Cheiracanthium sp. 6 8 28 70 0 0 34 78
72 Eutichuridae Cheiracanthium sp. S 8 25 31 7 9 37 48
73 Eutichuridae Cheiracanthium sp. 0 0 2 2 1 1 3 3
74  NA NA 1 1 4 4 0 0 S S
75 NA NA 0 0 0 0 0 0 0 0
76  Gnaphosidae NA 1 1 6 6 2 2 9 9
77 NA NA 0 0 1 1 0 0 1 1
78 NA NA 0 0 1 1 0 0 1 1
79  Thomisidae NA 0 0 1 11 0 0 1 11
80  Theridiidae NA 0 0 1 1 0 0 1 1
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TABLE B.1: Summary of myrmecophile taxa collected over 2012-2014 at Kitengela and Suyian (continued)

Kitengela Kitengela Suyian
2012 2013 2013 Total

OTU Family Species trees indivs trees indivs trees indivs trees indivs
Arthropoda : Insecta : Hemiptera

81 Cixiidae NA 0 0 1 1 0 0 1 1

82  Stictococcidae  Hockiana sp. 0 0 0 0 38 873 38 873
Arthropoda : Insecta : Thysanoptera

83 NA NA 0 0 3 59 0 0 3 59
Arthropoda : Insecta : Blattodea

84 NA Blattella lobiventris?®® 0 0 2 2 3 3 5 5
Mollusca : Gastropoda

85 NA Succinea concisa?®® 0 0 0 0 23 152 23 152
Arthropoda : Insecta

86 NA NA 0 0 1 14 0 0 1 14




Figures B.3 through B.83 show representative images of myrmecophile taxa where available.

F1GURE B.S: OTU 3 - Hystrichophora griseana (Lepidoptera:Tortricidae)
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FIGURE B.S: OTU 3 - Hystrichophora griseana (Lepidoptera:Tortricidae) (continued)
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F1GURE B.6: OTU § - unidentified species (Lepidoptera:Noctuidae)
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F1GURE B.7: OTU 6 - unidentified Lepidoptera
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FIGURE B.8: OTU 7 — unidentified Lepidoptera
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FIGURE B.10: OTU 9 - unidentified Lepidoptera
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FIGURE B.11: OTU 10 - unidentified Lepidoptera
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FIGURE B.12: OTU 11 - unidentified Lepidoptera

FIGURE B.14: OTU 13 - unidentified Lepidoptera
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F1GURE B.15: OTU 14 - unidentified Lepidoptera

F1GURE B.16: OTU 15 - unidentified species (Lepidoptera:Tineidae)
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FIGURE B.17: OTU 16 - unidentified species (Lepidoptera:Lycaenidae)
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F1GURE B.18: OTU 17 - unidentified species (Lepidoptera:Lycaenidae)
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FIGURE B.19: OTU 18 - unidentified species (Lepidoptera: Geometridae)
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FIGURE B.21: OTU 20 - unidentified Lepidoptera
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FIGURE B.22: OTU 21 - unidentified Lepidoptera
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FIGURE B.23: OTU 22 - unidentified Lepidoptera
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FIGURE B.24: OTU 23 - unidentified Lepidoptera
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FIGURE B.24: OTU 23 - unidentified Lepidoptera (continued)
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FIGURE B.25: OTU 24 - unidentified species (Lepidoptera: Gelechiidae)
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FIGURE B.26: OTU 25 - Dichomeris sp. (Lepidoptera: Gelechiidae)
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FIGURE B.27: OTU 26 - unidentified Lepidoptera
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FIGURE B.28: OTU 27 — unidentified Lepidoptera
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FIGURE B.29: OTU 28 - unidentified Lepidoptera
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F1GURE B.30: OTU 29 - unidentified Lepidoptera
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FIGURE B.32: OTU 31 - unidentified species (Hymenoptera: Chalcidoidea)

148



K13.011.005

FIGURE B.33: OTU 32 - unidentified species (Hymenoptera: Chalcidoidea)
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FIGURE B.34: OTU 33 - unidentified species (Hymenoptera: Chalcidoidea)
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FIGURE B.35: OTU 34 - unidentified species (Hymenoptera: Chalcidoidea)
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FIGURE B.36: OTU 35 - unidentified species (Hymenoptera: Chalcidoidea)

FIGURE B.37: OTU 36 - unidentified species (Hymenoptera:Megachilidae)
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FIGURE B.38: OTU 37 - Crematogaster sp. (Hymenoptera:Formicidae)
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FIGURE B.39: OTU 38 — Technomyrmex sp. (Hymenoptera:Formicidae)
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FIGURE B.40: OTU 39 - Tapinoma sp. (Hymenoptera:Formicidae)
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FIGURE B.41: OTU 40 - unidentified species (Hymenoptera:Ichneumonidae)
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FIGURE B.42: OTU 41 - unidentified species (Hymenoptera:Ichneumonidae)
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FIGURE B.43: OTU 42 - unidentified species (Hymenoptera:Ichneumonidae)

FIGURE B.44: OTU 43 - unidentified species (Hymenoptera:Braconidae)
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FIGURE B.46: OTU 46 - Trigastrotheca laikipiensis (Hymenoptera:Braconidae)
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F1GURE B.47: OTU 48 - unidentified species (Hymenoptera:Diapriidae)
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FIGURE B.49: OTU 50 — Microdon sp. (Diptera:Syrphidae)
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FIGURE B.50: OTU S1 - unidentified species (Diptera:Phoridae)
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FIGURE B.51: OTU 53 - unidentified Diptera
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FIGURE B.52: OTU 54 — Melanagromyza acaciae (Diptera: Agromyzidae)
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FIGURE B.53: OTU S5 - unidentified species (Coleoptera: Chrysomelidae)
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FIGURE B.54: OTU 56 - unidentified species (Coleoptera: Chrysomelidae)
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FIGURE B.55: OTU 57 - unidentified species (Coleoptera:Tenebrionidae)
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FIGURE B.56: OTU S8 — unidentified species (Coleoptera: Cerambycidae)
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FIGURE B.57: OTU 59 - unidentified species (Coleoptera: Curculionidae)
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F1GURE B.58: OTU 60 — unidentified species (Coleoptera: Anthicidae)
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FIGURE B.59: OTU 61 - unidentified Coleoptera
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FIGURE B.60: OTU 62 - unidentified Coleoptera
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FIGURE B.61: OTU 63 — unidentified Polyxenida
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FIGURE B.62: OTU 64 — Myrmarachne sp. (Araneae:Salticidae)
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FIGURE B.63: OTU 65 - unidentified species (Araneae:Salticidae)
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F1GURE B.64: OTU 66 — unidentified species (Araneae:Salticidae)
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FIGURE B.66: OTU 68 — unidentified species (Araneae:Salticidae)

(a)

3.047a.002 KM12.0

—_

F1GURE B.67: OTU 69 - Clubiona sp. (Araneae:Clubionidae)
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F1GURE B.69: OTU 71 - Cheiracanthium sp. (Araneae:Eutichuridae)
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F1GURE B.71: OTU 73 - Cheiracanthium sp. (Araneae:Eutichuridae)
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F1GURE B.72: OTU 74 — unidentified Araneae
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FIGURE B.73: OTU 76 - unidentified species (Araneae: Gnaphosidae)
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F1GURE B.74: OTU 77 — unidentified Araneae
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F1GURE B.75: OTU 78 — unidentified Araneae
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F1GURE B.76: OTU 79 — unidentified species (Araneae:Thomisidae)
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F1GURE B.77: OTU 80 — unidentified species (Araneae:Theridiidae)
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FIGURE B.78: OTU 81 - unidentified species (Hemiptera:Cixiidae)

3.310.054513.311.0.

FIGURE B.79: OTU 82 - Hockiana sp. (Hemiptera:Stictococcidae)

“K13.007.01 K13.078.C

L |
I 1
v

5mm

5mm
”

P S

F1GURE B.80: OTU 83 - unidentified Thysanoptera
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FIGURE B.82: OTU 8S$ — unidentified Gastropoda
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F1GURE B.83: OTU 86 — unidentified Insecta
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APPENDIX C

SUPPLEMENTARY MATERIAL FOR CHAPTER 4
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current study
® Martins (2011)

(®

FIGURE C.1: Comparison of stable isotope data from current study (grey) with data from Suyian in
Figure 4.2 from Martins (2011)'?* (red). These data were also published in Martins et al. (2013) 12
with the exception of the data for Chilades kedonga.
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F1GURE C.2: Comparison of stable isotope data from current study (grey) with data from Kiten-
gela in Figure 4.3 from Martins (2011) '?* (red). These data were also published in Martins et al.
(2013) 125,
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FIGURE C.3: Comparison of stable isotope data from current study (grey) with data from Figure
5.17 from Martins (2011) %3 (red).
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F1GURE C.4: Comparison of nitrogen stable isotope data for ants from this study with previously
published data from Martins (2011) *2*, Martins et al. (2013)'2° and Palmer (2003) *>2. Each

ant species is represented twice in Palmer (2003) 2, with the taller bar in each case representing
colonies < 10m from termite mounds, and the shorter bar representing colonies > 10m from termite

mounds.
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APPENDIX D

KIN SELECTION AND THE EVOLUTION OF SOCIAL INFORMATION USE

Baker, CCM, SRX Dall and DJ Rankin (2012). Kin selection and the evolution of social information

use in animal conflict. PLoS One 7(2): €31664. doi: 10.1371/journal.pone.0031664

D.1 ABSTRACT

Animals often use social information about conspecifics in making decisions about cooperation and
conflict. While the importance of kin selection in the evolution of intraspecific cooperation and con-
flict is widely acknowledged, few studies have examined how relatedness influences the evolution

of social information use. Here we specifically examine how relatedness affects the evolution of a
stylised form of social information use known as eavesdropping. Eavesdropping involves individu-
als escalating conflicts with rivals observed to have lost their last encounter and avoiding fights with
those seen to have won. We use a game theoretical model to examine how relatedness affects the evo-
lution of eavesdropping, both when strategies are discrete and when they are continuous or mixed.
We show that relatedness influences the evolution of eavesdropping, such that information use peaks
at intermediate relatedness. Our study highlights the importance of considering kin selection when

exploring the evolution of complex forms of information use.

D.2 INTRODUCTION

Animals frequently rely on information about conspecifics in making decisions regarding mate choice,

cooperation or conflicts over resources>”**?!2, Such information can be provided ‘intentionally’, as
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in the case of signalling, or inadvertently, such as when an individual’s actions or their consequences
may be observed by others®”*¥1%!, Gathering information about conspecifics can both help to pro-

mote cooperation, as in the case of image scoring 14322

, or help to resolve conflicts, as in the case of
eavesdropping'®. In image scoring, individuals react to observed cooperation between others by
offering help to partners that were previously seen helping others, and refusing help to partners that

were unhelpful 146

. A similar situation occurs in eavesdropping, where individuals observe conflicts
and use this information by fighting individuals that lost their last encounter and avoiding fights with
individuals that won . This type of social information use has been demonstrated in animals®* and
represents a heuristic that may improve an individual’s expected outcome from an interaction, but
with smaller investments in cognitive capacity and information-gathering than more accurate deci-
sion rules, such as full Bayesian updating over a series of interactions.

