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Summary

Summary

Termite mounds are among the most impressive sesin the animal kingdom and exhibit
a surprisingly great variety of shapes. The mowfdbe Australian ‘magnetic’ or ‘compass’
termites Amitermes meridionaljsA. laurensisand an unnamed species) with their elongated
north-south aligned axis and thus wall or wedgesldiffer fundamentally from the (more or
less) spheroidal mounds of other termite specieseShey only occur on seasonally-flooded
plains, they have an island-like distribution whicbuld lead to a reduced gene flow and
significant genetic differentiation of the (subgpulations.

The present study set out to test several hypathaiseut the adaptive value of the
‘magnetic’ termite mounds @&. meridionalisusing specific manipulations of, among others,
the shape (by amending a wedge shape to an apmtexirsphere) and different
measurements: i) is the shape an adaptation tlitdseigas exchange and/or preservation of
food stores during the rainy season or ii) is thegpe of thermoregulatory significance?

Another aim was to develop specific genetic markaré\.. meridionalisto investigate
the influence of genetic drift on the island-likistdbuted (sub-) populations and to be able to
answer basic population genetic questions of pegiss.

It turned out that the rainy season and associdetp conditions reduced the quality
and quantity of the stored plant material and terply also the gas exchange, but a more
spheroidal shape had no significant effect on gashange or food availability. The core
temperatures of manipulated more spheroidal mowsts more stable than those of natural
‘magnetic’ mounds, so the frequently proposed tlostability cannot be the reason for the
unusual shape and orientation of ‘magnetic’ termitainds. However, the natural meridional

mounds had significantly higher mean core tempesatuhan the manipulated more
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spheroidal mounds in the seasons in which the dpuent of offspring takes place — a factor
that could have played an important role in thel@ian of ‘magnetic’ termite mounds.

Using specifically developed microsatellites, ireeutral genetic markers, it was
possible to determine gene flow, genetic diffel@mdn and genetic diversity of nine different
subpopulations. Even between close subpopulatgers flow was already strongly reduced
and thus led to an unusually high genetic diffeegian. Nevertheless, the genetic diversity
even in small or strongly isolated subpopulatioas wot reduced. The reason seems to lie in
the likewise highly differentiated and very longdd colonies. Since the colonies are passed
on to the so-called replacement reproductives dmsteby rarely mix with each other,
different alleles are lost by chance in the diffé¢reolonies. This might result in loss of gene

diversity within a colony but maintenance of geneetkity at the subpopulation level.
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Zusammenfassung

Termitenhtigel gehoéren zu den eindrucksvollsten I@ebiim Tierreich und weisen eine
erstaunlich hohe Formenvielfalt auf. Die Hugel daustralischen Kompasstermiten
(Amitermes meridionaljsA. laurensisund eine noch unbenannte Art) unterscheiden sith m
ihrer stark verlangerten nord-std-ausgerichtetemgtdchse und damit wand- bzw.
keilféormigen Form fundamental von den (mehr odemniger) spharischen Higel anderer
Termitenarten. Da sie nur auf saisonal UberflutétEchen vorkommen, sind sie auRerdem
inselhaft verteilt, was zu einem reduzierten Gesdlwnd einer signifikanten genetischen
Differenzierung der einzelnen (Sub-) population@mén konnte.

In der vorliegenden Studie wurden verschiedene Hhgsen zum adaptiven Wert der
Kompasshigel vonA. meridionalis mithilfe von gezielten Manipulationen u. a. der
Hugelform (von einer Keilform zu einer Kegelformjdiverschiedenen Messungen getestet:
1) ist die Form eine Anpassung, um Gasaustausch Ndberungsverfugbarkeit wahrend der
Regenzeit zu verbessern oder ii) bietet die Formitede im Hinblick auf bestimmte
Temperaturparameter?

Dartber hinaus wurden spezifische genetische Mdikek. meridionalisentwickelt,
um den Einfluss genetischer Drift auf die inselhaéirteilten (Sub-) populationen zu
untersuchen und so grundlegende populationsgehetlsagen zu dieser Art beantworten zu
konnen.

Es zeigte sich, dass die Regenzeit und die damiuwneenen feuchten Bedingungen
die Qualitat und Quantitat des eingelagerten Péanmterials und auch den Gasaustausch
zeitweise verringerten, eine rundere Form jedocimeke signifikanten Einfluss auf diese
Faktoren hatte. Die Kerntemperaturen von manigeirerunderen Hugeln waren stabiler als
die von natiurlich geformten Kompasshigeln, dahennkadie héaufig angefiihrte

Temperaturstabilitéat nicht der Grund fur die auBerghnliche Form und Ausrichtung von
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Kompasshuigeln sein. Allerdings zeigten die natfirfeformten Kompasshugel signifikant
hohere mittlere Kerntemperaturen als die manipwgrerunderen Higel in den Jahreszeiten,
in denen die Entwicklung des Nachwuchses stattfirdzin Faktor, der in der Evolution von
Kompasshugeln durchaus eine wichtige Rolle gespaden konnte.

Anhand von eigens fur diese Art entwickelten Milatedliten, also neutralen
genetischen Markern, war es moglich, Genfluss, tigatee Differenzierung und genetische
Diversitat von neun verschiedenen Subpopulationenbestimmen. Sogar zwischen nah
gelegenen Subpopulationen war der Genfluss besttk eingeschréankt und fuhrte so zu
einer aufRergewohnlich hohen genetischen Differemage Trotzdem war die genetische
Diversitat auch von kleinen oder stark isoliertemb@opulationen nicht vermindert. Der
Grund hierflr scheint in den ebenfalls stark défezsierten und sehr langlebigen Kolonien zu
liegen. Da die Kolonien an sog. Ersatzgeschledrntstiveitervererbt werden und sich dadurch
selten untereinander mischen, bleiben durch Zufedrschiedene Allele in den
unterschiedlichen Kolonien erhalten. Dieser Umstd&athn zwar zu einem Verlust an
genetischer Diversitat innerhalb einer Kolonie &mMrdie genetische Diversitat innerhalb

einer Subpopulation aber erhalten.
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CHAPTER 1

General introduction

Building as a behavioural trait is widespread tigtwaut the animal kingdom and, although
resulting from simple building rules, can yield @asshing architectural structures. Such
structures can be divided into three broad categaccording to their function: homes, traps
and displays. All of these structures are expetieiticrease the fitness of their builders by
increasing survival probability and/or reproductiseccess (Hansell 2005). Therefore, the
building itself can be viewed in two different wayss manifested behaviour and as an
extended phenotype that are both subject to nadatattion (Turner 2000b; Hansell 2005).

Protective homes increase the builders’ fitnesssbgying as nursery, protection
against predators as well as unfavourable clin@i@itions and sometimes food storage. In
order to fulfil one or more of these functions sitaneously, home buildings can reach
sophisticated complexity. Famous examples for tbenptex result of such functional
adaptations are the nest buildings of a group afatansects: the mounds of termites
(reviewed in Korb 2011).

Despite their famousness, only few termite spebsge been extensively studied in
regard to the functional and adaptive significarafetheir mounds (e.gMacrotermes
bellicosusandM. michaelsenireviewed in Korb 2011). These studies showed ‘thabature
living Macrotermesmound is arguably the most complex colonial orgemiin nature”
(Eggleton 2011), owing to its symbiotic relationshwvith a specialized fungus and the
associated structural adaptations to achieve hdatensonditions. Much less complex, but
nonetheless remarkable mounds are builtAmgitermes meridionaljsone of Australia’s
‘magnetic’ termite species (Fig. 1.1; Hill 1942;yG& Calaby 1970; Duelli & Duelli-Klein

1978).
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Figure 1.1

Elongated meridional mounds Af meridionalisin dry (left) and flooded (right) conditions

The study systemAmitermes meridionalis

Amitermes meridionaljsalso called ‘magnetic’, ‘meridional’ or ‘compassmite’, belongs to
the family Termitidae in the insect order Blattodeavard et al. 2007) and is classified as a
separate-piece nester (reviewed in Eggleton 200ty means that the nesting and feeding
substrate are not the same, and material fromdmutbie colony area is needed to construct
the nest mounds (Eggleton 2011). The mounds ardyremnstructed with grey soil from the
surrounding habitat which gives the mounds thepidyl appearance (Fig 1.1; Hill 1942).
Additionally, feeding material is needed to sustaire colony inside the moundA.
meridionalisis a debris-feeder and collects dead grass ardl v#getable debris that is stored
in the outermost cells in the upper half of the mb(Fig. 1.2; Hill 1942).

The internal structure of the epigeous mound iy ganple: it consists of a solid core
in the lower part of the mound, where most of theer cells have been back-filled with
mound material. The upper and outer areas of thencthoonsist mainly of cells where food is
stored and that are connected by small tunnels;hwddlow the movement of termites through
the mound (Fig. S2.3, supplementary material). @tee no specific ventilation structures,

underground nest nor a well-defined nursery. Soligbtky larger, flat cells which probably
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serve as nurseries (Hill 1942) are located in tbee cclose to the ground (Fig. S2.3,

supplementary material).

Figure 1.2
Food stores in the outermost cellsfofmeridionalismounds

Contrary to its simple internal structure is theque meridional shape and orientation
of these mounds: one axis of the mound is hightnghted and invariably aligned north-
south. This elongation leads to a thin wedge mosahdpe which almost resembles a
tombstone (Fig. 1.1).

A. meridionalisis endemic to monsoonal northern Australia antfiotsd to low lying
habitats within 120 km of the city Darwin (Fig. 51 Gay & Calaby 1970; P. Jacklyn, pers.
comm.). These habitats are water-logged from Deeent around May (Jacklyn 2010),
because the monsoonal rains during the rainy sg@soember to March; Taylor & Tulloch
2006) raise the groundwater table above the grémed(Fig.1.1; P. Jacklyn, pers. comm.).
Termite colonies inhabiting these seasonally-flabdeepressions are viewed as
subpopulations of variable sizes that range frorty @nfew mounds to many hundreds

(Fig.1.3).
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In other seasonally-flooded habitats across namth&ustralia, at least two other
Amitermes species A. laurensisand one unnamed\mitermesspecies) also construct
meridional mounds (Fig. 1.1; Jacklyn 2010). Howev&r meridionalisis an obligate
meridional mound builder whilé. laurensisbuilds meridional mounds only in flooded

habitats but small dome-shaped mounds in well-dchareas (Duelli & Duelli-Klein 1978).
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Figure 1.3 © Donald Franklin

Field of ‘magnetic’ termite mounds in northern Anadi

The spectacular appearance of a ‘magnetic’ terfieile (Fig. 1.3) has ever since risen
the interest of explorers and researchers. Nowadayasgnetic’ termite mounds are an
important tourist attraction of northern Austrabad have reached a reputation as local
‘celebrities’ (Jacklyn 2010). Particularly the skapnd its orientation have left researchers
wondering about the biological significance of ‘magic’ termite mounds, because it
distinguishes them from all other termite moundig).(E4; Korb 2003a; Jacklyn 2010; Korb
2011). In order to shed light on the evolution leése mounds, many hypotheses have been

advanced and some experimental studies have belentaiken.
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Figure 1.4

Mounds ofNasutitermes triodia@eft) andCubitermes spegright)

The shape and orientation of ‘magnetic’ termite mouds

Hypotheses and ideas

Jack (1897) was one of the first explorers who ighled his ideas about the unique north-
south orientation of ‘magnetic’ termite mounds. éing to Jack (1897), the north-south
orientation of thin flat mounds creates eastern waadtern faces which are exposed to high
amounts of solar radiation during the day. Thiemse radiation could enhance the drying of
new construction work despite the humid conditidnsing the rainy season (Jacklyn 2010).
Mjoberg (cited in Hill 1942) remarked that the rmsouth orientation could serve as
protection from prevailing winds in these open ketlsi The drying of new building work and
the protection from winds as explanation for theidienal orientation was doubted by Hill
(1942) who was the first to propose tlaermoregulatoryadvantage of the north-south
orientation. According to Hill (1942), this orietitn minimizes the effects of rapid

temperature changes on the termite colony. Comfgatabother tropical termites that seek



Chapter 1 - General introduction

refuge in the subterranean nest parts becausece$sixe day temperatures inside the mound,
‘magnetic’ termites would move to those parts oé tmound with the most suitable
temperatures at certain times of the day. This waa elaborated by Gay and Calaby (1970)
who stated that, because escaping to undergrodndeseis not an option for termites in
seasonally flooded habitats, a nest shape evolvechwesulted in large heated areas during
the cooler times of the day (the eastern face enrtforning and the western face in the
afternoon) while in the hottest time of the day thound presents only a small aspect to the
sun.