Almost all social interactions inherently involve interactions with related individuals7#7°. Such
interactions can help to promote cooperation and resolve conflict between individuals”477113223,
For example, in the case of animal conflict, it has been shown that higher relatedness between part-
ners favours less escalation (i.e. playing ‘dove’) in the classic hawk-dove game”?. However, models of
social information use in animal conflict and cooperation generally ignore the potential impact that
interactions between relatives can have on the evolution of a given behaviour. In a previous model

of eavesdropping '*°

, it was assumed that interactions take place randomly between individuals in an
infinitely large population. However, real populations often exhibit population structure: interactions
do not take place randomly but rather take place between relatives more commonly than would be
predicted by chance in a well-mixed population. Such structure can arise through kin recognition,
territorial behaviour, or as a result of limited dispersal. In structured populations, selection should

favour individuals that help or avoid conflict with relatives, as well as those that are able to make the

most of their interactions with non-relatives. Monitoring simple social cues through eavesdropping
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potentially addresses both of these criteria, by allowing players to condition their behaviour on infor-
mation about individual opponents.

In this paper we examine how relatedness affects the evolution of information use in an eavesdrop-
ping game. We model the classic hawk-dove game '*” with eavesdropping'® and with interactions
between relatives. We use two variants of the model — one with discrete strategies and one with con-
tinuous strategies — as these variants are known to yield different results in the game without eaves-
dropping?. The discrete strategies version is a direct extension of a previous model of eavesdropping
by Johnstone '°, in which hawk, dove and eavesdropping phenotypes each arise from separate geno-
types. In the continuous strategies version, each genotype gives rise to a proportion of individuals
with the eavesdropping phenotype, a proportion with the hawk phenotype, and a remaining propor-
tion with the dove phenotype. Our results suggest that eavesdropping will be most favoured at in-
termediate relatedness and highlight the importance of considering population structure in studying

animal conflict and the evolution of social information use.

D.3 MODEL AND RESULTS

Our model for the evolution of eavesdropping among related individuals is based on the two-player
hawk-dove game 25174, Animals frequently compete for resources with each other?®, and the hawk-
dove game is a well-studied approach to examining these interactions. It has also been used previ-
ously to explore the evolution of cooperation*”'2”. We model two variants of the eavesdropping
game played among relatives: one with discrete strategies, and one with continuously variable strate-
gies. In any given interaction, each of the two players chooses between the actions hawk and dove. If
both select hawk then each wins the resource value v with probability 0.5 but otherwise bears a cost
of fighting ¢, so that the expected payoffis (v —c) /2 with ¢ > v > 0. (The analysis of the case v > ¢ >

0, i.e. the prisoner’s dilemma with eavesdropping, is not dissimilar but omitted here for brevity.) If
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both select dove then each wins the resource with probability 0.5 without bearing the costs of fight-
ing, giving an expected payoff of v/2. If one player chooses hawk and the other dove, then the hawk
wins the resource value v with certainty, while the dove receives 0; both hawk and dove in this sce-
nario avoid the cost of fighting c. Note that these expected payoffs would be the same under the com-
mon alternative formulation of the hawk-dove game in which the resource is split evenly between a
pair of hawks or a pair of doves rather than being randomly assigned; but our eavesdropping strategy
assumes the presence of a clear winner to provide a potential source of information to eavesdropping
observers, as described below.

We assume an infinite population, where each individual plays a large number of interactions over
its lifetime before reproducing clonally. The reproductive success or fitness of an individual is pro-
portional to the average payoft across all interactions during its lifetime. There are no repeated inter-
actions, but we allow for the possibility of eavesdropping: an eavesdropper plays dove in any interac-

tion where the opponent’s prior encounter was perceived as a win, and otherwise plays hawk.

Discrete stmtegies model

The discrete strategies model envisages three distinct genotypes, each corresponding to a different
strategy that may be thought of as a phenotype. An individual with the hawk genotype always plays
the action hawk; a dove always plays dove; and an eavesdropper plays the conditional eavesdrop-
ping strategy, which may dictate either hawk or dove in any given encounter. Johnstone’s original

119 assumes that opponents are drawn randomly from the whole population, so that genotypes

mode
encounter one another in proportions determined by their frequencies in the population. We allow
for non-random assortment by introducing relatedness as an exogenous parameter reflecting, for ex-
ample, limited dispersal. The relatedness r measures the probability that a player’s opponent has the

same genotype as the player, relative to the probability of obtaining the same genotype in a randomly

drawn member of the population. This is a standard method of introducing relatedness in simple
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game-theoretical models®»”>173. Thus, an individual with genotype i plays another type i individual
with probability
r+ (1 —r)f; (D.1)

and plays an opponent of type j # i with probability

(1 - T)ﬁ, (DZ)

where f; and f; are the frequencies of genotypes i and j in the population. When r = 1, pairs of play-
ers always have the same genotype; when r = 0, players interact with each genotype in proportion to

the population frequencies. Although relatedness may, in principle, be negative *2*2

, we restrict our
analysis to 7 € [0, 1]. Note that r measures assortment at the level of the genotype (i.e. hawk, dove or
eavesdropper) rather than action (i.e. hawk or dove) — for example, an eavesdropper meets another
eavesdropper with probability r + (1 — r)fg, but in a given interaction the two may or may not play
the same action, since each player’s action depends on the outcome of its opponent’s previous en-
counter.

The probability p; that a type i individual won its last encounter settles down after relatively few

iterations of the game, and is given by

1+r+2fp(1—7r)

LR ¥ 2§ ) (B3)
1+fp(1—7)

SR (4
_rtfp(l—7)

TR o3

with genotype frequencies fg + fg +fp = 1.

We use these probabilities to determine each genotype’s average payoft as a function of the f;. We
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assume no mutation or drift, and allow the frequencies of the eavesdropper, hawk and dove geno-
types to evolve according to standard continuous replicator dynamics®2%. Solving for the frequen-
cies that give equal fitness to the three genotypes gives the following long-run equilibrium frequen-
cies:

fom 4ev(r +r+2)+ 42 (P +r—2)—cr(1—r)
. c(1—r)(8v+c(1—r))

(D.6)

fu= g_ lir
~(e(T+r)=v(1=7))(c(1—r) —4rv)
Jo= (1—r)(8n(1=r)) (D8)

(D.7)

When r = 0, the model is identical to Johnstone’s'%. For positive r, all three genotypes still coexist

stably, at frequencies given by equations (D.6)-(D.8), as long as

4v+c v+c

r < min { ‘ Y } (D.9)

But if (D.9) does not hold, then (D.6)-(D.8) give frequencies outside the range [0, 1], implying
that one or more of the genotypes will be driven to extinction or fixation. For v/c > 0.5, eavesdrop-

pers and hawks coexist stably, with doves driven towards extinction over time, if

c 4dv+c
<r< , (D.10)
4v+c 7c+4v
and eavesdroppers go to fixation if
4v+c 4v—c
<r< (D.11)

Te+4dv 4v+¢

If r > max {15:;, e } , eavesdroppers and doves coexist stably, with hawks driven towards extinc-
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FIGURE D.1: Phenotypes in equilibrium in the discrete strategies model. Labels indicate genotypes
with positive equilibrium frequencies under error-free eavesdropping (a = 1) with E = eavesdrop-
pers, H = hawks and D = doves.

tion over time, if

8v(1—r)—cr(l+71)*>0 (D.12)

otherwise doves go to fixation. Figures D.1, D.2 and D.3 summarize these equilibria as a function of
and v/c.

If eavesdroppers make errors in determining the outcomes of their adversaries’ prior encounters,
we find that eavesdropping peaks at a lower level of relatedness than in the absence of errors. We
model errors by introducing an ‘accuracy’ parameter a € [0.5, 1] describing the probability that an
eavesdropper correctly perceives an adversary’s prior outcome (formal results not shown but avail-
able from the authors on request). With probability a, an eavesdropper perceives a win and plays
dove when the adversary’s prior outcome was truly a win, and perceives a loss and plays hawk when
the prior outcome was truly a loss; with probability (1 — a), the eavesdropper perceives a win and

plays dove when the prior outcome was actually a loss, and perceives a loss and plays hawk when the
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F1GURE D.2: Equilibrium phenotype frequencies for v/c = 0.75 under error-free eavesdropping (a =
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1). (a) results for the discrete strategies model. (b) results for the continuous strategies model.

FIGURE D.3: Equilibrium phenotype frequencies under error-free eavesdropping (a = 1). (a)
through (c) frequencies of eavesdroppers, hawks and doves in the discrete strategies model. (d)
through (f) frequencies of eavesdroppers, hawks and doves in the continuous strategies model.
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prior outcome was actually a win. At low relatedness, errors make eavesdropping more attractive if
fight costs are low since the population is dominated by eavesdroppers and hawks, and errors allow
an eavesdropper to avoid some escalated fights when playing another eavesdropper, although this is
partly offset by greater average fight costs when encountering a hawk. If fight costs and/or relatedness
are high, eavesdroppers and doves dominate the population, and errors increase the rate of escalated
fights among pairs of eavesdroppers, thus selecting against eavesdropping.

In the model with eavesdropping, individual aggression (i.e. hawk actions) and escalated conflicts
(i.e. hawk-hawk encounters) generally occur at higher frequency than in the model without eaves-
dropping (Figure D.4). As in previous work ', there is an incentive for more aggression than would
otherwise occur, since this improves a player’s chance of winning future encounters with eavesdrop-
pers. However, at low relatedness, the frequency of escalated conflict is lower than would be expected
given the frequency of individual aggression, essentially since eavesdroppers are able to avoid conflict
against aggressive opponents. At intermediate relatedness, this is more than offset by the fact that ag-
gressive individuals interact among themselves more often than would be expected by chance, so that
the frequency of escalated conflict is higher than might be expected. At high relatedness, doves go to
fixation and there is no aggression or escalated conflict at all.

In contrast to the model of Johnstone **

, the discrete strategies model with relatedness can pro-
duce lower frequencies of individual aggression (i.e. hawk actions) and escalated conflict (i.e. hawk-
hawk encounters) than the model without eavesdropping. This happens within a narrow range of
parameters, when fighting is not very costly (v/c close to 1), eavesdropping is very error prone (a
close to 0.5) and there is moderate population structure as captured by r. This combination of param-
eters produces an equilibrium with fewer hawks than in the model without eavesdropping’. In the

model with eavesdropping, however, individual aggression also includes any eavesdroppers that play

the hawk action. With a close to 0.5, eavesdroppers are essentially choosing randomly between hawk
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F1GURE D.4: Frequency of escalated conflicts for v/c = 0.75. Escalated conflicts are interactions in
which both players play the action hawk. (a) frequencies for the discrete strategies model. (b) fre-
quencies for the continuous strategies model.

and dove in each interaction, so individual aggression is the frequency of hawks plus approximately
half of the frequency of eavesdroppers. Escalated aggression in the model without eavesdroppers is
just the frequency of hawk-hawk interactions but, in the model with eavesdroppers, interactions in
which eavesdroppers play the hawk action must also be taken into account. The frequencies of indi-
vidual aggression and escalated conflict are lower than in the model without eavesdropping provided
that eavesdroppers are sufficiently abundant in equilibrium, and that low costs of fighting ensure that

hawks are abundant in the non-eavesdropping model.