Serventy (1967) was the first to proposeeamtilatory advantage of the north-south
orientation. He suggested that ‘magnetic’ termiteunds were aligned to create thermal
gradients within the mound, resulting from the @iéintly heated mound faces. One face
would be sunlit and heated up while the other faeild be shaded and cool and these
temperature gradients could drive convective héavs across the mound, producing
ventilation.

None of these ‘early observers’ (Jacklyn 2010)eestny of his ideas experimentally
— they were all derived from either observatiorseculation. The first one to study the shape

and orientation of ‘magnetic’ termite mounds expenmtally was Grigg (1973).

Experimental studies on ‘magnetic’ termite mounds

Grigg (1973) initially measured the temperatur@é ‘magnetic’ termite mound, built 3.
laurensis in the natural north-south orientation. He showileat this orientation helps the
colony to maintain a core temperature plateau atds °C for most of the day (10:30 -
17:30h), resulting from the interaction of mounebgosed surface area and solar radiation
intensity. Then he experimentally rotated the mobp®0° so its long axis was aligned east-
west instead of north-south. By doing so, the m&undre temperature quickly increased up

to 40 °C and there was no evidence of a temperatateau. Because a temperature of 40 °C



Chapter 1 - General introduction

is supposed to be rather uncomfortable for the itesnhe concluded that the meridional
orientation of ‘magnetic’ termite mounds reducemperature variation during the day and
aids the thermoregulation of the termite colony.

Grigg (1973) was also the first who focused notyai the meridional orientation of
‘magnetic’ termite mounds. He realized that while brientation aided thermoregulation, the
shape itself was unlikely to do so. A thin flat mduwith a wedge shape is much more prone
to external temperature fluctuations than a lapfeesoidal mound with a dome shape. This is
due to the surface area: mass ratio and the thénerdia. A large dome-shaped mound has a
low surface area: mass ratio and thus a high tHemegia. The dome shape leads to very
stable core temperatures that are nearly indepémdaxternal temperature fluctuations and
thermostability is generally seen as a main fafdofunctional adaptive mound architecture
(Korb 2011). In contrast, a wedge-shaped moundahasy high surface area: mass ratio and
thus a low thermal inertia (Korb 2003a; Jacklyn @0IThe core temperatures of wedge-
shaped mounds are therefore much more dependestternal temperature conditions and
generally fluctuate more than core temperaturesphreroidal mounds (Grigg 1973; Jacklyn
1992; Korb 2003b).

Thus, Grigg (1973) proposed a new explanation lier wedge shape of ‘magnetic’
termite mounds that refined Serventy’s (1967) sstiges: the shape could facilitate gas
exchange by diffusion through the large mound wadlspecially during the rainy season
when dampness reduces the porosity of the mounld aadl no chimneys or other openings
are available to assist ventilation. An orientatiloat increases irradiance during mid-morning
and mid-afternoon would further enhance drying s gas exchange.

Similar rotation experiments were conducted by Jackl992). By rotating mounds
of A. meridionaliscolonies by only 20° east or west, he found that ¢lastern face of

unmanipulatedd. meridionalismounds reaches a daily temperature plateau obappately
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30 °C during the dry season that remains stabld tihvd evening. The observed small
variation of mound axes’ orientation is thereforeaalaptive response to local environmental
variation (long-term wind speed and shading coadg) to maintain the eastern face plateau
(‘eastern face plateau hypothesis’ hereafter). €omig the biological significance of the
wedge shape, Jacklyn (1992) concluded that memdliomounds might have evolved to
enlarge the eastern face surface area and thasearwith stable temperatures throughout the
day. According to Jacklyn (1992), constructing &ae could be an alternative solution to
make a simple mound thermo-stable. The thermogiabflthis surface would be determined
by its orientation to the sun, wind and shadingditions. This idea, derived from the eastern
face plateau-hypothesis, is the currently accepigmbthesis to explain the evolution of the
‘magnetic’ termite mound shape.

A more recent study by Korb (2003b) tested theeeastace plateau-hypothesis by
determining the concentration of termites inside Ae meridionalismounds during the dry
season with a nondestructive method. As predicyetiib hypothesis, termites concentrate on
the eastern face of the mounds — but only in thenmg. During sunrise and noon, the
termite activity does not differ between the eastend western mound face. These results
indicate that it is not the eastern face plateat th beneficial for the termites, but the
morning heating, at least during the dry seasois fiilnding makes sense because the nights
during the dry season can become very cold (minimight temperature during the study:
8.9 °C). Korb (2003b) proposed alternative expli@mat for the evolution of the elongated
mound shape which partly incorporate previous hyps¢s by Jack (1897) and Grigg (1973):
Elongated mounds with a high surface area : mdssaad thin walls are better suited to (a)
dry the food storage that is located in the ousdlsoof the mounds (Fig.1.2), (b) facilitate
respiratory gas exchange through the porous moualls,wespecially when dampness

decreases the porosity of the mound walls anch(rkase the stability of wet mounds during
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the rainy season by enhanced drying. One aim ottineent study was therefore to test the

first two hypotheses in an experimental setting.

Amitermes meridionalis subpopulations: islands im @cean of grass

The exclusive occurrence @&. meridionalis colonies on seasonally-flooded depressions
results in an island-like distribution of the sgeciTermite colonies inhabiting one depression
are viewed as a single subpopulation that is stgghrtom other subpopulations by a
seemingly unsuitable ‘habitat matrix’ of savannaodiand with well-drained red soil. The
subpopulations can vary in size and degree of tisoleand some are very small and/or
isolated. The distribution o&. meridionalisis particularly interesting, because it differsrir
other island-like distributions such as metapopoihet or patchy populations: while highly
dynamic metapopulations are characterized by skVweral extinction and recolonization
events,A. meridionalissubpopulations are very stable with low colonynawer (Bowman
2002; Peter Jacklyn unpublished data (but see Ta#lg)). Patchy populations, in contrast,
have high rates of dispersal and gene flow. Reggrttie poor flying ability of termite alates
(Nutting 1969), dispersal betweén meridionalissubpopulations might well be limited. In
this case, the question arises how such a systenpessist over time. However, recent
genetic studies of termite populations suggest thspersal in general might be not that
limited (Vargo & Husseneder 2011). Thus, the dispembilities and gene flow are yet

unclear forA. meridionalis.

Negative effects of genetic drift in small or isol@d A. meridionalissubpopulations?

A small effective population size and high degrdeismlation makes subpopulations
susceptible to the negative effects of genetid @Rbusset 2004): (i) an increased probability

to go extinct through environmental or demograpstmchasticity; (i) an increased risk of
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inbreeding, potentially associated with inbreedimgpression; and/or (iii) genetic
impoverishment (Prugh et al. 2008; Walker et aD&0Frankham et al. 2009; Amos et al.
2012). Genetic drift can also result in random tixa of different alleles in different
subpopulations independent of natural selectiorth\Wéstricted gene flow, this will lead to
significant genetic differentiation between subpapans. An influence of genetic drift on
the orientation of ‘magnetic’ termite mounds hagrbgostulated to explain the observed
variation of mound orientation between termite sayapations although the currently
accepted explanation for the variation is the eastace plateau hypothesis (see above)
(Jacklyn 1992).

Thus, another aim of the current study was to deter possible negative effects of
genetic drift in a species that lives under patdoyditions, is lacking metapopulation
dynamics and for which dispersal abilities are aacl Additionally, we wanted to gain first
insights into general population genetics of thpedes, such as gene flow, colony

composition and neutral genetic diversity.

Study aims

The aims of this study were twofold:

(1) What is the biological significance of the sbay ‘magnetic’ termite mounds?
(a) Are the mounds functionally adapted to fa&it gas exchange and/or the
preservation of food stores during the rainy seaso

(b) Is the shape of thermoregulatory significance?

(2) Is there a possibility for genetic drift and if(negative) effects oi. meridionalis’

subpopulations?

10
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(a) Is gene flow between subpopulations restrieted are subpopulations genetically
differentiated?
(b) What are the possible consequences of getftidor a patchily distributed

species lacking metapopulation dynamics?

To explore the first question, ‘magnetic’ termiteounds were manipulated by altering
shading conditions or shape (chapter 2 and 3). Waasored internal and external
temperatures (chapter 3) as well as gas excharj@ssessed food quality and quantity in
these mounds over several years and seasons (c@ypfEne results were compared with
those of unmanipulated control mounds which werdéchiag in size and environmental
conditions.

To answer the second question, species-specifictraleugenetic markers
(microsatellites) were developed as no genetic erarere yet available féx. meridionalis
(chapter 4) Several microsatellites were employed for the genahalyses of multiple
subpopulations with multiple colonies and individuaVith the help of these markers, it was
possible to investigate basic genetic featureolfites, subpopulations and the species itself
and to determine the effects of genetic drifformeridionalissubpopulations (chapter 5).

The results of this study will help to elucidateveal questions regarding the
evolution of ‘magnetic’ termites in particular amdntribute to the knowledge of mound

building and patchily distributed species in gehera

11






Chapter 2 - Gas exchange and food storage?

CHAPTER 2

‘Magnetic’ termite mounds: is their unique shape an

adaptation to facilitate gas exchange and improveobd storage?

Published ininsectes Sociaukl (1), 41-49

Authorship: Anna Maria Schmidt, Peter Jacklyn, fluéiorb

Abstract

Social insects can build impressive nest moundsthetfunctional significance of their
architecture is rarely studied in experiments. Thagnetic’ termite mounds of monsoonal
northern Australia built byAmitermes meridionalisre notable for their elongated wedge
shape and north-south axial orientation. We testhdther the shape is an adaptation to
facilitate gas exchange and the preservation af &iores by two experimental manipulations
of moundsin situ covering all seasons. First, mounds were shaddichibdrying after rain
and second, mound shape was amended from wedgppookimate) sphere. Food storage,
fungal contamination, and internal g@oncentration were unaffected by manipulation, but
showed a distinct seasonal dynamic, with storagekipg towards the onset of rains and
fungal load towards the end of the rainy seasdermial CQ concentrations were subject to a
diurnal cycle, but also showed elevation duringngaMWe propose that one advantage of the
wedge shape is the efficient use of building efforachieve good passive ventilation for the

food storage areas.
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Introduction

Building behavior in animals is the outcome of makselection and can result in structures
ranging from simple earthen hillocks to the modicdée and complex formations. Building
protective homes can increase survival probabidityd thus the fitness of their builders: the
builders are protected against climatic extremesl gmedators, they can optimize
microclimatic conditions to suit their requiremeitsd they can store food and thus, become
less dependent on fluctuations in food availab{litheraulaz et al. 2003; Hansell 2005).

Among the most amazing structures built in natue tae nest mounds of social
insects, but studies on the functional significaoteermite mounds are rare (but see: Korb &
Linsenmair 1998, 1999, 2000; Turner 2000b). Thecated ‘magnetic’ or ‘meridional’
termite mounds of monsoonal northern Australia,stacted by at least three endemic
Amitermes(Isoptera: Termitidae) specie8njitermes meridionalisamitermes laurensiand
one unnamed species), are characteristically noeradli with an elongated north-south
orientated axis (Jack 1897; Gay & Calaby 1970)stongation leads to a thin, wedge-like
shape with an elliptical cross-section and a lssgdace to volume ratio, as compared to
mounds of other termite species which are genematlye or less spheroidal (Grassé 1984).
Meridional mounds are built only in low lying hadti$ that are water-logged during the rainy
season.

One of the described ‘magnetic’ termite specieé.igneridionalis It is endemic to
areas within120 km of the city Darwin and local plapions can be comprised of hundreds of
mounds (Gay & Calaby 1970; Jacklyn 1991). Despiteirt popularity and the various
hypotheses that have been put forward to accounth&r distinctive shape, experimental
studies on the mounds of ‘magnetic’ termites ane.rdhese studies concentrated on

investigating the variation in north-south orieidaf the significance of the north-south
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orientation per se and the magnetic cues used éyetimites to align their mounds (Grigg
1973; Spain et al. 1983; Jacklyn 1991, 1992; Jacklywiunro 2002).

Jacklyn (1992) found that the eastern facé . ofmeridionalismounds reaches a daily
temperature plateau of approximately 30 °C durirgydry season that remains stable until the
evening. Mound axes vary slightly and this is asstito reflect local irradiance patterns (e.qg.
differences in shading), optimizing morning facenperatures and producing subsequent
stable conditions throughout the day. Concernirgy litological significance of the wedge
shape, Jacklyn (1992) concluded that meridionalmdeumight have evolved to enlarge the
eastern face surface area and thus, an area \aithe stemperatures throughout the day.
However, if thermostability is the key factor, tl@gplanation leaves open the question as to
why ‘magnetic’ termites build mounds in a way thanders them more susceptible to
fluctuations of ambient temperature in the firstqa.

Mound architecture is generally thought to be aapgation to maintain homeostatic
conditions for the termite colony, including therstability (Korb 2011). Studies of the large
epigeal mounds ofacrotermes bellicosuand Macrotermes natalensishow that the most
thermostable mounds are spheroidal with a smdihsararea to volume ratio which results in
internal diurnal temperature fluctuations of onlyesv degrees (Luscher 1961; Ruelle 1964;
Korb & Linsenmair 1998; Turner 2000a). Grigg (1978howed that the north-south
orientation of the mound axis providas laurensiscolonies with a core temperature plateau
around 34 °C during most of the day (10:30-17:30achieved by the interaction between
exposed surface area and solar radiation intercsitysidering this the main explanation of the
wedge shape. In an experimentally east-west rotatednd, the core temperature rose
quickly up to 40 °C and no temperature plateau ngashed. However, Grigg (1973) argued
that a meridional orientation could not explain gwlution of the wedge shape in the first

place, as two separate attributes were involvedpeland orientation. Shape could facilitate
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gas exchange, especially during the rainy seas@mwlhmpness reduces the porosity of the
mound walls and no chimneys or other openings aedladle to assist ventilation. An
orientation that increases irradiance during midmmg and mid-afternoon would further
enhance drying and thus gas exchange.

Korb (2003a) agreed with Grigg (1973) and addedhargossible explanation for the
biological significance of the wedge shape: As tirenites cannot leave their mounds and
forage during the rainy season when their habgatvater-logged, they depend on plant
material stored inside the mounds. Moist conditionswever, are supposed to enhance
infection of the plant material by microorganismgls as bacteria and fungi (Holt 1998;
Rosengaus et al. 2003). Interestingly, the storegust beneath the mound surface; hence
large surface areas might be selected to improyieglafter rain, by irradiation or by wind.
This idea is supported by the observation thataurensisbuilds meridional mounds only on
poorly drained, seasonally flooded areas while kspteroidal mounds are constructed in
well-drained areas (Ozeki et al. 2007).

Here, we tested whether the distinctive wedge shafpA. meridionalis mounds
facilitates gas exchange and/or improves food g®oreonditions during the rainy season
when mound walls become damp and foraging is imblesdf mounds are locally adapted to
serve these functions, we expect that a changeeimeievant local environmental conditions
or an alteration of mound shape will lead to |désient gas exchange and/or a decline in the
guantity or quality of stored food: a more spheabithound will have a reduced surface area
for gas exchange and/or ventilation of food st@&gompared to the volume of living space
capable of producing respiratory gases. This ctéedd to less efficient gas exchange and
higher levels of C@inside the mound. Reduced surface to volume ratiesalso expected to
result in less efficient drying and increased hutyith the food storage area that could lead

to an increased microbial infection of the storeddi Food preferences fé. meridionalis
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are unknown, but in general, the presence of pati®goften measured as ‘microbial load’,
Rosengaus et al. 2003) has a negative impact amyditness and is actively controlled by
the termites (Rosengaus et al. 2011). SiAcaneridionalisforages and stores dead plant
material that is used as the colony’s food supplyrd) the rainy season, we expect a negative
effect of high fungal load on the quality of thedfbstores. The microbial breakdown is also
expected to decrease the quantity of available thoohg the 4 months of rainy season.

Our experiments involved first, manipulating thege of shading of mounds, an
environmental factor proposed to be important foermoregulation inA. meridionalis
mounds (Jacklyn 1992). Shading is expected to eedie drying of mounds by changing
irradiance patterns and hence affect gas exchamfjéoad storage. Second, we manipulated
mound shape by altering it to a more spheroidaktire. In both experiments, the efficiency
of gas exchange was measured by recording €@centrations, while food quantity and
quality were recorded by determining the amounplaint material and its fungal load in

standardized samples taken from the mound’s fomre st

UR-1

47 0

Kilometers " {20

Figure 2.1
Study site in Northern Australia (black outlinelst of the Blackmore River on the Cox Peninsula

Road (map created by Craig Hempel).
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Materials and methods

Study area

The study site was in a typical, seasonally inuedia&&. meridionalishabitat containing
several hundred mounds, approximately 30 km sosthefaDarwin (12.75° S,130.91° E,
approximately 23 m above sea level), Northern Tawj Australia (Fig. 2.1). It was a typical
grey soil plain with mainly grassy vegetation (spgass;Sarga intrany and few trees. The
area was regularly burnt during the dry season gradses reached up to three meters in
height during the rainy season. The dry seasorcadllgiranges from June to August, while
the rainy (‘wet’) season covers December, Januaepruary and March. The transitional
periods with less marked characteristics than #weyrand dry seasons include September,
October, November (‘dry-wet transition’) and ApriMay (‘wet-dry transition’, all after
Taylor & Tulloch 2006). However, rainfall patterasound Darwin are highly variable at a
very small spatial scale (Table S2.1, supplementaaterial; Taylor & Tulloch 2006). With
regard to the scope of this study, the exact amotiaily rainfall on the study site was
considered less relevant as all studied mounds @gresed to the same rainfall conditions.

The inundation period typically lasted from Deceminetil May (A.M.S., pers. obs.).
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Figure 2.2

‘Magnetic’ termite mounds of the speciésiitermes meridionalis naturally wedge-shaped mounds,
b naturally spheroidal mound,wedge-shaped mound before shape manipulatiord émel same
mound as irt after manipulation. Note that the shape is noweaatone-shaped and resembles the
naturally spheroidal mound.

Experimental manipulations

In September and October 2005, we selected teno$dtgee inhabited mounds, each set
comprising mounds of similar dimensions in closexpnity. Within each set mounds were
randomly allocated to one of the following treattsen(a) change in mound shape, (b)

shading, and (c) control with no further manipwati
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(&) To change the mound’'s shape, we attached piecescently abandoned.
meridionalismounds to the eastern and western face of thexigerienental mounds. These
pieces did not differ in any obvious way from stures of inhabited mounds, i.e. they had
tunnels and cells as those found in inhabited meu used a mixture of water and the soil
surrounding the mounds to attach the pieces omtortbunds’ surface. Pieces were attached
to the lower part of the mound until the cross4eecteached an approximately circular shape
and was overall cone- rather than wedge-shapedZFg, d). The pieces were integrated into
the mound structure by the termites (Fig. S2.1pkrpentary material). Later, we discovered
a naturally spheroidal mound of the same speciekhwhad a similar shape as our
manipulated mounds (Fig. 2.2b). (b) Ten mounds vetraded with 1.44 fnshade cloths
made of ultra mesh tarpaulin, commonly used in fiot shading experiments, to simulate
natural shade produced by trees or tree branchgs4B). We were able to show that the
amount of shading was sufficient to reduce meanraagimum core temperatures of these
mounds as compared to the control mounds duringaihg season when most measurements
were taken [mean temperatiigeqd(xSE) = 29.89 °C + 0.06; mean temperadshg = 31.01
°C £ 0.07; maximum temperatyfgies= 36.39 + 0.15; maximum temperatirgo = 39.07 +
0.16]. (c) Ten mounds served as control and wetemamipulated but otherwise treated like

the manipulated mounds.
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Figure 2.3

Shade roofs were used to manipulate the amouraididition that mounds were receiving from above.

The shade roofs were designed to resemble theahahade produced by tree branches from above.

Measuring food availability

Each mound was sampled once per month in July g@BBseason’) and January, February,
March, September, October, November and Decemb@v ZOvet season’ and ‘dry-wet

transition’). The plant material is stored in masmall cells in the upper part of the mound
located beneath the surface. Since older storalfe are often re-filled with solid mound

material, it was best to take plant material froreaa of recent building activity which are

easily recognized by their darker and more friaikgterial and rough surface. A hole-saw
adapter with a known volume of 42 ml was drilledhe mound to get a standardized sample
size. The samples were taken to the laboratoryeated plastic bags. In the laboratory, the
samples were washed through a sieve with 300 urh toeseparate the plant material, which
was then dried to a constant weight and weigheabtain a standardized relative estimate of
the amount of stored plant material. Using a prottdeveloped by Rosengaus et al. (2003) to

quantify the microbial load in termite nests, 100 ai the dried plant material was placed in
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sterile 1.5 ml Eppendorf tubes with 1 ml of 0.1 %eken 80 suspension medium, then
vortexed and centrifuged at 15,000 rpm at 4 °C1formin. 10 ul of the supernatant was
plated with 50 pl of Tween 80 solution onto a crdtumedia of Potato Dextrose Agar (PDA)
plates with 3 replicates per sample. 50 pl of theedn 80 solution served as a control (3
replicates). The plates were inverted and incubate&3¥ °C for 2 days, when the numbers of
colony-forming units (CFU) with at least 1 mm digerewere counted as a measure of fungal
load. If the number of CFUs was too high to be ¢edmnwve repeated the plating with only 2 pl

of the supernatant and corrected the values acugydi

Measuring gas exchange

Internal CQ concentrations of all termite mounds were measorest per month every 4 h
over a 24 h period in July 2006 and January, Fepruslarch, September, October,
November and December 2007. Readings were takemeaight of 50 cm and 1 m in mound
cells in the centre of the western face. A screvatrivas used to probe the mound until a cell
was found. A plastic tube attached to the,CGfas analyzer (BINOS 100.1 2M, Emerson
Process Management GmbH, Germany) was insertedhandurrounding area sealed with
clay and mud. To test the sealing, we exhaled teextte hole and checked for rises of CO
concentrations. Only completely sealed holes wezasured and the readings were recorded
when stable. At the time of measurement the drywéske measuring point was assessed

qualitatively as dry, damp from previous rain, atrom current rain.

Data analyses

All data were tested for assumptions of parametmalyses and tests were chosen
accordingly. All analyses were performed wghss15.0; all tests were two-tailed. If not

noted otherwise, mean + standard errors are giv@nthe seasonal analyses, we had to pool
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the data from different years and sorted them khimdyear data starting in the dry season

and progressing to the rainy season.

Food availability

To describe the general change in food availabilitth season we used plant quantity and
fungal load data from the control mounds and sottedsampling dates from the middle of
the dry season (July) to the end of the rainy sedstarch) and correlated the standardized
amount of stored plant material and the number BUE with sampling date. These
relationships were not linear; hence, we used timeecestimation procedure 8Pss15.0 to
find the best regression model.

To analyze the number of CFUs for each mound, weraged the three replicates
from each sampling date. Since mounds were analyg@ehtedly, we performed a repeated
measureANOVA with treatment as within- and sampling date asveeh-subject factor. A

corresponding analysis was performed with the amolstored plant material.

Gas exchange

To analyze the relationship between ffncentrations and time of year we used a curve
estimation procedure as implementedsirss15.0. We did not find a significant correlation
between C@ concentrations and time of year but season hadaagstimpact on CQ
concentrations (see ‘Results’). Therefore, we amalyour experimental data separately for
each season (i.e. dry season, dry-wet transiti@, s@ason, wet-dry transition; see above).
We then used a linear mixed model analysis for esedmson to test whether treatment,
measuring height and dryness (all fixed factorg) #reir interactions had an influence on
CO, concentrations. Time of day (sorted from morningnighttime) and a sampling ID

(number of measurements) were included as covaasaderandom factor, respectively. To
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fulfill the requirements of normally distributedsiduals, CQ concentration values were log-

transformed.

Mound drying

To test the impact of shading on the mounds’ dasgmnee performed Mann-Whitnéytests

for shaded and unshaded mounds, separately forsaagbling date.