Continuous strategies model

In the continuous strategies model, a genotype i displays phenotypic plasticity as described by two
parameters, x; € [0, 1] and y; € [0, 1]. We assume phenotypic noise at birth such that, when each

genotype i individual is born, it becomes a hawk, dove or eavesdropper at random but with proba-
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bilities determined by its genotype (x;, ;). Of the genotype i individuals, a proportion x; takes on

an eavesdropper phenotype for life and thus plays the conditional eavesdropping strategy in every
interaction. A proportion (1 — x;)y; takes on the hawk phenotype and thus always plays the action
hawk; likewise a proportion (1 —x;)(1 —y;) takes on the dove phenotype and so always plays the ac-
tion dove. Since the relevant evolutionary dynamics in our model take place at the genotype level, the
fitness of genotype i is the weighted average fitness of its three phenotypes, where phenotype fitness
is again measured as the average across all interactions during an individual’s lifetime.

As in the discrete strategies model, we allow for non-random assortment among genotypes aris-
ing from, say, limited dispersal, by permitting non-zero relatedness. The exogenous relatedness pa-
rameter r measures the probability that a player’s opponent has the same genotype as the player,
relative to the probability of drawing the same genotype randomly from the population. An indi-
vidual with genotype i plays another type i individual with probability r+ (1 — r)f;, and plays an op-
ponent of type j # i with probability (1 —r)f;, where f; and f; are the frequencies of genotypes i and j
in the population. In the continuous strategies model, genotypes i and j will be a resident genotype
close to fixation and a mutant genotype at low frequency, since our equilibrium analysis will concen-
trate on finding genotypes that cannot be invaded by ‘nearby’ mutants. We again restrict attention to
re [0, 1]. Note that assortment takes place at the genotype level, and when two players have the same
genotype this means that they share the same values for x and y. However, at the time of the inter-
action, their phenotypes are already determined as eavesdropper, hawk or dove, and the two players
may or may not share the same phenotype. Additionally — just as in the discrete model — two eaves-
droppers may or may not play the same action against one another.

To analyse our eavesdropping model when we have continuous strategies, we use evolutionary

70,136,137

invasion analysis'#°, also known as adaptive dynamics . This assumes homogeneous popula-

tions, rare mutants and small phenotypic effects from mutations. It allows us to investigate whether
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a mutant is able to invade a monomorphic population with a slightly different genotype and go to
fixation. If mutations are small, and rare relative to the time to fixation, the genotype making up the
population can move around the genotype space over time via a large number of small evolutionary
steps. We thus seek the evolutionary attractors for our genotype space 70,136,137,

As for the discrete strategies model, we start with expressions for the probability that a player has

won its last encounter as a function of the resident’s genotype, and use these to construct expressions

for the expected fitness of a resident and a mutant as

Wies = WE,resxres + WH,res(1 - xres)yres + WD,res(1 - xres) (1 _yres) (D13)

and

Winut = WE,mutxmut + WH,mut(l - xmut)ymut + WD,mut(]- - xmut) (1 _ymut) (Dl4)

respectively. The fitnesses Wg put) Wi, muty and Wp e are all functions of relatedness r, as a mutant will
either interact with an individual of its own genotype (with probability r) or with an individual with
the resident genotype (with probability (1 —r), since the resident genotype is assumed to be at fixa-
tion when the mutant appears). The relative fitness W of a mutant is the difference between the mu-
tant’s fitness and the weighted average fitness of the population, i.e. W= W — (Wt + (1 —5)Wyes ),
where s is the frequency of the mutant in the population. To assess the susceptibility of genotypes

to invasion by mutants, we assume that the mutant is rare (i.e. s — 0), and so W simplifies to W ~
Wput — Wres. We can then use this to derive the selection gradients, W, and W), and find equilibrium

values of x; and y; by solving the first order conditions:

W, = w =0 (D.15)

-
ox
mut Xmut =Xres yYmut =Yres
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and

ow
w, =

=0. (D.16)

- OYmut Xt =2Xres Ymut =Yres
forx€[0,1] and y € [0, 1], which provides the parameters for the equilibrium genotype. This ap-
proach assumes a homogeneous population (where mutants are at a negligible density relative to
resident individuals), that mutants with a positive invasion fitness (that is, those that do better than
the resident strategy) will successfully invade and be driven to fixation, and that mutation occurs

in small steps, with x,,,,; and y,,,,+ deviating only slightly from x,.; and y,; 70,136,137 This model thus
differs conceptually from the discrete strategies model, in which the population was genotypically
heterogeneous at equilibrium.

Without population structure (r = 0), there is a single equilibrium genotype that gives rise to
eavesdropper, hawk and dove phenotypes in accordance with parameters x* = 8v(c—v)/(c* + 8cv)
and y* = v(c+ 8v)/(c* + 8v*). These phenotype frequencies match the genotype frequencies of both
our discrete strategies model and Johnstone’s eavesdropping model '®.

Our results differ, however, when we incorporate relatedness into the population (i.e. r > 0). As
relatedness increases, the equilibrium genotype parameter y* falls, since avoiding escalated conflicts
by playing dove is always more favourable when interactions with relatives become more common. If
the value of the resource v is sufficiently high compared to the cost of fighting c, then the equilibrium
eavesdropping frequency x* peaks at intermediate levels of relatedness before dropping to 0 when
relatedness reaches 1 (Figure D.2). Unlike the discrete strategies model, however, eavesdropping
never goes to fixation. The peak frequency of eavesdropping occurs at lower relatedness the smaller is
v/c; if v/c is sufficiently small then the frequency of eavesdropping decreases monotonically to 0 as r
increases (Figure D.3).

When eavesdroppers make errors in determining the outcomes of their adversaries’ prior encoun-

ters, we find that the equilibrium frequency of eavesdropping peaks at a lower level of relatedness
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compared to error-free eavesdropping or, if v/c is small, is lower at all values of r. As with the discrete
strategies model, we model these errors by introducing an ‘accuracy’ parameter a € [0.5, 1], describ-
ing the probability that an eavesdropper correctly perceives an adversary’s prior outcome (formal
results not shown but available from the authors on request). The equilibrium frequency of eaves-
droppers may actually increase with eavesdropping errors when relatedness is low and v/c high, since
errors cause eavesdroppers to avoid some escalated fights against other eavesdroppers, and this is
favourable. The frequencies of both individual aggression and escalated conflict are always higher in
the eavesdropping model than in the model without eavesdropping (Figure D.4), but the frequency
of escalated conflict is less than would be expected from simply squaring the frequency of individual
aggression. As eavesdropping errors increase (i.e. a approaches 0.5), aggression and escalated conflict
converge to the same level as observed in the model without eavesdropping, although eavesdropping

still takes place in equilibrium.

D.4 Di1SCUSSION

Although players cannot distinguish kin from non-kin directly in our model, nor accurately predict
what action an opponent will choose in a future encounter, eavesdropping provides scope for a con-
ditional response such that hawk is played against opponents that are on average comparatively likely
to play dove, and vice versa.

Our models show that eavesdropping is most successful at intermediate levels of relatedness. By
contrast, at high relatedness, individuals maximise their inclusive fitness by always playing dove,
which consequently goes to fixation. This is similar to the basic hawk-dove game, in the absence of
eavesdropping, in which doves also go to fixation if relatedness is high - i.e. if r = v/(v+ ¢) under dis-
crete strategies, and if r = 1 under continuous strategies 2. It also echoes the classic result in the gen-

eral 2 x 2 game where the broad pattern of a stable polymorphism at intermediate relatedness and a
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monomorphic equilibrium at high relatedness is associated with negatively additive payoffs7>!21:168,

The formal extension of that result to our models may be useful in placing eavesdropping in the con-
text of more general 3 x 3 games, but is complicated by the presence of three actions rather than two,
and the fact that payoffs are themselves a function of population frequencies (via the probability of
winning a previous encounter).

In our models, eavesdropping yields no useful information at high relatedness, since eavesdroppers
essentially face a uniform population of adversaries whose members are otherwise interacting only
with each other: eavesdropping relatives in the discrete strategies case, or doves in the continuous
strategies case. Consequently, rare eavesdroppers play hawk and dove with equal probability but their
choice in any encounter is uncorrelated with their opponent’s choice in that encounter. They fare
strictly worse than doves under discrete strategies because they sometimes bear the cost of fighting in
escalated conflicts, and are unable to increase in frequency under continuous strategies for the same
reason. At low relatedness, negative frequency dependent selection means that neither eavesdrop-

90 in which relatedness is zero. A

pers, hawks nor doves can go to fixation, consistent with Johnstone
resident population of hawks can be invaded by either doves or eavesdroppers; doves can be invaded
by either eavesdroppers or hawks; and eavesdroppers can also be invaded by hawks (and by doves,
but only when the relative cost of fighting is high, specifically v/c < 4).

Interacting with relatives relaxes the frequency dependence that maintains all three strategies in
equilibrium with zero relatedness. Although this result is borne out qualitatively in both the discrete-
and continuous strategies models, the equilibria of the two models differ when relatedness is posi-
tive. For example, the discrete strategies model allows eavesdroppers or doves to go to fixation given
suitable model parameters; under the continuous strategies model eavesdroppers never go to fixa-

tion, and doves only become fixed at r = 1. This contrasts with the case where there is no relatedness

(ie. r=0), in which the genotype frequencies under discrete strategies are the same as the respective
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probabilities under continuous strategies, and eavesdropping never goes to fixation'°. This diver-
gence between discrete and continuous models in structured populations is also a known feature of
the hawk-dove game without eavesdropping ’2.

The equilibrium frequency of eavesdropping may be regarded as a measure of the value of eaves-
dropping for a given set of model parameters. This differs from the usual measure of the value of
eavesdropping, which is the selection gradient given model parameters and genotype frequencies —
that is, the fitness of an eavesdropping player relative to hawks or doves under discrete strategies or, in
the case of continuous strategies, the change in genotype fitness from a small increase in the propor-
tion of eavesdropping progeny. The selection gradient varies with the frequencies of eavesdroppers,
hawks and doves, and also with v/c and . When the gradient is positive, selection favours an increase
in the frequency of eavesdropping which tends to erode the value of eavesdropping, since eavesdrop-

ping opponents are comparatively unpredictable '

. However, the selection gradient will be zero at
any equilibrium where eavesdroppers attain frequency strictly between zero and one. It is therefore
useful for examining the evolutionary dynamics of eavesdropping, but less helpful for comparing the
adaptive value of eavesdropping between different biological settings as captured by parameters v/c
and r in our models. The equilibrium frequency of eavesdroppers, on the other hand, is useful for this
purpose.

The value of eavesdropping as measured by the selection gradient is closely related to the value of
information in our model 2%, The value of eavesdropping is the benefit of observing a simple so-
cial cue and responding in a specified way - i.e. play hawk (dove) against perceived losers (winners)
— which may be positive or negative. In contrast, the value of information is the net fitness benefit
from responding optimally once observations have reduced prior uncertainty, and is always non-

negative '*3. The value of eavesdropping is non-negative and equivalent to the value of information if

the outcome of fights is a sufficiently reliable predictor of opponents’ future actions that it is optimal

186



to play hawk (dove) against perceived losers (winners). But if the outcomes of fights are sufficiently
misinformative about the likelihood of an opponent playing hawk or dove in subsequent fights, the
optimal response to the social cue may be either to play hawk or to play dove unconditionally — in
other words, to ignore the social cue. In this case, the value of information is zero, since receiving

the cue changes neither choice of action nor outcome. But the value of eavesdropping is negative,
since the response conditioned on the social cue yields lower fitness than the best unconditional re-
sponse that could be employed without such cue. The value of eavesdropping may be negative (and
the value of information zero) when cues fail to reduce prior uncertainty sufficiently (are too unin-
formative) about whether a current opponent won or lost in a previous round, and/or when knowing
this fails to improve payofts from current and future bouts.

The value of eavesdropping (and, correspondingly, the value of information), involves a number of
components. Firstly, an immediate direct fitness effect from altering the player’s payoff in the current
round, by enabling the player to distinguish (albeit imperfectly) opponents who are more likely to
play hawk from those who are more likely to play dove. The size of this effect is determined by the fre-
quencies of eavesdroppers, hawks and doves, the relative payoffs (influencing the value of any avail-
able information) which are functions of v/c, as well as the probabilities that each type won its last
encounter, since these affect the average ability of an eavesdropping player to predict whether an op-
ponent will play hawk or dove (the availability of information). Secondly, a fitness effect arising from
a mutant effectively facing a different population of opponents than a resident (impacting both value
and availability of information). Thirdly, an accumulation of effects in future rounds because an in-
creased probability of winning this round also implies an increased probability of winning against an
eavesdropper in the next round, since an eavesdropper plays dove if it perceives that its opponent won
its last encounter. The net result of all these effects is captured in the relative fitness functions for the

different genotypes.
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Our models highlight the potential for relatedness to enhance selection for eavesdropping. The
relatedness parameter r describes the probability of interacting with a similar partner in a given in-
teraction, relative to chance. While we have not specified how such relatedness arises, the mecha-
nisms invoked in the kin selection literature usually involve either kin recognition or limited disper-
sal 567677173 Our r is best interpreted as arising from limited dispersal, since we only model interac-
tions with a single level of relatedness. Many species face dispersal limitations, which may help sup-
press conflict by increasing the relatedness of opponents; however, this effect may be negated to the
extent that relatives also compete to reproduce or for other resources>**?>%225, We have chosen to
keep our model simple, and thus assume that any resource competition is relatively global (i.e. non-
dispersal limited) compared to the conflict stage captured by our game. Such global competition,
with local social interactions, would likely be found in, for example, interactions between nestmates
or between young raised on a territory, prior to dispersal and competition for mates or territories**°.

Our models, in which direct assessment of relatedness or strategy is unavailable, predict that eaves-
dropping will be most favoured at intermediate levels of population structure. More generally, our
results highlight the importance of explicitly considering genetic relatedness in addition to the nature
and extent of social interactions when exploring the evolution of cognitive abilities. (While more de-
manding behaviours can easily be found - for example among corvids and primates — eavesdropping
likely represents a significant cognitive challenge, at a minimum requiring recognition of individu-
als and the capacity to process and remember past observations of those individuals.) We suggest
that our predictions can be tested directly. Earley and Dugatkin*> have already demonstrated eaves-
dropping in the green swordtail Xiphophorus helleri. One test of our model would be to repeat the
same experimental protocol with X. helleri but to vary the degree of relatedness among each trio of
lab-raised fish. An alternative test would be to select several Xiphophorus species that exhibit different

degrees of population structure and to repeat the same experimental protocol across those species.
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More indirect evidence might come from examining brain size or cognitive capacity as a function of
population structure for each species, since some authors have argued that larger brains evolved in

part to process the demands of living in a highly social environment 368231,

189



REFERENCES

[1]

[9]

[10]

Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, L. J., Eberhardt, U., Erland, S.,
Hoiland, K., Kjeller, R., Larsson, E., Pennanen, T., Sen, R., Taylor, A. F,, Tedersoo, L., Ursing,
B. M, Vralstad, T., Liimatainen, K., Peintner, U., & Kéljalg, U. (2010). The UNITE database
for molecular identification of fungi — recent updates and future perspectives. New Phytologist,
186(2),281-5.

Agassiz, D. ]. & Aarvik, L. (2014). New Tortricidae (Lepidoptera) from East Africa with an
account of the tortricid fauna of acacia in the Kenyan Rift Valley. Zootaxa, 3861, 369-97.

Agassiz, D.]. L. (2011). The Lepidoptera of Acacia domatia in Kenya, with description of two
new genera and six new species. Journal of Natural History, 45(29-30), 1867-1893.

Agassiz, D. ]. L. & Harper, D. M. (2009). The macrolepidoptera fauna of Acacia in the Kenyan
Rift Valley (Part 1). Tropical Lepidoptera Research, 19(1), 4-8.

Agrawal, A. A. (2000). Overcompensation of plants in response to herbivory and the by-
product benefits of mutualism. Trends in Plant Science, 5(7), 309-313.

Als, T. D, Vila, R., Kandul, N. P,, Nash, D. R., Yen, S.-H., Hsu, Y.-F,, Mignault, A. A.,
Boomsma, J. J., & Pierce, N. E. (2004). The evolution of alternative parasitic life histories
in large blue butterflies. Nature, 432(7015), 386-390.

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance.
Austral Ecology, 26(1), 32-46.

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate dispersions.
Biometrics, 62,245-253.

Anderson, M. J., Ellingsen, K. E., & McArdle, B. H. (2006). Multivariate dispersion as a mea-
sure of beta diversity. Ecology Letters, 9(6), 683-93.

Baddeley, A. & Turner, R. (2005). spatstat: an R package for analyzing spatial point patterns.
Journal of Statistical Software, 12(6), 1-42.

190



[11]

[15]

[16]

[17]

[21]

[22]

Badeck, F.-W.,, Tcherkez, G., Nogués, S., Piel, C., & Ghashghaie, J. (2005).  Post-
photosynthetic fractionation of stable carbon isotopes between plant organs — a widespread

phenomenon. Rapid Communications in Mass Spectrometry, 19(11), 1381-1391.
Bailey, I. W. (1920). Some relations between ants and fungi. Ecology, 1(3), 174-189.

Barbero, F, Thomas, J. A., Bonelli, S., Balletto, E., & Schonrogge, K. (2009). Queen ants make
distinctive sounds that are mimicked by a butterfly social parasite. Science, 323(5915), 782-S.

Beattie, A. J. (1985). The Evolutionary Ecology of Ant-plant Mutualisms. Cambridge Studies in
Ecology. Cambridge: Cambridge University Press.

Bent, E. & Taylor, D. L. (2010). Direct amplification of DNA from fresh and preserved ecto-
mycorrhizal root tips. Journal of Microbiological Methods, 80(2), 206-208.

Bhatkar, A. & Whitcomb, W. (1970). Artificial diet for rearing various species of ants. The
Florida Entomologist, 53(4), 229-232.

Billen, J. & Buschinger, A. (2000). Morphology and ultrastructure of a specialized bacterial
pouch in the digestive tract of Tetraponera ants (Formicidae, Pseudomyrmecinae). Arthropod
Structure & Development, 29(3), 259-266.

Billings, W. D. & Godfrey, P.]J. (1967). Photosynthetic utilization of internal carbon dioxide
by hollow-stemmed plants. Science, 158(3797), 121-123.

Blaalid, R., Kumar, S., Nilsson, R. H., Abarenkov, K., Kirk, P. M., & Kauserud, H. (2013).
ITS1 versus ITS2 as DNA metabarcodes for fungi. Molecular Ecology Resources, 13(2), 218~
224.

Blatrix, R., Djiéto-Lordon, C., Mondolot, L., La Fisca, P., Voglmayr, H., & McKey, D. (2012).
Plant-ants use symbiotic fungi as a food source: new insight into the nutritional ecology of

ant-plant interactions. Proceedings of the Royal Society B, 279, 3940-3947.

Bliithgen, N., Menzel, F., & Bliithgen, N. (2006). Measuring specialization in species interac-
tion networks. BMC Ecology, 6, 9.

Bliithgen, N., Gebauer, G., & Fiedler, K. (2003). Disentangling a rainforest food web using
stable isotopes: dietary diversity in a species-rich ant community. Oecologia, 137(3), 426~
43S.

191



[23]

[24]

[32]

Boege, K. & Marquis, R. J. (2005). Facing herbivory as you grow up: the ontogeny of resis-
tance in plants. Trends in Ecology & Evolution, 20(8), 441-448.

Boulton, A. M. & Amberman, K. D. (2006). How ant nests increase soil biota richness and
abundance: a field experiment. In D. L. Hawksworth & A. T. Bull (Eds.), Arthropod Diversity
and Conservation, volume 1 of Topics in Biodiversity and Conservation Chapter S, (pp. 55-68).
Springer Netherlands.

Bray, J. R. & Curtis, J. T. (1957). An ordination of the upland forest communities of southern
Wisconsin. Ecological Monographs, 27(4), 325-349.

Briffa, M. & Sneddon, L. U. (2010). Contest behavior. In D. F. Westneat & C. W. Fox (Eds.),
Evolutionary Behavioral Ecology Chapter 15, (pp. 246-265). New York: Oxford University

Press.

Bronstein, J. L. (1998). The contribution of ant plant protection studies to our understanding
of mutualism. Biotropica, 30(2), 150-161.

Bronstein, J. L., Alarcon, R., & Geber, M. (2006). The evolution of plant-insect mutualisms.
New Phytologist, 172(3), 412-428.

Brouat, C., Garcia, N., Andary, C., & McKey, D. (2001). Plant lock and ant key: pairwise
coevolution of an exclusion filter in an ant-plant mutualism. Proceedings of the Royal Society B,
268(1481),2131-2141.

Brouat, C., McKey, D., Bessiére, J.-M., Pascal, L., & Hossaert-McKey, M. (2000). Leaf volatile
compounds and the distribution of ant patrolling in an ant-plant protection mutualism: Pre-
liminary results on Leonardoxa (Fabaceae: Caesalpinioideae) and Petalomyrmex (Formicidae:
Formicinae). Acta Oecologica, 21(6), 349-357.

Buckley, R. & Gullan, P. (1991). More aggressive ant species (Hymenoptera: Formicidae)
provide better protection for soft scales and mealybugs (Homoptera: Coccidae, Pseudococci-
dae). Biotropica, 23(3), 282-286.