Results

Change in food availability with season

The plant material stored iA. meridionalismounds decreased in quantity as well as in
quality (measured as the inverse of the fungal)l@ath progression of the rainy season (Fig.
2.4a). The amount of plant material as estimatecth fmonthly mound samples of control
mounds was highest in November and decreased dtirengainy season until March. This
decrease was not linear due to a comparativelylsn@gcrease of plant material in March.
This might be explained by the increased fungadl loathe plant material (Fig. 2.4b) which
could limit the ability of the termites to feed tre plant material. During the dry season and
the dry-wet transition the amount of plant mateinareased again. The relationship was best
explained by a quadratic regressid® (= 0.23, F2205 = 32.65, P < 0.001; Fig. 2.4a).
Conversely, the platable fungal load of the stqukoht material in control mounds increased
during the rainy season and was best explainedBxponential regressio®{(= 0.29,F, 71

=10.76,P <0.001; Fig. 2.4b) and was lowest in September agiokist in March.
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Mean amount of plant material and fungal load measured as colony-forming units (QF@EM
monthly samples of more spheroidfillé¢d circle), shadedf{lled squaré and controlfilled diamond}
mounds and the one naturally spheroidal modifidd triangle). The relationship between amount of
plant material and month was significant (Quadraggression® = 0.178,P = 0.001), but differences
between treatments were not (Repeated measup®A: mound shapeF; s, = 0.048,P = 0.828;
shading: F,67 = 0.406,P = 0.526). The number of CFUs and the time of tlearycorrelated
significantly (Exponential regressioR? = 0.290,P < 0.001) but differences between treatments were
not significant (Repeated-measumeoVvA: mound shapeF; o= 0.451,P = 0.505; shadingF; ¢, =
1.195,P = 0.279). Note that samples of August are lackiegause no sampling was done.

Change in gas exchange with season

CO, concentrations in control mounds were generalbtikely low (mean of all data: 0.09 +
0.004 %; Fig. 2.5). They differed significantly iseten seasons and were highest during the
rainy season, lower during the dry-wet transitiopatiod and lowest during the dry season
(Linear mixed modelF; s7,= 5.35;P = 0.021; Fig. 2.5). Height had a significant effea
CO, concentrations during the rainy season (Lineareghimnodel:F; 435= 65.33;P < 0.001;
Fig. 2.5). This effect was due to significantly gy CQ concentrations at a height of 0.5 m
than at 1 m heightTg 3;7= - 4.50;P < 0.001). During the rainy season, £€»ncentrations

significantly correlated with the time of the dajthough the differences were small (Linear
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mixed model:F; 156= 8.59,P < 0.002, Fig. S2.2, supplementary material).,@&els were
highest at night (0.08 %) and lowest in the morri@gund 0.04 %). Interestingly, the effect
of the wetness of mound walls on gas exchange vaampnced: during the rainy season, wet
and damp control mounds had significantly higher, @9els than dry control mounds (dry:
0.069 = 0.003 %; damp: 0.082 £ 0.007 %; wet: 0.3.G3 %; Linear mixed modeF; 365=
61.37; P < 0.001). After the rain, CObuilt up very quickly and slowly decreased when

mounds were drying.

Manipulation of shading

There was no significant effect of shading on thrant of plant material (Repeated-measure
ANOVA: F167= 0.41,P = 0.526; Fig. 2.4a) or fungal load (Repeated-measMOVA: Fi 6=
1.20,P = 0.279; Fig. 2.4b). However, in January and Fetyushaded mounds seemed to
have higher fungal loads than control mounds begeldifferences were not significant due to
the high variability between mounds (January: nbeghageq 407.4 £ 134.42; microbggior
189.6 + 61.60; February: microhgges 324.5 + 153.20; microbggwoi 101.1 + 24.79; Fig.
2.4b). Although shaded mounds were wetter thanrgbmhounds in February (Mann-
Whitney U test:N = 231;U = 4021.50P < 0.001), we did not detect a significant effett o
shading on the gas exchange in manipulated mowmnasaf mixed modelT; 390= -1.52;P =

0.130).

Manipulation of mound shape

Manipulating mound shape did not significantly afféhe amount of stored plant material
(Repeated-measumaNOVA: F16, = 0.05,P = 0.828; Fig. 2.4a) or fungal load (Repeated-
measureANOVA: F; go= 0.45,P = 0.505; Fig. 2.4b). In addition, we did not detsignificant
effects of mound shape on gas exchange in moundsgLmixed modelT; 300= 0.82;P =

0.415; Fig. 2.5).
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Mean concentrations of GOn more spheroidalfiled circle), shaded fllled squarg and control
(filled diamond mounds for the two different measuring heightd anthe three different seasons.
CO, concentrations differed significantly between seas(Linear mixed modeF;s,,= 5.35,P =
0.021) but the two measuring heights differed ahlying the rainy season (Linear mixed modek
0.001). Differences between treatments were naoifgignt (mound shape: Linear mixed modekin,
seasor 0.415;Pqry seasor 0.721;Pary-wet transiior= 0.481; shading: Linear mixed modBlsiny seasor 0.130;
Pary seasor 0.758;Pary-wet transitio= 0.119).

Discussion

We tested whethek. meridionalismounds are functionally adapted to facilitate gashange
and/or improve food storage conditions during thiey season when mound walls become
damp and foraging is impossible. Neither changingdsg conditions nor altering mound
shape revealed a significant large-scale effettoafih rainy conditions affected both gas
exchange and food availability: first, gas exchange diminished during the rainy season,

especially in wet mounds as the mound’s pores becsaater-blocked. Second, food quantity
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and quality decreased during the rainy seasonpsd €ould become a limiting resource.
Nevertheless, we did not detect a significant e¢fdéour manipulations on these functions.

Are these findings due to a lack of a real effddtmding and mound shape on mound
functioning or are they due to insufficient mangdidn to reveal an effect? For shading the
latter seems less likely as a similar shading ewxpert in the fungus-growing termitel.
bellicosusresulted in the death of the mounds due to deicgast temperatures (Korb &
Linsenmair 1998). So it seems more probable thedisl did not have a large-scale effect on
respiratory gas exchange and food storage. Nevesthen January and February, we found
much higher fungal load on the stored plant sampleshaded mounds than of control
mounds but the results were not significant propdbke to the high variability in the data.

The finding that altering the mound shape did rifeich CO, concentrations suggests
that gas exchange in general does not seem tahtcal issue forA. meridionaliscolonies:
Compared to C@concentrations in mounds of other termite speaied ®s fungus-growing
Macrotermes(Luscher 1955; Darlington et al. 1997; Korb & Lémsnair 2000), the CO
concentrations iA. meridionalismounds were very low and increased only tempgrainl
addition, gas exchange k. meridionalisseemed to be largely accomplished by passive
diffusion through porous mound walls as there arspecific ventilation structures: the inner
architecture consists of a solid core in the lothédd of the mound, while the upper and outer
areas of the mound consist mainly of cells, wheaglfis stored, connected by small tunnels
which allow the movement by the termites througl thound (Fig. S2.3, supplementary
material). This contrasts strongly with fungus-gnogvtermites where the metabolism of up
to a few million termites together with the cultigd fungus requires efficient gas exchange
mechanisms (Luscher 1961; Darlington et al. 199%) the mounds generally consist of a
network of differently shaped tunnels that serve aas efficient means of ventilation

(Darlington et al. 1997; Korb & Linsenmair 2000; riar 2001). But compared to these
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speciesA. meridionalishas rather small colonies of a few thousand icldiais (Garnett et
al., pers. comm.), producing low amounts of respigagases for exchange.

However, the necessity of an efficient gas exchasgens not to be dependent on the
colony size but closely linked to fungus cultivatidNasutitermes exitiosusnd Nasutitermes
triodiae have colony sizes with 1-2 million individuals Batk fungus cultivation and they do
not have ventilation channels in their mounds baveha similar internal structure @s
meridionalis moundgGay & Calaby 1970). So, we suggest that the itgpae of gas
exchange and the necessity for elaborate ventilatiechanisms are related to the presence of
fungus cultivation and are hence less of a prolitamA. meridionalis.

The finding that altering the mound shape did niséca CO, concentrations also
argues against the cross-mound ventilation hyp@heoposed by Serventy (1967). He
suggested that ‘magnetic’ termite mounds were atigo create thermal gradients within the
mound resulting from the differently heated mouadels. One face would be sunlit and
heated up while the other face would be shadedcaotl and these temperature gradients
could drive convective heat flows across the moymdducing ventilation. Temperature data
and analysis of the heating of the faces are netwledipport our argument. However, we
consider that significant convective heat flowsoasrthe mound are unlikely given the dense
nature of the inner core (Fig. S2.3, supplementaaterial).

Our experimental results suggest that a changenmra spheroidal shape does not
necessarily lead to impaired mound functioning #reldeath of a. meridionaliscolony.
Four out of the ten colonies with a manipulatedpghdied or where close to death after the
experiment, while the corresponding values for mdntolonies were two out of ten. This
difference was not significant (Fisher's exact:t€st 0.628). For shaded mounds like for the
control mounds two out of the ten colonies wereeaatthy (Fisher's exact tede = 1.000).

Assuming that passive ventilation is used, a mpreidal mound still has a large surface
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area to store plant material and to allow for sigfit gas exchange. However, a colony that
constructs a large spheroidal mound might wasteeraéfiort on building areas that are less
useful to store plant material and facilitate gashange, as the inner parts of the mound
consist of solid re-packed soil materiél. meridionalishas only small colonies, therefore,

building effort could be a limiting resource whigh,the long run, selected elongated mounds

over more spheroidal mounds.

Conclusion

We found no large-scale effect on gas exchangeood fstorage when mounds were
manipulated by shading and the change of shape.etAmwmoist conditions significantly
affected CQconcentration and food quality and our results yntphat passive diffusion is the
main mode of gas exchange in these mounds. We geabat one advantage of the wedge
shape in these mounds is the efficient use of Imgldeffort to achieve good passive
ventilation for the food storage areas. This stisdgne of very few that tested the functional
significance of mound architecture experimentatlythe field. More such studies are needed

to test ideas about the function of termite moumthitecture.
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Abstract

Social insects can build impressive nest moundsthetfunctional significance of their
architecture is rarely studied experimentally. Aligh mounds display a wide variety of
forms, the basic mound structure is always moreless spheroidal. Mounds built by
‘magnetic’ termites are striking as this spheromtape is altered to an elongated north-south
oriented wedge-shaped architecture. We tested uhetibnal significance of shape on
temperature regimes . meridionalismounds by comparing experimental, more spheroidal
mounds to wedge-shaped control mounds that werehmat in size and environmental
conditionsin situ covering all seasons. The core temperatures o€ mpheroidal mounds
were more stable than those of natural elongatashdsimplying that thermostability alone
cannot explain the peculiar shape of ‘magnetiahit® mounds. Yet, wedge-shaped mounds
had higher mean core temperatures that might banéalyeous for offspring development.
Hence, our data clearly reject the thermostabilitypothesis, but cannot rule out other
thermoregulatory advantages. Yet, the fact thatgme#ic’ termite mounds are only built on
seasonally-flooded plains suggests that the refmsahis shape and orientation is directly or

indirectly linked to flooding.
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Introduction

Termite mounds are one of the most impressive detgphenotypes of organisms (Turner
2000b). They are the result of the interactions regnmany individuals that act according to
simple local rules and lack centralized controbbreprints (Korb 2011). They increasingly
serve as models of swarm intelligence and are tes@tspire new construction technologies
(Werfel et al. 2014). Yet, the functional and adapsignificance of the architecture of these
self-organized structures has rarely been studiperamentally. Mound architecture varies
widely, ranging from simple earthen hillocks to leleate cathedral-like structures that can
reach up to 7 meters in height but the adaptivaifssgnce of this variability is largely
unknown (reviewed in Korb 2011). Among this struatudiversity, mounds built by
‘magnetic’ termites are striking as a spheroidapghis altered to an elongated north-south
oriented wedge-shaped architecture (Fig.1.1). Stiokrwise simple mounds are only built by
three termite speciesAfitermes meridionaljsAmitermes laurensisand an unnamed
Amitermesspecies) and exclusively occur in low-lying, seesdly-flooded areas of northern
Australia (Jack 1897; Gay & Calaby 1970). So wisathie functional significance of this
extraordinary architecture?

Mounds generally serve as a safe home for the gdluat is well protected against
predators, provides space for food storage andsss influenced by external environmental
conditions. Where studied, the architecture seeamwrdvide homeostatic conditions within
the central nest and, depending on species andoenwental conditions, ventilation,
thermoregulation and humidity control are majofuahcing factors (reviewed in Korb 2011).
Given that ventilation and gas exchange are safiic{Schmidt et al. 2014), we expect more
spheroidal mounds with a small surface area: mass and a high thermal inertia to be
selected as they are better insulators againstrekteonditions and hazards than elongated

wedge-shaped structures with a high surface areass ratio. And this is what we find in
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termite mounds with the striking exception of theagnetic’ termite mounds. Regarding the
biological significance of this elongated wedgegsha several ventilatory and
thermoregulatory hypotheses have been advancedb (R6603a; Jacklyn 2010). As one
thermoregulatory hypothesis, Jacklyn (1992) progadmt constructing a mound as a flat
surface could be an alternative solution that ecka thermostable area in a non-massive
(high surface area: mass ratio) mound with a singgecture. The thermostability of this
surface would be determined by its orientatiorhegun, wind and shading conditions. In this
study, we aimed at testing the significance of shaptemperature regimesAn meridionalis
mounds by comparing experimental, more spheroidalunds to wedge-shaped control

mounds that were matching in size and environmeatadlitions.