Caporaso, J. G., Kuczynski, J., Stombaugh, ., Bittinger, K., Bushman, F. D., Costello, E. K.,
Fierer, N., Pena, A. G., Goodrich, J. K., Gordon, J. L, Huttley, G. A., Kelley, S. T., Knights, D.,
Koenig, J. E., Ley, R. E., Lozupone, C. A., McDonald, D., Muegge, B. D., Pirrung, M., Reeder,
J., Sevinsky, J. R., Tumbaugh, P. J., Walters, W. A., Widmann, ]., Yatsunenko, T., Zaneveld, J., &

192



[38]

[39]

[40]

Knight, R. (2010). QIIME allows analysis of high-throughput community sequencing data.
Nature Methods, 7(5), 335-336.

Chamberlain, S. A. & Holland, J. N. (2009). Quantitative synthesis of context dependency in
ant-plant protection mutualisms. Ecology, 90(9), 2384-2392.

Chomicki, G. & Renner, S. S. (2015). Phylogenetics and molecular clocks reveal the repeated
evolution of ant-plants after the late Miocene in Africa and the early Miocene in Australasia
and the Neotropics. New Phytologist, 207(2), 411-424.

Codron, J., Codron, D., Lee-Thorp, J. A., Sponheimer, M., Bond, W. J., de Ruiter, D., & Grant,
R. (2005). Taxonomic, anatomical, and spatio-temporal variations in the stable carbon and
nitrogen isotopic compositions of plants from an African savanna. Journal of Archaeological
Science, 32(12), 1757-1772.

Currie, C. R. & Stuart, A. E. (2001). Weeding and grooming of pathogens in agriculture by
ants. Proceedings of the Royal Society B, 268(1471), 1033-1039.

Dall, S. R. X., Giraldeau, L.-A., Olsson, O., McNamara, J. M., & Stephens, D. W. (2005). In-
formation and its use by animals in evolutionary ecology. Trends in Ecology & Evolution,
20(4), 187-193.

Danchin, E., Giraldeau, L. A., Valone, T. J., & Wagner, R. H. (2004). Public information: from
nosy neighbors to cultural evolution. Science, 305(5683), 487-91.

Davidson, D. & McKey, D. (1993). The evolutionary ecology of symbiotic ant-plant relation-
ships. Journal of Hymenoptera Research, 2(1), 13-93.

Davidson, D. W,, Cook, S. C., Snelling, R. R., & Chua, T. H. (2003). Explaining the abun-
dance of ants in lowland tropical rainforest canopies. Science, 300(5621), 969-972.

Davidson, D. W,, Longino, J. T, & Snelling, R. R. (1988). Pruning of host plant neighbors by
ants: an experimental approach. Ecology, 69(3), 801-808.

Dawkins, R. (1982). The extended phenotype : the gene as the unit of selection. Oxford: Freeman.

De Céceres, M. & Legendre, P. (2009). Associations between species and groups of sites:
indices and statistical inference. Ecology, 90(12), 3566-3574.

193



[44]

[55]

Defossez, E., Djiéto-Lordon, C., McKey, D., Selosse, M.-A., & Blatrix, R. (2010). Plant-ants
feed their host plant, but above all a fungal symbiont to recycle nitrogen. Proceedings of the
Royal Society B, 278(1710), 1419-26.

Defossez, E., Selosse, M. A., Dubois, M. P., Mondolot, L., Faccio, A., Djieto-Lordon, C.,
McKey, D., & Blatrix, R. (2009). Ant-plants and fungi: a new threeway symbiosis. New
Phytologist, 182(4), 942-949.

Dharani, N. (2006). Field Guide to Acacias of East Africa. Cape Town, South Africa: Struik
Publishers.

Doebeli, M. & Hauert, C. (2005). Models of cooperation based on the prisoner’s dilemma
and the snowdrift game. Ecology Letters, 8(7), 748-766.

Dormann, C., Gruber, B, & Fruend, J. (2008). Introducing the bipartite package: analysing
ecological networks. R News, 8(2), 8-11.

Dufréne, M. & Legendre, P. (1997). Species assemblages and indicator species: the need for a
flexible asymmetrical approach. Ecological Monographs, 67(3), 345-366.

Dunbar, R. (1998). The social brain hypothesis. Evolutionary Anthropology, 6(S), 178-190.

Dyer, L. A. & Letourneau, D. K. (1999). Trophic cascades in a complex terrestrial community.
Proceedings of the National Academy of Sciences, 96(9), 5072-5076.

Earley, R. & Dugatkin, L. (2002). Eavesdropping on visual cues in green swordtail (Xiphopho-
rus helleri) fights: a case for networking. Proceedings of the Royal Society of London Series B,
269, 943-952.

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinfor-
matics, 26(19), 2460-2461.

Eilmus, S. & Heil, M. (2009). Bacterial associates of arboreal ants and their putative functions
in an obligate ant-plant mutualism. Applied and Environmental Microbiology, 75(13), 4324~
4332.

Eisner, T. & Happ, G. M. (1962). The infrabuccal pocket of a formicine ant: a social filtration
device. Psyche, 69, 107-116.

194



[56]

[60]

Eshel, I. & Cavalli-Sforza, L. L. (1982). Assortment of encounters and evolution of coopera-
tiveness. Proceedings of the National Academy of Sciences, 79(4), 1331-S.

Ferndndez-Marin, H., Zimmerman, J. K., Rehner, S. A., & Wcislo, W. T. (2006). Active use of
the metapleural glands by ants in controlling fungal infection. Proceedings of the Royal Society
B,273(1594), 1689-1695.

Fiedler, K. & Maschwitz, U. (1989). The symbiosis between the weaver ant, Oecophylla
smaragdina, and Anthene emolus, an obligate myrmecophilous lycaenid butterfly. Journal of
Natural History, 23(4), 833-846.

Fischer, R. C., Wanek, W,, Richter, A., & Mayer, V. (2003). Do ants feed plants? a >N la-
belling study of nitrogen fluxes from ants to plants in the mutualism of Pheidole and Piper.
Journal of Ecology, 91(1), 126-134.

Floren, A., Biun, A., & Linsenmair, K. E. (2002). Arboreal ants as key predators in tropical
lowland rainforest trees. Oecologia, 131(1), 137-144.

Folmer, O., Black, M., Hoeh, W,, Lutz, R., & Vrijenhoek, R. (1994). DNA primers for amplifi-
cation of mitochondrial cytochrome ¢ oxidase subunit I from diverse metazoan invertebrates.

Molecular Marine Biology and Biotechnology, 3(5), 294-9.

Fox-Dobbs, K., Doak, D. F,, Brody, A. K., & Palmer, T. M. (2010). Termites create spatial
structure and govern ecosystem function by affecting N, fixation in an East African savanna.
Ecology, 91(5), 1296-1307.

Gannes, L. Z., O’Brien, D. M., & Martinez del Rio, C. (1997). Stable isotopes in animal ecol-
ogy: assumptions, caveats, and a call for more laboratory experiments. Ecology, 78(4), 1271~
1276.

Gardes, M. & Bruns, T. D. (1993). ITS primers with enhanced specificity for basidiomycetes
— application to the identification of mycorrhizae and rusts. Molecular Ecology, 2(2), 113-118.

Gardner, A. & West, S. A. (2004). Spite and the scale of competition. Journal of Evolutionary
Biology, 17(6), 1195-1203.

Gardner, A., West, S. A., & Barton, N. H. (2007). The relation between multilocus population
genetics and social evolution theory. The American Naturalist, 169(2), 207-226.

195



[67]

Gaume, L., McKey, D., & Anstett, M.-C. (1997). Benefits conferred by “timid” ants: ac-
tive anti-herbivore protection of the rainforest tree Leonardoxa africana by the minute ant
Petalomyrmex phylax. Oecologia, 112(2),209-216.

Gavrilets, S. & Vose, A. (2006). The dynamics of machiavellian intelligence. Proceedings of the
National Academy of Sciences, 103(45), 16823-16828.

GBIF (2015). GBIF occurrence download, 11 August 20185, doi:10.15468/dLsrrycw.

Geritz, S. A. H,, Kisdi, E., Meszena, G., & Metz, J. A.]J. (1998). Evolutionarily singular strate-
gies and the adaptive growth and branching of the evolutionary tree. Evolutionary Ecology,
12(1),35-57.

Gotelli, N.]. (2000). Null model analysis of species co-occurrence patterns. Ecology, 81(9),
2606-2621.

Grafen, A. (1979). The hawk-dove game played between relatives. Animal Behaviour, 27(3),
905-907.

Gomez-Acevedo, S., Rico-Arce, L., Delgado-Salinas, A., Magallén, S., & Eguiarte, L. E.
(2010). Neotropical mutualism between Acacia and Pseudomyrmex: phylogeny and diver-

gence times. Molecular Phylogenetics and Evolution, 56(1), 393-408.

Hamilton, W. (1971). Selection of selfish and altruistic behaviour in some extreme models.
InJ. Eisenberg & W. Dillon (Eds.), Man and Beast: Comparative Social Behavior (pp. 57-91).
Washington DC: Smithsonian Press.

Hamilton, W. (1975). Innate social aptitudes of man: an approach from evolutionary genet-
ics. In R. Fox (Ed.), Biosocial Anthropology (pp. 133-155). New York: Wiley.

Hamilton, W. D. (1964a). The genetical evolution of social behaviour. L. Journal of Theoretical
Biology, 7(1), 1-16.

Hamilton, W. D. (1964b). The genetical evolution of social behaviour. II. Journal of Theoretical
Biology, 7(1), 17-52.

Hawksworth, D. L. (2001). The magnitude of fungal diversity: the 1.5 million species esti-
mate revisited. Mycological Research, 105, 1422-1432.

196



[79]

[80]

[81]

Heaton, T. H. E. (1999). Spatial, species, and temporal variations in the **C/*2C ratios of C3
plants: implications for palaeodiet studies. Journal of Archaeological Science, 26(6), 637-649.

Hebert, P. D. N., Cywinska, A., Ball, S. L., & deWaard, J. R. (2003). Biological identifications
through DNA barcodes. Proceedings of the Royal Society B, 270(1512), 313-321.

Heil, M., Fiala, B., Kaiser, W, & Linsenmair, K. (1998). Chemical contents of Macaranga food
bodies: adaptations to their role in ant attraction and nutrition. Functional Ecology, 12(1),
117-122.

Heil, M., Gonzalez-Teuber, M., Clement, L. W.,, Kautz, S., Verhaagh, M., & Bueno, J. C. S.
(2009). Divergent investment strategies of Acacia myrmecophytes and the coexistence of mu-
tualists and exploiters. Proceedings of the National Academy of Sciences, 106(43), 18091-18096.

Heil, M. & McKey, D. (2003). Protective ant-plant interactions as model systems in ecological
and evolutionary research. Annual Review of Ecology, Evolution, and Systematics, 34, 425-453.