Materials and methods

Study area

The study was done on a typical, seasonally in@udAt meridionalishabitat containing
several hundred mounds, approximately 30 km sosthgfaDarwin (12.75° S, 130.91° E,
approximately 23 m above sea level), Australia .(RAdl). In this area, the dry season
typically ranges from June to August, while thenyai(‘wet’) season covers December,
January, February and March. The transitional perwith less marked characteristics than
the rainy and dry season include September, Octdbmrember (‘dry-wet transition’) and

April, May (‘wet-dry transition’) (after Taylor & Tlloch 2006).

Experimental manipulations

In September and October 2005, we selected ters pdirinhabited mounds, each pair
comprising mounds of similar dimensions in closexpnity. Within each pair, mounds were

allocated by chance to one of the following treattae(a) change in mound shape (in the
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following ‘more spheroidal mounds’), and (b) comtwaith no further manipulation: (a) to
change the mound’s shape, we attached pieceseaithe@bandoned. meridionalismounds

to the eastern and western face of the ten expetahmounds. These pieces did not differ in
any obvious way from structures of inhabited moumnés they had tunnels and cells as those
found in inhabited mounds. We used a mixture ofewand the soil surrounding the mounds
to attach the pieces onto the mounds’ surface eBia®re attached to the lower part of the
mound until the cross-section reached an approeimaircular shape and the overall shape
was cone- rather than wedge-shaped (Fig. 2.2@,hd) pieces were integrated into the mound
structure by the termites (Fig. S2.1, supplementaaerial). Later, we discovered a naturally
spheroidal mound of the same species which hathidgasishape as our manipulated mounds
(Fig. 2.2b). (b) Ten mounds served as control aatevmot manipulated but otherwise treated

like the manipulated mounds.

Temperature monitoring

Temperatures of all mounds were measured at tli@cguof the northern, eastern and western
face (HOBO 08 four-channel loggers; Synotech Gmbhnnich, Germany (face
temperatures) and inside the centre (core tempejattithe mound (HOBO Water Temp Pro
loggers). The external sensors were attached immidele of the surface at one-third of a
mounds height as this was the area where termitegften found (Jacklyn 1992) and the
internal sensors were installed inside the cerfttteomound at the same height. The termites
integrated these loggers into their mound structlicecontrol for microclimatic differences
between control mounds and mounds that were to beipmlated, we monitored the
temperature of all mounds for about one month leeforounds were manipulated and
compared the temperature data of manipulated amdratomounds during this pre-
manipulation time period (sd@ata analysis).The temperatures in the centre of the termite

mounds were monitored from October 2005 until erfd Aogust 2007. The surface
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temperatures were measured over most of the stedgdobut due to technical constraints
(e.g. battery replacement, burning of the studs) giaps occurred. The most complete data set
included all four seasons, starting from April 20@8y-wet transition) through to the end of

March 2007 (rainy season), this data set was us#teicurrent study.

Data analysis

For the main analyses, we used daily mean, minimodhmaximum temperatures as well as
the coefficient of variation (CV; standard deviatidivided by mean) of daily temperatures
(in the following ‘temperature summaries’). We &gbstthe effect of season (as defined by
Taylor & Tulloch 2006; se&tudy areq on these temperature summaries UIRQVAS as
implemented irsPss15.0. As there was a strong seasonal effect ondeatyres R always <
0.001), we performed the following analyses seplrator each season. Mounds were
measured repeatedly and measuring points (‘dingctie. northern, eastern, western face and
core) were ‘nested’ in mounds. To account for thi® used linear mixed models with
independent mounds as subject variables and megsday as covariate so that separate
regression models were fitted to each measuringg fNorusis 2005).

First, we analyzed the temperature summaries of anipulated wedge-shaped
mounds. For this, we used only the control moumdkiesed ‘direction’ as fixed factor.

Second, we compared control mounds and moundsviratto be manipulated during
the pre-manipulation time period to test for midiroatic differences unrelated to mound
manipulation. The temperature summaries were usatependent variables and ‘treatment’
(control, more spheroidal) and ‘direction’ as wasltheir interactions as fixed factors.

Third, we tested for effects of our treatment. Totdis we did the same analysis as

described under point 3 but using data of the mdain period.
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Fourth, we did the same ‘treatment’ analyses bparsgely for the directions ‘eastern
face’ and ‘core’ to be able to compare the effaattstreatments specifically for single

directions.

Results

Temperature patterns of unmanipulated mounds

The core temperatures fluctuated in line with tleef temperatures but generally with
dampened amplitudes (Fig. S3.1, supplementary rabteCore temperatures always had the
lowest CVs of all directions, except during thengaseason (Table 3.1, Fig. 3.1).

Comparing temperature variability between faces,dastern face had the lowest CV
compared to all other faces during the dry seaBeps (= 4449.88;P = 0.014; Fig. 3.1) and
the highest compared to all other faces duringrémgy seasonHy .3 = 6088.13;Pcompared to
western facs. 0.001; Fig. 3.1). During the transitional periaals significant differences were
found between different directions (wet-dry traisit F1 13 = 102.94;Pcompared to western fage

Pre-manipulation comparison

During the pre-manipulation time period, control unds and mounds that were to be
manipulated differed in none of the temperature manes with the exception of the mean
core temperature. By chance, control mound hadtabh8U/C higher mean core temperatures
than mounds that were to be changed in shape,atesgg (F1,2,6=36108.02;Pshape-contro=

0.004).
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Table 3.1
Influence of mound face and core on temperaturasgldifferent seasons. Shown are the results of
linear mixed models comparing core temperaturésdalifferentface temperatures (East, North, and

West) in unmanipulated control mounds, separat@lgéch season and each daily temperature

summary.
Temperature Dry-wet Rainy Wet-dry Dry
summary Results Comparison trans. season trans. season
CV of daily
temperature Df 3,3571 3,3579 3,639 3,3259
F 326.64 79.13 25.83 118.44
Core vs. East <0.001 <0.001 <0.001 0.045
P Core vs. North <0.001 0.058 <0.001 0.001
Core vs. West <0.001 <0.001 <0.001 0.001
Mean daily
temperature Df 3,3570 3,3632 3,651 3,3254
F 167.40 157.29 4.68 56.43
Core vs. East <0.001 <0.001 0.874 <0.001
P Core vs. North <0.001 <0.001 0.069 <0.001
Core vs. West <0.001 <0.001 0.003 <0.001
Minimum
temperature Df 3,3569 3,3582 3,644 3,3261
F 272.91 294.47 15.33 50.00
Core vs. East <0.001 <0.001 <0.001 <0.001
P Core vs. North <0.001 <0.001 <0.001 <0.001
Core vs. West <0.001 <0.001 <0.001 <0.001
Maximum
temperature Df 3,3569 3,3578 3,655 3,3255
F 266.08 140.05 43.33 206.27
Core vs. East <0.001 <0.001 <0.001 <0.001
P Core vs. North 0.321 <0.001 <0.001 0.219
Core vs. West <0.001 <0.001 <0.001 <0.001
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Figure 3.1

Mean (x 1 SE) of the daily temperature variatiore@sured as coefficient of variation (CV)) of the
three directionsfilled circle = eastern facdilled square= northern facefjlled diamond= western

face) and in the mounds’ coriléd triangle) over the seasons in unmanipulated mounds. C\¢eref
temperatures were always significantly lower theceftemperatures (except during the rainy season,
Table 3.1).

Effect of treatments

Effect of a manipulated shape on core temperatures

More spheroidal mounds had always significantly dowCVs of core temperatures than
control mounds (except during the wet-dry transitidbable 3.2; Fig. 3.2). The minimum core
temperatures of more spheroidal mounds were with 2 °C significantly higher than those

of control mounds during all seasons (except thiedmetransition; Table 3.2, Fig. 3.3a) and

38



Chapter 3 - What role does temperature play?

the maximum core temperatures were up to 5 °C |laueing all seasons (except the dry
season; Table 3.2, Fig. 3.3b). Overall, the meaa mmperatures of more spheroidal mounds
were lower than those of control mounds during ding-wet transition and rainy season
(Table 3.2) with no significant effect during théher seasons. Although there was a small but
significant difference in the mean core temperaturefore these mounds were manipulated
(see Pre-manipulation comparisQn the difference was more pronounced after the

manipulation (about 0.3 °C before manipulationalsout 0.7 °C after manipulation).
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Coefficient of temperature variation (mean = SE)
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T T T T
East North West Core

Measuring point

Figure 3.2
Mean (£ 1 SE) of the daily coefficient of variatiq€V) of the face and core temperatures of
experimental mounds during the dry seadiled circle = more spheroidafjlled diamond= control,

asterisk= significant difference.)
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Table 3.2
Influence of a more spheroidal shape on mound tawgeratures. Shown are the results of linear
mixed models comparing core temperatures of unméatgd mounds to core temperatures of shape-

manipulated mounds, separately for each seasoaaddaily temperature summary.

Temperature
summary Results Dry-wet trans. Rainy season  Wet-dry trans.  Dry season
CV of daily
temperature Df 2,23 2,27 2,17 2,26
7.76 10.04 0.03 6.09
0.001 <0.001 0.824 0.017
Mean daily
temperature Df 2,23 2,28 2,18 2,20
2.34 25.34 151 2.10
0.046 0.005 0.104 0.118
Minimum
temperature Df 2,37 2,26 2,20 2,22
6.27 6.46 0.54 5.60
0.001 0.015 0.321 0.004
Maximum
temperature Df 2,23 2,25 2,16 2,26
5.82 14.19 4.89 4.92
0.008 <0.001 0.017 0.101
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Figure 3.3

Mean (x 1 SE) of daily minimum and daily maximum core temperatures in [°C] of expenital
mounds filled circle = more spheroidafijlled diamond= control) and a naturally spheroidal mound
(filled triangle) over the seasons. Only differences between @mpératures of experimental and
control mounds were statistically analysed. TheBerdnces were always significant except between
minimum temperatures during the wet-dry transitemmd maximum temperatures during the dry

season (Table 3.2)

Effect of a manipulated shape on eastern face teatypes
The face temperatures also differed between tredatim&he mean eastern face temperatures
of more spheroidal mounds were significantly lowean those of control mounds during the
rainy season but significantly higher during thg deason (Table 3.3). Additionally, more
spheroidal mounds had lower maximum temperature$ lawver CV in eastern face
temperature than control mounds during the raiagae (Table 3.3).

The daily temperature curves of a representativenipoéated and a naturally
spheroidal mound during the dry season showed stereaface plateau as opposed to the

daily temperature curve of an unmanipulated mouingl 3.4).

41



Chapter 3 - What role does temperature play?

Table 3.3
Influence of a more spheroidal shape on eastem tamperatures. Shown are the results of linear
mixed models comparing eastern face temperaturesinafanipulated mounds to eastern face

temperatures of shape-manipulated mounds, sepafateeach season and each daily temperature
summary.

Temperature summary Results Rainy season Wet-dry &ims. Dry season

CV of daily temperature Df 2,24
F 3.97
0.027 ns ns
Mean daily temperature Df 2,24 2,27
F 4.90 2.83
0.017 ns 0.034
Maximum temperature Df 2,26 2,20
F 5.26 6.02
0.003 ns ns
a b c
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Figure 3.4
Daily temperature curve ok. meridionalismounds on a representative dry season daypically
large unmanipulated moundb; artificially more spheroidal mound arw the naturally spheroidal

mound (ight grey= western facanedium grey northern faceglark grey= eastern facejotted line=
core).
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Discussion

The objective of this study was to test the sigaifice of shape on temperature regimes.in
meridionalismounds. The core temperatures of more spheroidainds were more stable
than that of natural elongated mounds implying thatmostability alone cannot explain the
peculiar shape of ‘magnetic’ termite mounds. Yetdge-shaped mounds had higher mean
core temperatures that might be advantageouséddetimite colonies.