Heil, M., Orona-Tamayo, D., Eilmus, S., Kautz, S., & Gonzalez-Teuber, M. (2010). Chemical

communication and coevolution in an ant-plant mutualism. Chemoecology, 20(2), 63-74.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (200S). Very high reso-
lution interpolated climate surfaces for global land areas. International Journal of Climatology,
25(15), 1965-1978.

Hirshleifer, J. & Riley, J. G. (1992). The analytics of uncertainty and information. Cambridge

surveys of economic literature. Cambridge ; New York: Cambridge University Press.

Hobbie, E. A., Sanchez, F. S., & Rygiewicz, P. T. (2004). Carbon use, nitrogen use, and iso-
topic fractionation of ectomycorrhizal and saprotrophic fungi in natural abundance and *C-
labelled cultures. Mycological Research, 108(07), 725-736.

Hocking, B. (1970). Insect associations with the swollen thorn acacias. Transactions of the
Royal Entomological Society of London, 122(7), 211-255.

Hofbauer, J. & Sigmund, K. (1998). Evolutionary games and population dynamics. Cambridge:
Cambridge University Press.

Holldobler, B. & Wilson, E. O. (1990). The Ants. Cambridge, Massachusetts: Belknap Press of

Harvard University Press.

197



[91] Horvitz, C. C. & Schemske, D. W. (1990). Spatiotemporal variation in insect mutualists of a
neotropical herb. Ecology, 71(3), 1085-1097.

[92] Hughes, D. P, Pierce, N. E., & Boomsma, J. J. (2008). Social insect symbionts: evolution in
homeostatic fortresses. Trends in Ecology and Evolution, 23(12), 672-677.

[93] Hughes, J. B. & Hellmann, J. J. (2005). The application of rarefaction techniques to molecular
inventories of microbial diversity. Methods in Enzymology, 397,292-308.

[94] Huntzinger, M., Karban, R., Young, T. P., & Palmer, T. M. (2004). Relaxation of induced
indirect defenses of acacias following exclusion of mammalian herbivores. Ecology, 85(3),
609-614.

[95] Inui, Y, Itioka, T., Murase, K., Yamaoka, R., & Itino, T. (2001). Chemical recognition of part-
ner plant species by foundress ant queens in Macaranga—Crematogaster myrmecophytism.
Journal of Chemical Ecology, 27(10), 2029-2040.

[96] Isbell, L. A. & Young, T. P. (2007). Interspecific and temporal variation of ant species within
Acacia drepanolobium ant domatia, a staple food of patas monkeys (Erythrocebus patas) in
Laikipia, Kenya. American Journal of Primatology, 69(12), 1387-1398.

[97] Jackson, T. H. E. (1937). The early stages of some African Lycaenidae (Lepidoptera), with an
account of the larval habits. Transactions of the Royal Entomological Society of London, 86(12),
201-237.

[98] Janzen, D.H. (1985). The natural history of mutualisms. In D. Boucher (Ed.), The Biology of
Mutualism (pp. 40-99). New York: Oxford University Press.

[99] Jeffries, M. J. & Lawton, J. H. (1984). Enemy free space and the structure of ecological com-
munities. Biological Journal of the Linnean Society, 23(4), 269-286.

[100] Johnstone, R. A. (2001). Eavesdropping and animal conflict. Proceedings of the National
Academy of Sciences, 98(16), 9177-9180.

[101] Johnstone, R. A. & Dall, S. R. X. (2002). Information and adaptive behaviour — introduc-
tion. Philosophical Transactions of the Royal Society of London B Biological Sciences, 357(1427),
1515-1518.

198



[102] Jones,]J. C. & Oldroyd, B. P. (2007). Nest thermoregulation in social insects. Advances in

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Insect Physiology, 33, 153-191.

Kaéljalg, U,, Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F.,, Bahram, M., Bates, S. T,
Bruns, T. D., Bengtsson-Palme, ]., Callaghan, T. M., Douglas, B., Drenkhan, T., Eberhardt, U.,
Duenas, M., Grebenc, T., Griffith, G. W,, Hartmann, M., Kirk, P. M., Kohout, P,, Larsson, E.,
Lindahl, B. D, Lucking, R., Martin, M. P., Matheny, P. B., Nguyen, N. H., Niskanen, T., Oja, J.,
Peay, K. G., Peintner, U., Peterson, M., Poldmaa, K., Saag, L., Saar, L, Schussler, A., Scott, J. A.,
Senes, C., Smith, M. E., Suija, A., Taylor, D. L., Telleria, M. T., Weiss, M., & Larsson, K. H.
(2013). Towards a unified paradigm for sequence-based identification of fungi. Molecular
Ecology, 22(21), 5271-7.

Kautz, S., Lumbsch, H. T., Ward, P. S., & Heil, M. (2009). How to prevent cheating: a di-
gestive specialization ties mutualistic plant-ants to their ant-plant partners. Evolution, 63(4),
839-53.

King, E. G. & Caylor, K. K. (2010). Herbivores and mutualistic ants interact to modify tree
photosynthesis. New Phytologist, 187(1), 18-21.

Kistner, D. (1982). The social insects’ bestiary. In H. Hermann (Ed.), Social Insects, volume 3
(pp- 1-244). Academic Press.

Kriiger, O. & McGavin, G. C. (1997). The insect fauna of Acacia species in Mkomazi Game
Reserve north-east Tanzania. Ecological Entomology, 22, 440-444.

Kuria, S. (2006). The role of ants in structuring insect communities on the canopies of Senegalia

drepanolobium near Laikipia, Kenya. PhD thesis, Rhodes University.

Kuria, S. & Villet, M. (2012). The role of ants and mammalian herbivores on the structure
and composition of insect communities found on canopies of Acacia drepanolobium. African
Journal of Agricultural Research, 7(38), 5317-5331.

Kyalangalilwa, B., Boatwright, J. S., Daru, B. H., Maurin, O., & Van der Bank, M. (2013). Phy-
logenetic position and revised classification of Acacia s.l. (Fabaceae: Mimosoideae) in Africa,
including new combinations in Vachellia and Senegalia. Botanical Journal of the Linnean Society,
172, 500-523.

199



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Lane, P. W,, Lindenmayer, D. B., Barton, P. S., Blanchard, W,, & Westgate, M. J. (2014). Vi-
sualization of species pairwise associations: a case study of surrogacy in bird assemblages.
Ecology and Evolution, 4(16), 3279-3289.

Lauber, C. L., Zhou, N., Gordon, J. I, Knight, R., & Fierer, N. (2010). Effect of storage condi-
tions on the assessment of bacterial community structure in soil and human-associated sam-
ples. FEMS Microbiology Letters, 307, 80—86.

Lehmann, L. & Keller, L. (2006). The evolution of cooperation and altruism — a general

framework and a classification of models. Journal of Evolutionary Biology, 19(S), 1365-76.

Letourneau, D. K. (1983). Passive aggression: an alternative hypothesis for the Piper-Pheidole
association. Oecologia, 60(1), 122-126.

Letourneau, D. K. (1990). Code of ant-plant mutualism broken by parasite. Science,
248(4952), 218.

Letourneau, D. K. (1998). Ants, stem-borers, and fungal pathogens: experimental tests of a
fitness advantage in Piper ant-plants. Ecology, 79(2), $93-603.

Liaw, A. & Wiener, M. (2002). Classification and regression by randomforest. R News, 2(3),
18-22.

Lozupone, C. & Knight, R. (2005). UniFrac: a new phylogenetic method for comparing
microbial communities. Applied and Environmental Microbiology, 71(12), 8228-35.

Madden, D. & Young, T. P. (1992). Symbiotic ants as an alternative defense against giraffe
herbivory in spinescent Acacia drepanolobium. Oecologia, 91(2),235-238.

Marazzi, B. & Sanderson, M. J. (2010). Large-scale patterns of diversification in the
widespread legume genus Senna and the evolutionary role of extrafloral nectaries. Evolution,
64(12),3570-3592.

Marshall, J. A. (2009). The donation game with roles played between relatives. Journal of
Theoretical Biology, 260(3), 386-391.

Marshall, J. D., Brooks, J. R., & Lajtha, K. (2008). Sources of Variation in the Stable Isotopic
Composition of Plants, (pp. 22-60). Blackwell Publishing Ltd.

200



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Martins, D. (2011). Multi-species Interactions in African Ant-Acacias. PhD thesis, Harvard

University.

Martins, D.J. (2010). Not all ants are equal: obligate Acacia ants provide different levels of
protection against mega-herbivores. African Journal of Ecology, 48(4), 1115-1122.

Martins, D. J., Collins, S. C., Congdon, C., & Pierce, N. E. (2013). Association between the
African lycaenid, Anthene usamba, and an obligate acacia ant, Crematogaster mimosae. Biologi-
cal Journal of the Linnean Society, 109(2), 302-312.

Mayer, V. E., Frederickson, M. E., McKey, D., & Blatrix, R. (2013). Current issues in the evo-
lutionary ecology of ant—plant symbioses. New Phytologist, 202, 749-764.

Maynard Smith, J. (1982). Evolution and the Theory of Games. Cambridge ; New York: Cam-
bridge University Press.

Maynard Smith, J. & Price, G. R. (1973). The logic of animal conflict. Nature, 246(5427),
15-18.

McCutchan, J. H., Lewis, W. M., Kendall, C., & McGrath, C. C. (2003). Variation in trophic
shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos, 102(2), 378-390.

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Loso, T., Douglas,
A.E., Dubilier, N., Eberl, G., Fukami, T,, Gilbert, S. F.,, Hentschel, U,, King, N., Kjelleberg, S.,
Knoll, A. H., Kremer, N., Mazmanian, S. K., Metcalf, J. L., Nealson, K., Pierce, N. E., Rawls,

J. E, Reid, A., Ruby, E. G., Rumpho, M., Sanders, J. G., Tautz, D., & Wernegreen, J. J. (2013).
Animals in a bacterial world, a new imperative for the life sciences. Proceedings of the National
Academy of Sciences, 110(9), 3229-3236.

McMurdie, P. J. (2014). biom: an interface package (beta) for the BIOM file format.

McMurdie, P. J. & Holmes, S. (2014). Waste not, want not: why rarefying microbiome data is
inadmissible. PLoS Computational Biology, 10(4), e1003531.

McNamara, J. M. & Dall, S. R. X. (2010). Information is a fitness enhancing resource. Oikos,
119(2),231-236.

201



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

Meehan, C. J., Olson, E. ], Reudink, M. W, Kyser, T. K., & Curry, R. L. (2009). Herbivory
in a spider through exploitation of an ant-plant mutualism. Current Biology, 19(19), R892—-
R893.

Meer, R. K. V. & Wojcik, D. P. (1982). Chemical mimicry in the myrmecophilous beetle
Myrmecaphodius excavaticollis. Science, 218(4574), 806-808.

Metz, J., Geritz, S., Meszéna, G., Jacobs, F., & van Heerwaarden, J. (1996). Adaptive dynam-
ics: a geometrical study of the consequences of nearly faithful reproduction. In S. J. van Strien
& M. Verduyn Lunel (Eds.), Stochastic and Spatial Structures of Dynamical Systems (pp. 183~
231). Amsterdam: North-Holland.

Metz, J., Nisbet, R., & Geritz, S. (1992). How should we define fitness for general ecological
scenarios? Trends in Ecology and Evolution, 7, 198-202.

Minagawa, M. & Wada, E. (1984). Stepwise enrichment of "*N along food chains — further
evidence and the relation between §**N and animal age. Geochimica et Cosmochimica Acta,
48(5), 1135-1140.

Mody, K. & Linsenmair, K. E. (2004). Plant-attracted ants affect arthropod community struc-
ture but not necessarily herbivory. Ecological Entomology, 29(2), 217-225.

Monod, T. & Schmitt, C. (1968). Contribution  I'étude des pseudo-galles formicaires chez
quelques Acacias africains. Bulletin de I'Institut Fondamental d’Afrique Noire — Série A, Sciences
Naturelles, 30,953-1012.

Nepel, M., Voglmayr, H., Schonenberger, J., & Mayer, V. E. (2014). High diversity and low
specificity of chaetothyrialean fungi in carton galleries in a neotropical ant-plant association.
PL0S ONE, 9(11), e112756.

Neuwirth, E. (2011). RColorBrewer: ColorBrewer palette: community ecology package.

Newbery, D. M. (1980). Interactions between the coccid, Icerya seychellarum (Westw.), and
its host tree species on Aldabra Atoll. Oecologia, 46(2), 171-179.

Nilsson, R. H., Veldre, V., Hartmann, M., Unterseher, M., Amend, A., Bergsten, J., Kristians-
son, E., Ryberg, M., Jumpponen, A., & Abarenkov, K. (2010). An open source software pack-
age for automated extraction of ITS1 and ITS2 from fungal ITS sequences for use in high-
throughput community assays and molecular ecology. Fungal Ecology, 3(4), 284-287.

202



[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

Nowak, M. A. & Sigmund, K. (1998). Evolution of indirect reciprocity by image scoring.
Nature, 393(6685), 573-577.

Nowak, M. A. & Sigmund, K. (2005). Evolution of indirect reciprocity. Nature, 437(7063),
1291-8.

Oi, D. H. & Pereira, R. M. (1993). Ant behavior and microbial pathogens (Hymenoptera,
Formicidae). Florida Entomologist, 76(1), 63-74.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B, Simpson,
G. L., Solymos, P, Stevens, M. H. H., & Wagner, H. (2013). vegan: community ecology pack-

age.

Otto, S. & Day, T. (2007). A Biologist's Guide to Mathematical Modeling in Ecology and Evolu-

tion. Princeton: Princeton University Press.

Ovaskainen, O., Hottola, J., & Siitonen, J. (2010). Modeling species co-occurrence by mul-
tivariate logistic regression generates new hypotheses on fungal interactions. Ecology, 91(9),
2514-2521.

Palmer, T, Young, T., & Stanton, M. (2002). Burning bridges: priority effects and the persis-
tence of a competitively subordinate acacia-ant in Laikipia, Kenya. Oecologia, 133(3), 372~
379.

Palmer, T. M. (2003). Spatial habitat heterogeneity influences competition and coexistence in
an African acacia ant guild. Ecology, 84(11), 2843-2855.

Palmer, T. M. (2004). Wars of attrition: colony size determines competitive outcomes in a
guild of African acacia ants. Animal Behaviour, 68, 993-1004.

Palmer, T. M. & Brody, A. K. (2007). Mutualism as reciprocal exploitation: African plant-ants
defend foliar but not reproductive structures. Ecology, 88(12), 3004-3011.

Palmer, T. M., Doak, D. E, Stanton, M. L., Bronstein, J. L., Kiers, E. T., Young, T. P., Goheen,
J-R., & Pringle, R. M. (2010). Synergy of multiple partners, including freeloaders, increases
host fitness in a multispecies mutualism. Proceedings of the National Academy of Sciences,
107(40), 17234-17239.

203



[156] Palmer, T. M., Stanton, M. L., & Young, T. P. (2003). Competition and coexistence: exploring
mechanisms that restrict and maintain diversity within mutualist guilds. American Naturalist,
162(4), S63-S79.

[157] Palmer, T. M,, Stanton, M. L., Young, T. P., Goheen, J. R., Pringle, R. M., & Karban, R. (2008).
Breakdown of an ant-plant mutualism follows the loss of large herbivores from an African
savanna. Science, 319(5860), 192-195.

[158] Palmer, T. M., Young, T. P, Stanton, M. L., & Wenk, E. (2000). Short-term dynamics of an
acacia ant community in Laikipia, Kenya. Oecologia, 123(3), 425-435.

[159] Parmentier, T., Dekoninck, W., & Wenseleers, T. (2015). Metapopulation processes affecting
diversity and distribution of myrmecophiles associated with red wood ants. Basic and Applied
Ecology, 16(6), 553-562.

[160] Pekér, S. & Kt4l, J. (2002). Mimicry complex in two central European zodariid spiders
(Araneae: Zodariidae): how Zodarion deceives ants. Biological Journal of the Linnean Society,
75(4), 517-532.

[161] Perez-Lachaud, G. & Lachaud, J. P. (2014). Arboreal ant colonies as ‘hot-points’ of cryp-
tic diversity for myrmecophiles: the weaver ant Camponotus sp. aff. textor and its interaction
network with its associates. PLoS One, 9(6), e100155.

[162] Pierce, N. E. & Young, W.R. (1986). Lycaenid butterflies and ants: two-species stable equi-
libria in mutualistic, commensal, and parasitic interactions. The American Naturalist, 128(2),
216-227.

[163] Pinto-Tomas, A. A., Anderson, M. A., Suen, G., Stevenson, D. M., Chu, F. S. T, Cleland,
W. W.,, Weimer, P. J., & Currie, C. R. (2009). Symbiotic nitrogen fixation in the fungus gar-
dens of leaf-cutter ants. Science, 326(5956), 1120-1123.

[164] Porter, T. M. & Golding, G. B. (2011). Are similarity- or phylogeny-based methods more
appropriate for classifying internal transcribed spacer (ITS) metagenomic amplicons? The
New Phytologist, 192(3), 775-82.

[165] Pringle, E. G., Dirzo, R., & Gordon, D. M. (2011). Indirect benefits of symbiotic coccoids for
an ant-defended myrmecophytic tree. Ecology, 92(1), 37-46.

204



[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

Pringle, E. G, Dirzo, R., & Gordon, D. M. (2012). Plant defense, herbivory, and the growth of
Cordia alliodora trees and their symbiotic Azteca ant colonies. Oecologia, 170(3), 677-68S.

Pringle, R. M., Young, T. P, Rubenstein, D. I, & McCauley, D.J. (2007). Herbivore-initiated
interaction cascades and their modulation by productivity in an African savanna. Proceedings
of the National Academy of Sciences, 104(1), 193-197.

Queller, D. C. (1984). Kin selection and frequency dependence: a game theoretic approach.
Biological Journal of the Linnean Society, 23(2-3), 133-143.

Quicke, D. L. J. & Stanton, M. L. (2005). Trigastrotheca laikipiensis sp. nov. (Hymenoptera:
Braconidae): a new species of brood parasitic wasp that attacks foundress queens of three

coexisting Acacia-ant species in Kenya. Journal of Hymenoptera Research, 14(2), 182-190.

Quince, C., Lanzen, A., Curtis, T. P., Davenport, R. J., Hall, N,, Head, I. M., Read, L. F,, &
Sloan, W. T. (2009). Accurate determination of microbial diversity from 454 pyrosequencing
data. Nature Methods, 6(9), 639-641.

Quinlan, R.J. & Cherrett, J. M. (1978). Studies on the role of the infrabuccal pocket of the
leaf-cutting ant Acromyrmex octospinosus (Reich) (Hym., Formicidae). Insectes Sociaux, 25(3),
237-245.

Raine, N. E., Gammans, N., Macfadyen, L. J., Scrivner, G. K., & Stone, G. N. (2004). Guards
and thieves: antagonistic interactions between two ant species coexisting on the same ant-

plant. Ecological Entomology, 29(3), 345-352.

Rankin, D. . & Taborsky, M. (2009). Assortment and the evolution of generalized reciprocity.
Evolution, 63(7),1913-22.

Rapoport, A. & Chammah, A. M. (1966). The game of chicken. American Behavioral Scientist,
10(3), 10-28.

Rettenmeyer, C. W,, Rettenmeyer, M. E., Joseph, J., & Berghoff, S. M. (2011). The largest
animal association centered on one species: the army ant Eciton burchellii and its more than
300 associates. Insectes Sociaux, 58(3),281-292.

Richard, C. (1976). Révision du groupe des Stictococcus, et création de taxa nouveaux (Ho-

moptera, Coccoidea). Annales de la Société Entomologique de France, 12(4), 653-669.

205



[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

Rico-Gray, V. & Oliveira, P. S. (2007). The ecology and evolution of ant-plant interactions. Inter-

specific Interactions. Chicago: University of Chicago Press.

Risch, S., McClure, M., Vandermeer, J., & Waltz, S. (1977). Mutualism between three species
of tropical Piper (Piperaceae) and their ant inhabitants. American Midland Naturalist, 98(2),
433-444.

Rosumek, F. B,, Silveira, F. A. O,, de S. Neves, F., de U. Barbosa, N. P., Diniz, L., Oki, Y.,
Pezzini, F.,, Fernandes, G. W,, & Cornelissen, T. (2009). Ants on plants: a meta-analysis of
the role of ants as plant biotic defenses. Oecologia, 160(3), S37-549.

Rubin, B. E., Sanders, J. G., Hampton-Marcell, J., Owens, S. M., Gilbert, J. A., & Moreau, C. S.
(2014). DNA extraction protocols cause differences in 16S rRNA amplicon sequencing ef-
ficiency but not in community profile composition or structure. Microbiology Open, 3(6),
910-21.

Rudolph, K. P. & Palmer, T. M. (2013). Carbohydrate as fuel for foraging, resource de-
fense and colony growth — a long-term experiment with the plant-ant Crematogaster nigriceps.
Biotropica, 45(5), 620-627.

Ruhren, S. & Handel, S. N. (1999). Jumping spiders (Salticidae) enhance the seed production
of a plant with extrafloral nectaries. Oecologia, 119(2), 227-230.

Ruiz-Gonzélez, M. X., Mal¢, P.-]. G., Leroy, C., Dejean, A., Gryta, H., Jargeat, P., Quilichini,
A., & Orivel, J. (2010). Specific, non-nutritional association between an ascomycete fungus

and allomerus plant-ants. Biology Letters.

Russell, J. A., Moreau, C. S., Goldman-Huertas, B., Fujiwara, M., Lohman, D. J., & Pierce, N. E.
(2009). Bacterial gut symbionts are tightly linked with the evolution of herbivory in ants.
Proceedings of the National Academy of Sciences, 106(50), 21236-21241.

Sanders, D. & van Veen, F.J. F. (2011). Ecosystem engineering and predation: the multi-
trophic impact of two ant species. Journal of Animal Ecology, 80(3), 569-576.