It was hypothesized that one solution to achiewerntostability in non-massive,
simple mounds could be the construction of elordyateounds that have an adjusted
orientation to provide stable temperature condgiahthe eastern face during the dry season
(Jacklyn 1992). During this season, ambient tentpera drop considerably and termites
indeed concentrate on the eastern face in themoahing hours (Korb 2003a). This implies
that morning heating is beneficial for the termit€sr data confirm that the ‘eastern face
plateau’ is connected to the elongated wedge shapi disappeared in more spheroidal
mounds (Fig. 3.4). Our findings suggest that evkrthere are benefits in having a
thermostable eastern face at a certain time, dveralnd thermostability alone cannot
explain this peculiar shape as more spheroidal a®were more thermostable than wedge-
shaped mounds (Fig. 3.2): if the mound core areanstantly providing more thermostable
conditions in more spheroidal mounds, then a weslgge should not be selected due to
thermostability reasons because it provides lesslestconditions. According to our data, a
thermoregulatory advantage of having a wedge-shapednd could be their higher core
temperatures compared to more spheroidal moundsgdilve dry-wet transition and the rainy
season: During this time winged sexuals (alategglde which will leave the nest attempting
to found new colonies (unpubl. data). If the sexdedelopment proves to be enhanced by
increased temperature this would be a strong seteftirce favouring an elongated wedge-

shaped architecture. Higher core temperatures dmeildn explanation for the wedge shape;
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however, data on the optimal temperatures for alateelopment are needed to support this
hypothesis. Also, given the largely solid naturetlté mound bases, we would expect the
thermal inertia of these mound bases to increasie size as seen in the walls of buildings
(Arumi-Noe & Hamilton 1998) and a range of animfPeters 1986). This should tend to
reduce the diurnal range of core temperatures, hmmte maximum core temperatures, in
larger mounds and this trend has been confirmednayof the authors (P.J.). So we would
expect the adaptive benefits of a high core tentpexato be reduced in larger mounds.
Nevertheless, even for larger mounds, the highdasel area: mass ratio of the wedge shape
should allow the inner parts of the mound to heatmoore rapidly and reach higher
temperatures than equivalent areas inside a sisidad more spheroidal mound.

Besides its distinctive mound shape in inundatedsA. meridionalisdoes not differ
in any obvious trait from other termites existirigse by. For instanc&asutitermes triodiae
builds cathedral shaped mounds with internal mownchitecture very similar toA.
meridionalismounds (Gay & Calaby 1970), next to them on shgktevated positions (A.
Schmidt, pers. obs). Both species forage on theedand of dead plant material which they
both store within their mounds. One difference hiattA. meridionalisis restricted in its
foraging activity and has to rely on stored foodtenal within the mound because of the
seasonal flooding. This might explain its smalloryl sizes. Wedge-shaped, meridionally
oriented termite mounds are built by thismitermesspecies but only under such distinct
ecological conditions (Ozeki et al. 2007). Thi®sgly suggests that the reason for this shape
and orientation is directly or indirectly linked fiooding.

Our data suggest that thermostability alone caarplain this unique shape and while
there are potential thermal benefits of high campgeratures more research is needed to
clarify these benefits. However the north-soutlemiation of the elongated mounds may be

an adaptation to reduce temperature variabilitgraftilding a wedge-shaped mound as this
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study observed that a daytime eastern face plateawa feature of the control wedge mounds
that was not seen in the spheroidal treatmentggQ3fi973) suggested that the wedge shape
may be an adaption to facilitate gas exchange amdcent study suggests that passive
diffusion between the surface layers of the mouwvitkre the food material is stored, and the
air is the main mode of gas exchange and a thinlgesshaped mound may minimise the

building effort to achieve such gas exchange (Sdhetial. 2014).
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Abstract

The elongated mounds of the ‘magnetic termifghitermes meridionaligre a prominent
feature of the Northern Territory in Australia. Thare restricted to habitat patches of
seasonally flooded plains which are largely isalateom each other. To investigate the
population structure oA. meridionaliswe developed 10 polymorphic microsatellite locie W
tested the variability of the markers on at led@sir@lividuals from two populations. We found
three to 12 alleles per locus with a level of hetggosity at each locus ranging from 0.05 to

0.74.

The mounds built byAmitermes meridionalig the tropical savannahs of northern Australia
are unique in shape and orientation (Grigg & Unaeraiv1977; Korb 2003a). The thin, wall-
like shape and the astonishing alignment accortinghe north-south axis of the earth’s
magnetic field has ever since risen the interestxpiorers and scientists (Jack 1897). The
distribution of A. meridionalisis limited to seasonally flooded plains, which ¢enseparated
from each other by several kilometres (Jacklyn 198% the dispersal abilities of the winged

termites are poor (Nutting 1969) gene-flow is liked be restricted.
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To investigate the population structure of suclandl populations, neutral markers
such as microsatellites are ideal means. As thexena genetic markers available far
meridionalis we developed 10 microsatellite markers.

Specimens were collected from mounds and storecetately in 100% ethanol. For
60 workers or soldiers, the head and thorax wewargt individually in liquid nitrogen. DNA
was extracted following a modified cetyltrimethyinaonium bromide (C-TAB) protocol
(Sambrock & Russell 2001) and pooled. Approximateyug DNA was digested with TSP
509 | and two adaptors (Tsp AD short and Tsp ADylohenzer et al. 1999) were ligated to
the DNA, resulting in blunt-ended fragments. Affarrification with Ultrafree-4 spinning
columns (Millipore), the ligation product was anfiigld using the adaptor Tsp AD short as a
primer. Forty polymerase chain reactions (PCR) veargied out in a final volume of %L
each, containing 0.pL ligation product, 0.251L Tagq DNA polymerase (5 UYL; MBI
Fermentas) and a final concentration @fM Tsp AD short, 1 x buffer, 2.5 mM und 25M
of each dNTP. We used a Biometra T1 thermocyclehgivian) and the following
temperature profile: initially 72 °C for 5 min tgrghesize the nick between the linker and the
genomic DNA followed by 20 cycles of initial denedtion at 93 °C for 1 min, primer
annealing at 55 °C for 1 min and extension at 72fGC1 min. The PCR products were
pooled, purified and concentrated using Centrifégfeer Columns (Genomics). To enrich
repeat motifs, the purified amplification productasv hybridized with biotinylated
oligonucleotides of either (A@) or (AG).3 linked to streptavidin-coated magnetic beads
(Dynabeads M-280m Streptavidin; Dynal). Hybridipatwas carried out following Tenzer et
al. (1999). Enriched DNA was recovered from thedseand amplified again using the same
conditions as before without the initial extensgiep. The PCR was performed directly with
1 yL of bead solution. The enriched and amplified fn@gts were cloned in the plasmid pCR

2.1 and xL1 blue cells (TA Cloning Kit; Invitrogemjere transformed with these plasmids.
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Clones with an insert were dot-blotted on nylon roemes (Hybond- NAmersham) and
probed with the oligonucleotides (Afg)and (AG)s; labelled with fluorescein-11-dUTP
(MWG Biotech).

Positive clones (140) were identified, of which ®8re successfully sequenced with
the Big DyeCycle Sequencing version 1.1 Ready Reaction kit BRiSystems) and T7 and
M13 reverse primers (MWG Biotech) in an ABI Prisn103 Genetic Analyser (PE
Biosystems). Clones (61) contained repeat motits @imer pairs were designed for 37 of
these. Of the primer pairs, 20 yielded a singlgrfrant and therefore the forward primer was
labelled with FAM, HEX or TET at the 5’-end.

To assess the variability of the microsatelliteBlADfrom one to five individuals from
20 colonies from two sites, that is populationssvextracted and the microsatellites were
amplified using the following standard PCR proto@ofinal volume of 20uL contained 1-50
ng DNA template, 0.025 YL Taqpolymerase, 0.5M labelled forward and reverse primer,
1x Taqbuffer, 1x Enhancer, 1.6-1}8 from a 25 mM MgCJ solution and 20Qum per dNTP
(MBI Fermentas). The initial denaturation step wsas at 95 °C for 2 min, followed by 34
cycles of denaturation at 95 °C for 45 s, locus#meannealing temperature for 45 s and
extension at 72 °C for 45 s, followed by a finatemsion at 72 °C for 10-30 min. Because
some loci showed an + A-effect that made interpi@iaambiguous, MgGlconcentration was
increased as well as the final extension time otaB0 min. This increased the + A-effect
strongly and simplified interpretation. The labdlleroducts were diluted with water, mixed
with Genescan-500 (Tamra) size standard and scordae ABI.

Ten of the 20 primers were polymorphic, with three 12 alleles (Table 4.1).
Heterozygosities were calculated using-QUICKCHECK (Kalinowski 2006). The observed
heterozygosity was lower than expected for all laed significant deviation from Hardy-

Weinberg equilibrium was detected for loci AG1-BE¥;2-H5, AG2-F4, AC2-F4 and AG1-
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H9. This indicates population substructuring orregaling. There was no evidence for null
alleles (exception: AC2-F4 which had only threela), large allele dropouts or stuttering
(MICRO-CHECKER Van Oosterhout et al. 2004). No linkage disefuiim (GENEPOR
Raymond & Rousset 1995) was found, except for AGD-Bnd AC2-H10 loci pair that
showed a significant deviation from random assamaf{P = 0.03; Bonferroni corrected).
Therefore, at least eight loci had sufficient vaillity to analyse population genetics of

Amitermes meridionalis.
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CHAPTER 5

Isolated in an ocean of grass: low levels of gerlew

between termite subpopulations

Published inMolecular Ecology?22, 2096-2105

Authorship: Anna Maria Schmidt, Peter Jacklyn, fluéiorb

Abstract

Habitat fragmentation is one of the most importeatises of biodiversity loss, but many
species are distributed in naturally patchy hakit8tich species are often organized in highly
dynamic metapopulations or in patchy populationsthwhigh gene flow between
subpopulations. Yet, there are also species thiat éx stable patchy habitats with small
subpopulations and presumably low dispersal r&tese, we present population genetic data
for the ‘magnetic’ termitéAmitermes meridionaljsvhich show that short distances between
subpopulations do not hinder exceptionally strorgnegic differentiation Kst: 0.339;
Rst: 0.636). Despite the strong genetic differentiatietween subpopulations, we did not
find evidence for genetic impoverishment. We praptheat loss of genetic diversity might be
counteracted by a long colony life with low colotwynover. Indeed, we found evidence for
the inheritance of colonies by so-called ‘replacenreproductives’. Inhabiting a mound for
several generations might result in loss of generdity within a colony but maintenance of

gene diversity at the subpopulation level.
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Introduction

Habitat fragmentation is one of the most importeauises of biodiversity loss (Debinski &
Holt 2000; Fahring 2003). It transforms formerlyntauous populations into subdivided
units, embedded in a matrix of unsuitable habitah warying degrees of connectivity and
decreased subpopulation sizes. Along with habitagnmentation comes an increased
influence of genetic drift relative to natural s#ien, which is predicted to lead to a decline of
genetic diversity within fragments (Prugh et al020 Frankham et al. 2009; Amos et al.
2012). With restricted gene flow, genetic driftukts in higher genetic differentiation between
fragments, which is not linked to adaptation. Thhe, small subpopulations can suffer from
(i) an increased probability to go extinct througtvironmental or demographic stochasticity;
(i) an increased risk of inbreeding, potentialgsaciated with inbreeding depression; and/or
(i) genetic impoverishment (Prugh et al. 2008; IKéa et al. 2008; Frankham et al. 2009;
Amos et al. 2012). These negative effects are mm@stounced when the subpopulations are
small and strongly isolated, and are dependenhemguality of the matrix habitat and the
species’ dispersal abilities (Rousset 2004). Yiegrd are species that appear stable in a
metapopulation or in naturally patchy habitatsalhighly dynamic metapopulation system,
the subpopulations are connected by gene flow dieateases with distance (isolation by
distance), and patches with local extinction evearts recolonized by founder individuals
from other subpopulations (Hanski 1999). For insganwater voles Arvicola terrestrig
sustain their genetic diversity by highly efficiearid frequent long-distance dispersal, despite
significant subpopulation differentiation (Aars @&t 2006). Stable patchy populations are
characterized by high levels of gene flow, whicmmect all subpopulations and prevent
subpopulation differentiation, so that the patclopylation forms one genetic cluster. As a
consequence, genetic diversity remains high andaqubations have a low risk of extinction

(Mayer et al. 2009).
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Yet, there are also species that exist in stabiehgahabitats with small subpopulations and
presumably low dispersal rates. Our study spetiesmound building ‘magnetic’ termite,
Amitermes meridionaljseems to be an exampfe:meridionalisis endemic to the ‘Top End’
of northern Australia, where it occurs in islandidoov-lying grasslands that are embedded in
a matrix of savannah woodland, and that are cheniaetl by alluvial flooding during the
rainy season (Fitzpatrick & Nix 1970; Jacklyn 1992his species builds elongated wedge-
shaped mounds of up to four metres in height treabeented along the north-south axis (Fig.
1.1). Termite colonies inhabiting these seasondllyoded islands are considered
subpopulations of varying sizes and degrees ofaiienl that are expected to exchange
migrants. These migrants are winged sexuals (‘sljatikat have a nuptial flight once a year
after the first strong rain at the beginning of thimy season. In contrast to other species such
as water voles (Aars et al. 2006), saxicolous r{ftg/llotis xanthopygyKim et al. 1998) or
Glanville fritillary butterflies Melitaea cinxia Saccheri et al. 1998) that survive in naturally
patchy habitats in a highly dynamic metapopulatgystem with local extinctions and
recolonizations, there is evidence tatmeridionalissubpopulations and colonies are very
stable with little turnover (Bowman 2002; Peterklat unpublished data (but see Table
S5.1)). The dispersal abilities are unclear: on ¢he hand, termite alates are generally
regarded to be poor flyers (Nutting 1969), while ren@ecent population genetic studies
suggest that dispersal might be less limiting (\da€gHusseneder 2011). Hence, the aim of
this project was to study a species that lives ungatchy conditions, is lacking
metapopulation dynamics and for which dispersdiiteds are unclear. Based on population
genetic theory and existing data, we expectedno figh dispersal among patches, which
leads to gene flow and prevents a decline of theetye diversity within subpopulations.
Alternatively, if gene flow between patches is nestd, we expect genetic patterns typical for

habitat fragmentation: high subpopulation differatdn, low genetic diversity within
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fragments and extensive inbreeding. In the lateeec the question arises how this system

maintains stability without suffering from the néga effects of habitat fragmentation.

]
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Figure 5.1
a Mounds ofAmitermes meridionaljgphotograph taken in the morning with view on sbathern

face. The broad eastern face is sunlit, while thstarn face is in shadelocations of the nine

sampled subpopulations in northern Australia.
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Material and methods

Sampling

Specimens oAmitermes meridionaliszere sampled from nine subpopulations throughwoeit t
species’ range between 2005 and 2007 (Fig 5.1k8.sTbpopulations differed in size from
nine to a few hundreds of mounds and in degresal&tion from one km to about 45 km
distance to the next subpopulation (Table 5.1)d&@rmine the size of each subpopulation,
GPS locations were recorded along the border oh eambpopulation and the size was
extrapolated using Hawth’s Analysis Tools irR@MAP (Beyer 2004). A nearest neighbour
analysis of mounds within subpopulation A showeat tinounds were randomly distributed
(aggregation index = 0.9%Z = - 0.531,P > 0.05). Hence, we assumed that the area size is
approximately proportional to the number of mouadsl thus the subpopulation size. The
approximate isolation of subpopulations was assessing @OGLE EARTH (available at
http://earth.google.de) where termite mounds cawidugally recognized and distances can be
determined between sites with visible termite mauficable 5.1). Distances between sampled
subpopulations were calculated from GPS locatiais) using Hawth’'s Analysis Tools in
ARCMAP. All distances between subpopulations were medstn@m the borders of the
subpopulations to infer the shortest possible dsspelistance.

We sampled at least ten neighbouring mounds in eddhe nine subpopulations,
except for subpopulation E where only nine moundsewpresent and subpopulation G where
one mound was partly inhabited by an inquiline tegrapecies that was accidentally sampled.
Because the latter was noticed only in the laboyatib was not possible to resample this
mound for A. meridionalis(Table 5.1). According to Thompson et al. (200h)s is an
appropriate sample size for population geneticgeeimites. All sampled mounds were built
and inhabited byA. meridionalis Approximately 20 termites were taken from eachunt

and stored in 100% ethanol until genetic analyses.
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Genotyping
We screened 524 individuals at the following eightrosatellite loci that were specifically
developed foA. meridionalis AG1-B11, AC2-G1, AG1-H9, AC2-H10, AG2-C12, AG2-F4
AG1-A2 and AG1-B10 (Schmidt et al. 2007; Schmidtaét2013). However, because the
locus AG2-F4 showed evidence for null alleles, weleded this locus from the final
population genetic analyses; the results from #ukiced data set did not differ from those
obtained when including AG2-F4 (see Results sektion

The genetic analyses with microsatellite markergewearried out according to
Schmidt et al. (2007). To get an idea of the coloagnposition and breeding systemAaf
meridionalis we first genotyped ten specimens per colony ia #rbitrarily chosen
subpopulation B. We found a maximum of four allefes locus and colony, which is
consistent with colony foundation by two (unrelgteddividuals (see Results section).
Because the emphasis of this study was to anahesgapulation structure rather than the
breeding system, we reduced the sample size oftygse® per colony and instead sampled
more subpopulations (see also Garcia et al. 20@2ci& et al. 2004; and Brandl et al. 2005
who used one and two samples per colony, respggtive test whether a sample size of five
individuals per colony is sufficient to estimatengéc diversity, we performed the analyses
for subpopulation B with a sample size of ten andagbitrarily selected subsample of five
individuals per colony. The gene diversity and inenber of alleles did not differ when using
five or ten individuals (mean £ SE of gene diversiive individuals: 0.65 + 0.055, ten
individuals: 0.65 = 0.057t-test for paired samplesjs = - 0.75,P = 0.482; mean = SE
number of alleles, five individuals: 5.6 £ 0.75ntmdividuals: 5.9 + 0.91t-test for paired
samplest; g = 1.55,P = 0.172). So, we genotyped at least five individyzger colony in all

other subpopulations, that is, about 50 individypaissubpopulation (Table 5.1).
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A constant sample size that does not correlate tvélsize of the subpopulation raises
the issue of an underestimation of genetic diversit large subpopulations. We chose a
standard sample size (around 50 individuals, seslResection) for each subpopulation to
exclude largely differing sample sizes as a confingn factor that could influence the results
of the genetic diversity analyses. Thus, we folldwie approach used in other population
genetic studies that analyse correlations of gem@ersity with subpopulation size (England

et al. 2002; Lienert et al. 2002; Tero et al. 2003)

Measures of genetic diversity

Workers within a colony are not genetically indeghemt because they are related. To test for
deviation from Hardy-Weinberg equilibrium (HWE) amg@notypic linkage disequilibrium,
we thus used an approach suggested for socialts#ftgemites (Vargo 2003) and generated
five data sets with one arbitrarily chosen workesnf each colony. Genotypic linkage
disequilibrium was tested by means of Fisher's &xast usingGENEPOP version 3.4
(Raymond & Rousset 1995), and the occurrence of alldles was tested with RO
CHECKER (Van Oosterhout et al. 2004). Allelic richness, gatversity according to Nei
(1987) and deviation from HWE were calculated byangeof exact tests USIRLEQUIN
version 3.1 (Excoffier et al. 2005). We also detesd the proportion of private alleles, that
is, the number of alleles that are unique in a ephfation relative to the overall number of
alleles in that subpopulation. To test whether tenetic diversity of subpopulations
correlates with their size or degree of isolati@ee(Sampling section), we performed

Spearman rank analyses in SASS).

Colony genetic structure and relatedness

To infer general features of the breeding systemAinmeridionalis (e.g. humber and

relatedness of founding individuals, existencentfreeding through secondary replacement
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reproductives), we estimated the number of allgles locus and colony and determined
whether the genotype composition within a colony wansistent with being the offspring of
a single pair of founding individuals (e.g. a maimof four different alleles and genotypes).
We calculated the average relatedness coefficientaokers from the same nest in each
subpopulation and the average relatedness withth sabpopulation with BATEDNESS

5.0.8 (Queller & Goodnight 1989). Relatedness ests were bias corrected, and all
individuals were weighted equally. 95% confidencteivals for relatedness estimates were

calculated by jackknifing over loci.

Hierarchical analysis of genetic variance

At the total population level, we determined thetiianing of genetic variance between
different hierarchical levels of the populationusture with a four-level hierarchicamMova

as implemented in RLEQUIN version 3.1 (see Table 5.2 for levels and nota)ionVe
repeated the analysis with a data set consistingntyf one individual per colony to ensure
genetic independence of samples (Garcia et al.)2@62 overall results changed only
marginally (Table 5.2)ARLEQUIN version 3.1 allows the employmentfef or R-statistics for
the AMOVA. However, both statistics have their domeks and assume strict mutation
models for microsatellite evolution (infinite aksl model (IAM) or stepwise-mutation model
(SMM), respectively; reviewed in Balloux & Lugon-Mbn 2002). Fst underestimates
differentiation in highly structured populationsitiRst is only independent of mutation under

a strict SMM model. Therefore, we report béthandR-statistics

Genetic differentiation

We calculated pairwis&st and Rst between subpopulations and between colonies within
subpopulations withARLEQUIN version 3.1. We also calculated subpopulationifipec

inbreeding coefficients withRLEQUIN version 3.1. For the latter analysis, we useddaaed
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data set with only one individual per colony to lexie the influence of inbreeding within

colonies.

Estimation of gene flow

We used a Bayesian approach wihyesass 1.3 (Wilson & Rannala 2003) to estimate
migration rates between subpopulations. This ampr@stimates more recent migration rates
and does not assume that the populations areftmalitation equilibrium. The burn-in length
was set after log-likelihood values peaked and eeepted proposed changes in parameters
that were between 40% and 60% of the total chaigtle except for the migration rate. The
delta value was set to 0.32 (Wilson & Rannala 2088) the number of proposed changes
was 87% of the total chain length. The results veeresistent with different delta values and
initial seeds (see Results section). We performed 13 iterations of which 60 000 were

burn-in and the sampling frequency was 1000.

Isolation by distance

We investigated patterns of isolation by distanepasately for each subpopulation, by
calculating pairwiseFst (Rst) for colonies and testing the significance of ttwrelation
between genetic distan€gr/ (1- Fst) and the logarithm of the geographical distandatk
1993) using Mantel tests (10 000 permutations; Elah®67) as implemented KRLEQUIN
version 3.1. We also performed the same analysisilfsampled subpopulations and their
pairwise distances to investigate isolation byatise on a large scale and infer information

about the direction of gene flow between these spblations.
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Results

Descriptive diversity statistics

We genotyped 524 specimens at eight microsatdliteé (data deposited in the Dryad
repository: doi: 10.5061/dryad.5q35k). The micreBaes showed high overall variability
(11-27 alleles per locus, Table 5.1). There wadimiage disequilibrium between loci. The
generated data sets did not show a consistentrpattenull alleles or deviation from HWE
across loci, with one exception: the locus AG2-dveed evidence for null alleles and
significant deviations from HWE (Fisher’s exacttté3< 0.05) in 26 of 45 tests and in 24 of
45 tests, respectively. As suggested by Vargo (RaB& locus was excluded from further
analyses. All other loci showed significant devaas in < 35% of the tests that is below the
threshold of 50% suggested by Vargo (2003). Theas w&lso no consistent pattern of
significant deviation from HWE across subpopulasiavith one exception: subpopulation G
showed significant deviation from HWE in locus A@IL0. However, there was no evidence
for null alleles at this locus in any of the gertedadata sets. All other loci analyzed in
subpopulation G showed significant deviation in% 6f the tests. Thus, we employed seven
loci for the genetic population analyses.

Due to our sampling scheme, we sometimes had Kligiifferent sample sizes for
different colonies and different subpopulationsi€as.1). To keep the sample size constant
and control for this parameter, we standardizeds#raple size to five individuals per colony
and nine colonies per subpopulation and repeat=sktanalyses. Some loci showed one allele
less than showed in the analyses of the whole stdut the overall results did not change.