Schatz, B., Djieto-Lordon, C., Dormont, L., Bessiére, J.-M., McKey, D., & Blatrix, R. (2009).
A simple non-specific chemical signal mediates defence behaviour in a specialised ant—plant
mutualism. Current Biology, 19(9), R361-R362.

206



[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Schmitz, O. J., Hambick, P. A., & Beckerman, A. P. (2000). Trophic cascades in terrestrial
systems: a review of the effects of carnivore removals on plants. The American Naturalist,
155(2), 141-153.

Schneider, S. A., Giliomee, J. H., Dooley, J. W,, & Normark, B. B. (2013). Mutualism be-
tween armoured scale insects and ants: new species and observations on a unique trophobio-
sis (hemiptera: Diaspididae; hymenoptera: Formicidae: Melissotarsus emery). Systematic
Entomology, 38(4), 805-817.

Schoch, C. L,, Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., Levesque, C. A., Chen,
W., & Fungal Barcoding, Consortium and Fungal Barcoding Consortium Author List (2012).
Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode
marker for fungi. Proceedings of the National Academy of Sciences, 109(16), 6241-6.

Schumer, M., Birger, R., Tantipathananandh, C., Aurisano, J., Maggioni, M., & Mwangi, P.
(2013). Infestation by a common parasite is correlated with ant symbiont identity in a plant-
ant mutualism. Biotropica, 45(3), 276-279.

Soberdn, J. (2015). Pairwise versus presence-absence approaches for analysing biodiversity

patterns. Journal of Biogeography, 42, 807-808.
Soetaert, K. (2014). shape: Functions for plotting graphical shapes, colors.

Serensen, T. (1948). A method of establishing groups of equal amplitude in plant sociology
based on similarity of species content. Biologiske Skrifter, S(4), 1-34.

Spencer, K. A. (1990). Host Specialization in the World Agromyzidae, volume 45 of Series Ento-
mologica. Dordrecht, The Netherlands: Kluwer Academic Publishers.

Stadler, B. & Dixon, A. F. G. (2005). Ecology and evolution of aphid-ant interactions. Annual
Review of Ecology, Evolution, and Systematics, 36(1), 345-372.

Stanton, M., Palmer, T, & Young, T. (2005). Ecological barriers to early colony establishment

in three coexisting acacia-ant species in Kenya. Insectes Sociausx, 52(4), 393-401.

Stanton, M. L., Palmer, T. M., & Young, T. P. (2002). Competition-colonization trade-offs in a
guild of African Acacia-ants. Ecological Monographs, 72(3), 347-363.

207



[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

Stanton, M. L., Palmer, T. M., Young, T. P,, Evans, A., & Turner, M. L. (1999). Sterilization
and canopy modification of a swollen thorn Acacia tree by a plant-ant. Nature, 401(6753),
578-581.

Stapley, L. (1998). The interaction of thorns and symbiotic ants as an effective defence mech-

anism of swollen-thorn acacias. Oecologia, 115(3), 401-405.

Stephens, D. W. (1989). Variance and the value of information. American Naturalist, 134(1),
128-140.

Stone, L. & Roberts, A. (1990). The checkerboard score and species distributions. Oecologia,
85(1), 74-79.

Suarez, A. V., Moraes, C. D., & Ippolito, A. (1998). Defense of Acacia collinsii by an obligate
and nonobligate ant species: the significance of encroaching vegetation. Biotropica, 30(3),
480-482.

Sun, Y. ]., Cai, Y. P., Mai, V,, Farmerie, W,, Yu, F. H., Li, J. A., & Goodison, S. (2010). Ad-
vanced computational algorithms for microbial community analysis using massive 16S rRNA
sequence data. Nucleic Acids Research, 38(22).

Taylor, P. (1992). Altruism in viscous populations — an inclusive fitness model. Evolutionary
Ecology, 6(4), 352-356.

Taylor, P. D. & Jonker, L. B. (1978). Evolutionarily stable strategies and game dynamics.
Mathematical Biosciences, 40(1-2), 145-156.

Team, R. C. (2014). R: a language and environment for statistical computing.

Tillberg, C. V., McCarthy, D. P,, Dolezal, A. G., & Suarez, A. V. (2006). Measuring the trophic
ecology of ants using stable isotopes. Insectes Sociaux, 53(1), 65-69.

Tobin, J. E. (1991). A neotropical, rainforest canopy, ant community: some ecological con-
siderations. In C.R. Huxley & D. F. Cutler (Eds.), Ant-plant Interactions Chapter 35, (pp.
536-538). New York, NY: Oxford University Press.

Tobin, J. E. (1994). Ants as primary consumers: diet and abundance in the Formicidae. In
J.- H. Hunt & C. A. Nalepa (Eds.), Nourishment and Evolution in Insect Societies (pp. 279-308).

Oxford: Westview Press.

208



[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

Trager, M. D., Bhotika, S., Hostetler, J. A., Andrade, G. V., Rodriguez-Cabal, M. A., McKeon,
C.S., Osenberg, C. W,, & Bolker, B. M. (2010). Benefits for plants in ant-plant protective
mutualisms: A meta-analysis. PLoS ONE, 5(12), e14308.

Treseder, K. K., Davidson, D. W, & Ehleringer, J. R. (1995). Absorption of ant-provided
carbon dioxide and nitrogen by a tropical epiphyte. Nature, 375(6527), 137-139.

Valone, T.J. & Templeton, J. J. (2002). Public information for the assessment of quality: a
widespread social phenomenon. Philosophical Transactions of the Royal Society of London B,
357(1427), 1549-57.

Vander Zanden, M. J. & Rasmussen, J. B. (2001). Variation in §"°N and §">C trophic frac-
tionation: implications for aquatic food web studies. Limnology and Oceanography, 46(8),
2061-2066.

Veech, J. A. (2013). A probabilistic model for analysing species co-occurrence. Global Ecology
and Biogeography, 22(2), 252-260.

Veech, J. A. (2014). The pairwise approach to analysing species co-occurrence. Journal of
Biogeography, 41(6), 1029-103S.

Voglmayr, H., Mayer, V., Maschwitz, U., Moog, J., Djieto-Lordon, C., & Blatrix, R. (2011).
The diversity of ant-associated black yeasts: insights into a newly discovered world of symbi-

otic interactions. Fungal Biology, 115(10), 1077-91.

von Beeren, C., Schulz, S., Hashim, R., & Witte, V. (2011). Acquisition of chemical recogni-
tion cues facilitates integration into ant societies. BMC Ecology, 11(1), 30.

von Wettstein, R. R. (1889). Pflanzen und Ameisen. Schriften der Vereines zur Verbreitung
Naturwissenschdftlicher Kenntnisse in Wien, 29, 307-327.

Weber, M. G. & Agrawal, A. A. (2014). Defense mutualisms enhance plant diversification.
Proceedings of the National Academy of Sciences, 111(46), 16442-16447.

Wedekind, C. & Milinski, M. (2000). Cooperation through image scoring in humans. Science,
288(5467), 850-852.

209



[221] Weir, T. L., Newbold, S., Vivanco, J. M., Haren, M. v,, Fritchman, C., Dossey, A. T., Bartram, S.,
Boland, W,, Cosio, E. G., & Kofer, W. (2012). Plant-inhabiting ant utilizes chemical cues for
host discrimination. Biotropica, 44(2), 246-253.

[222] West, S. A. & Gardner, A. (2010). Altruism, spite, and greenbeards. Science, 327(5971),
1341-1344.

[223] West, S. A., Griffin, A. S., & Gardner, A. (2007). Evolutionary explanations for cooperation.
Current Biology, 17(16), R661-R672.

[224] West, S. A, Murray, M. G., Machado, C. A., Griffin, A. S., & Herre, E. A. (2001). Testing
Hamilton’s rule with competition between relatives. Nature, 409(6819), 510-513.

[225] West, S. A., Pen, I, & Griffin, A. S. (2002). Cooperation and competition between relatives.
Science, 296(5565), 72-75.

[226] Wheeler, W. M. (1908a). Studies on myrmecophiles. L. Cremastochilus. Journal of the New York
Entomological Society, 16(2), 68-79.

[227] Wheeler, W. M. (1908b). Studies on myrmecophiles. Il. Heterius. Journal of the New York
Entomological Society, 16(3), 135-143.

[228] Wheeler, W. M. (1908c). Studies on myrmecophiles. II1. Microdon. Journal of the New York
Entomological Society, 16(4), 202-213.

[229] Wheeler, W. M. & Bailey, I. W. (1920). The feeding habits of pseudomyrmine and other ants.
Transactions of the American Philosophical Society, 22(4), 235-279.

230 ite, T., Bruns, T., Lee, S,, aylor, J. (1990). ification and direct sequencing of fun-

[230] White, T., B T., Lee, S., & Tayl ( ). Amplifi dd q g of fi
gal ribosomal RNA genes for phylogenetics. In M. A. Innis, D. Gelfand, J. Sninsky, & T. J.
White (Eds.), PCR Protocols : A Guide to Methods and Applications (pp. 315-322). San Diego:

Academic Press.

[231] Whiten, A. & van Schaik, C. (2007). The evolution of animal ‘cultures’ and social intelligence.
Philosophical Transactions of the Royal Society B Biological Sciences, 362, 603—320.

[232] Wickham, H. (2011). The split-apply-combine strategy for data analysis. Journal of Statistical
Software, 40(1), 1-29.

210



[233]

[234]

[235]

[236]

[237]

[238]

Will, T,, Tjallingii, W. F.,, Thénnessen, A., & van Bel, A. J. E. (2007). Molecular sabotage of
plant defense by aphid saliva. Proceedings of the National Academy of Sciences, 104(25), 10536~
10541.

Wilson, A. C. C,, Sternberg, L. d. S. L., & Hurley, K. B. (2011). Aphids alter host-plant nitro-
gen isotope fractionation. Proceedings of the National Academy of Sciences, 108(25), 10220~
10224.

Witte, V,, Leingirtner, A., Sabaf, L., Hashim, R., & Foitzik, S. (2008). Symbiont microcosm in
an ant society and the diversity of interspecific interactions. Animal Behaviour, 76(S), 1477~
1486.

Young, T. P, Stanton, M. L., & Christian, C. E. (2003). Effects of natural and simulated her-
bivory on spine lengths of Acacia drepanolobium in Kenya. Oikos, 101(1), 171-179.

Young, T. P, Stubblefield, C. H., & Isbell, L. A. (1997). Ants on swollen-thorn acacias: species
coexistence in a simple system. Oecologia, 109(1), 98-107.

Yu, D. W. & Pierce, N. E. (1998). A castration parasite of an ant-plant mutualism. Proceedings
of the Royal Society of London Series B, 265(1394), 375-382.

[239] Yu, D. W, Wilson, H. B., Frederickson, M. E., Palomino, W., De La Colina, R., Edwards, D. P,,

& Balareso, A. A. (2004). Experimental demonstration of species coexistence enabled by
dispersal limitation. Journal of Animal Ecology, 73(6), 1102-1114.

211