All reported results are therefore derived fromthele data set.
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Correlations of genetic diversity

We performed Spearman rank analyses with all diyemseasures anB-statistics to discover
potential relationships with subpopulation size §swed as the size of the populated habitat)
and degree of isolation (measured as the shortssilge distance to the next subpopulation
as visually assessed BpOGLE EARTH, but no significant correlations were found (FsR).
The gene diversity, mean and maximum number oliesll¢he inbreeding coefficients and the
proportion of private alleles did not correlate lwieither the distance to the next
subpopulation or the subpopulation size. The progoiof private alleles in a subpopulation

ranged from 3.7% in subpopulation E to 25.7% inpsydulation K (Table 5.1).
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Figure 5.2

a Plot of gene diversity with subpopulation size ifaated by size of the habitat patch). No significan
correlation was found (Spearman rank correlation:0.1,P = 0.798).b Plot of gene diversity with
degree of isolation to the next subpopulation. Mmificant correlation was found (Spearman rank

correlationrr = - 0.15,P = 0.700).
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Genetic structure of colonies

Visual inspection of the colony genotypes reveaeathaximum of four alleles in a colony.
The existing genotypes were often not consisterth Weing the offspring of only two
reproductives; in many cases, at least three gmtigtidifferent parents were necessary to
explain the existing genotypes. We found on avei@@fé colonies with four alleles, 49%
with three and 18% with two alleles.

The relatedness between workers of the same cdloagtmates’) ranged from r =
0.48 in a colony in subpopulation A to r = 0.98airrolony in subpopulation H. Pairwiser
between colonies within subpopulations was sigaiftty different from zero for most
combinations, except for four pairs in subpopulatie two in subpopulation G and one in
subpopulation K. The values for colony differentat were very high Ksg 0.394, Rsc:

0.369; Table 5.2Db).

Table 5.2
Hierarchical analysis of variance aRestatistics.AMOVA with a region, subpopulation and colony
level included;b subpopulation, colony and individual level incldddelow the black line is the

partition of within-colony variance into within-amhy and within-individual variance.

% of total % of total

Source of variation variation (Fst) variation (Rsy) F-statistics R-statistics
a

Among regions 8.77 9.62 Fgr=0.088 Rs;r=0.096
Among subpopulations within regions 28.15 63.14 Fgs=0.308 Rsg=0.699
Among individuals within populations 16.38 10.06 Fs=0.260 Rgs=0.369
Within individuals 46.71 17.18 F7=0.533 R;y=0.828
b

Among subpopulations 33.9 63.6 Fg7T=0.339 R;1=0.636
Among colonies within subpopulations 26.0 13.4 Fsg=0.394 Rseg=0.369
Within colonies 40.0 23.0 Fs1=0.592 Rsr=0.767
Among individuals within colonies -7.28 -3.9 Fis=-0.181 Rg=-0.169
Within individuals 47.3 26.9 Fr=0.527 R;y=0.732
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Hierarchical analysis of molecular variance

The analysis of molecular variangevipvA) (Table 5.2a) showed that a substantial amount of
the variation stems from variation between subpatpis (33.9% as calculated froR:
statistics and 63.6% as calculated fr&astatistics;P < 0.001) and some from differences
between colonies within a subpopulatiéistatistics: 26.0%kR-statistics: 13.4%P < 0.001).
The remaining variation Fstatistics: 40%,R-statistics: 23%;P < 0.001) was due to
differences between individuals within colonies. €gplain this unexpected result, the
individual level was included in the analyses. Ehemalyses showed that the remaining
variation was due to differences between micros@dbci within each individual, while
individuals within colonies were not significantyfferentiated.

To test whether the strong differentiation coulddue to historical vicariant effects
that completely prevent gene flow, we additionatiyhn anamova in which wea priori
defined vicariance groups that incorporated certaibhpopulations based on their relative
distance to each other (Kelly et al. 2006). We =i five regions, in each of which
subpopulations were reasonably close to each ¢llabte S5.3). Very little variation was due
to this division, and only th&gt value differed significantly from zerd-{statistics: 8.77%,

P = 0.017;R-statistics: 9.62% = 0.309; Table 5.2b).
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Table 5.3
Pairwise geographic (in km, lower diagonal) andeagiendistance, measured Bsr (upper diagonal)

between subpopulations. Akrvalues were significantly different from zer® € 0.001).

Subpopulation A B E F G H I K P
A * 024 038 026 030 036 026 032 0.29
B 5.94 * 04C 031 027 04z 0.2&8 03¢ 0.34
E 38.2: 41.1¢ * 04z 047 05: 041 0.5C 0.4¢
F 30.5C 31.1¢ 16.1Z * 03¢ 04t 03¢ 044 041
G 35.1¢ 39.1z 66.2( 64.3( * 0.4 031 041 0.3¢
H 58.2¢ 61.3(C 90.1C 88.17 23.6- * 0.2C 0.4: 0.4z
I 60.8(C 64.17 9132 90.1¢ 255  3.8C * 0.3z 0.31
K 42.5¢ 36.4% 63.5: 47.4: 71.2¢ 89.1¢ 92.9: *0.3¢
P 58.88 54.60 95.61 82.86 62.11 67.05 71.43 47.50 *

Subpopulation differentiation, gene flow and isolah by distance

The values for subpopulation differentiation wemrwhigh Ec1: 0.339;Rs1: 0.636; Table
5.2a). Values higher than 0.25 are considered ftectevery large differentiation (Hartl &
Clark 1989). Even subpopulations in close proxinigy. H - I: 3.8 km; A - B: 5.9 km) were
significantly differentiated, and pairwisgr ranged from 0.20 (H - I: 3.8 km) to 0.52 (H - E:
90 km; Table 5.3). Pairwisgst had generally higher values and ranged from D8 Ij to
0.90 (H - E).

The subpopulation-specific inbreeding coefficiediffered slightly betweeR- andF-
statistics, but most subpopulations were signifigainbred. With F-statistics, all but
subpopulation G were significantly inbred, rangirgm 0.174 (PP = 0.026) to 0.661 (KPR <
0.001). WithR-statistics, all but subpopulations A, B and P wagaificantly inbred, ranging
from 0.379 (GP = 0.008) to 0.846 (F° < 0.001).

The average relatedness among individuals withbpspulations ranged from =
0.06 in subpopulation G to= 0.23 in subpopulation A.

The Bayesian approach for the estimation of migratates assigned all individuals to
their source subpopulation. More than 99% of tlkviduals in the sampled subpopulations

were classified as nonmigrants (95% confidencervate(Cl): 0.97-1.0) with very low
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migration rates from other subpopulations (alwagtew 0.001). Although the 95% CI for the
migration rates from other subpopulations was laf¢he lower limit, the means differed
considerably from simulations that assumed no médion in the data (mean of non-
migration rate (95% CI): 0.83 (0.68-0.99) and me&migration rate (95% CI): 0.02 (4.53
x10° - 0.126). These results were consistent with adleéta values or initial seed settings.
We detected significant isolation by distance (Martest:r = 0.49,P < 0.001)
between subpopulations (Fig. 5.3), but there wascaooelation between genetic and

geographic distance between colonies within a spibjption (alway$ > 0.344; Fig. S5.1).
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Figure 5.3
Isolation by distance analysis of the nine samplglopbopulations. The correlation between pairwise

estimates of genetic and geographical distancesigagicant (Mantel test. = 0.49,P < 0.001).
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Discussion

The objective of this study was to evaluate theupmipon genetics of a species with a
naturally patchy distribution that seems to lackyaamic metapopulation structure and strong
dispersal ability and thus differs from other pdichlistributed species. We found that
meridionalisshows some typical characteristics of species ehabitat has been fragmented
for a long time: low gene flow between subpopulagideading to significant differentiation
of subpopulations and the occurrence of privaeesd|(Table 5.1). On the other hand, we find
characteristics of species with patchy populatitras are unusual in fragmented populations:
the subpopulations did not show low genetic divgr@iable 5.1).

Compared to other termite speci@s,meridionalissubpopulations were exceptionally
strongly genetically differentiatedr§r: 0.339; Rst: 0.636; Table 5.2a), even over short
distances (pairwis€&st between H and I: 0.20; distance: 3.8 km, Tablg. 9vBst termite
studies reporEst values below 0.2 over distances of tens of kil@rseand values of 0.25 or
higher are found only over distances of hundred&iloineters (e.g. Thompson & Hebert
1998; Brandl et al. 2005; DeHeer et al. 2005; Detnet al. 2005; reviewed in Vargo &
Husseneder 2011). Hence, gene flow in termites setembe relatively unfettered over
distances of tens of kilometers, and it was progdbat the assumed poor dispersal abilities
of termites may not be true (Vargo & Hussenederl20h only a few species is considerable
genetic substructuring found over distances lesan tihundreds of kilometers (e.g.
Mastotermes darwiniensipairwise Fst up to 0.4 over distances between 50 and 100 km,
Goodisman & Crozier 2002;abiotermes labralispairwiseFst 0.16 - 0.25 over distances of
150 - 300 km, Dupont et al. 2009). YetAn meridionalis pairwiseFst estimates between
subpopulations were up to 0.43 over distances le#iwks and 40 km (e.g. between
subpopulations E and F, Table 5.3). Such high walok population differentiation are

generally interpreted as lack of gene flow dueswation by distance (e. g. Palumbi et al.
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1997; Garcia et al. 2004; You et al. 2008), a nystof invasion (e.g. the wasygespula
germanica Goodisman et al. 2001; the dnnhepithema humileJaquiery et al. 2005) or
geographic or biological barriers (e.g. the gigmirgytail Acanthanura sp. .n Garrick et al.
2007; and the fislsprattus sprattysDebes et al. 2008). We estimated a small but eronz
gene flow betweer\. meridionalissubpopulations that decreased with distance andesho
no evidence of vicariant effects: the estimatedratign rates were lower than 0.001. Hence,
gene flow between subpopulations Af meridionalisis insufficient to prevent strong
differentiation and the occurrence of private akebut sufficient to prevent complete genetic
isolation, that is, speciation.

Despite the very low gene flow and strong genetiferntiation betweenA.
meridionalissubpopulations, we did not find evidence for genetpoverishment that would
be expected after long-term fragmentation: althoogist subpopulations were significantly
inbred, we found moderate to high genetic diversitthin subpopulations (Table 5.1) and
genetic diversity did not correlate with subpopigiatsize or degree of isolation (Fig. 5.2).
This indicates that the subpopulations do not faeenegative consequences of isolation and
this despite high levels of inbreeding within supplations. One factor that could support
high levels of genetic diversity is a large effeetpopulation size (Frankham et al. 2009). We
cannot make direct inferences about the effectiwpufation sizes of the studied
subpopulations. However, this factor appears lésdylin this case as genetic diversity did
not correlate with subpopulation size, and we caly assume that the effective population
size correlates with subpopulation size if all otfectors that could influence the effective
population size are equal between subpopulatiagsrfember of reproducing colonies).

Genetic diversity could also be maintained by hgJiong-lived colonies with low
colony turnover. In termites, nest inheritance bpny members is common: when a founder

of a colony dies, a nestmate, generally the ofifgpaf the founder, can take over the breeding
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position as replacement reproductive (Korb & Hadiée 2008). Through this inheritance,
mounds can be inhabited for several generationthéysame termite colony (reproductives
and their offspring). This leads to inbreeding witlzolonies as is indeed indicated An
meridionalis by the high relatedness among nestmates and bingpection of genotypes
within colonies, which showed that not all existgenotypes could have been produced by
one single pair of unrelated reproductives (e.grentban four genotypes in one colony).
Replacement reproductives have been describedl imeridionalis(Gay & Calaby 1970).
Inbreeding within colonies results in a declinegehe (allelic) diversity within a colony, but
because colonies are inbred and do not regulapstywith each other, different alleles are lost
by chance in different colonies. Thus, each coloray have its own set of alleles or allele
frequencies (indicated by the significant differatibn of colonies within subpopulations).
The significant differentiation and longevity ofettbermite colonies therefore might result in
loss of gene diversity within a colony but maintece of gene diversity at the subpopulation

level.

Conclusion

Here, we give a striking example of a species ihable to survive under naturally patchy
conditions despite being an extremely poor dispersehe small A. meridionalis
subpopulations did not show any evidence of lowegtjendiversity despite strong genetic
differentiation and very low gene flow (Prugh et 2008; Frankham et al. 2009). Our results
might indicate that high colony longevity could lb@e factor that has pre-adaptéd
meridionalisto live stably in a naturally patchy habitat. Otlpessible explanations for these
unusual findings will need to be addressed in fri$tudies. Studying the mechanisms that
allow poorly dispersing species to survive unddcimaconditions can contribute to improve

predictions on species extinction risks in consgownabiology.
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CHAPTER 6

General discussion

What is the biological significance of the uniquetsape of ‘magnetic’ termite mounds?

Although ‘magnetic’ termite mounds are a prominédture of the tropical savannas in
northern Australia and many researchers have sgedubbout their unique shape, all these
hypotheses advanced so far remained speculativehavel not been tested experimentally.
The few studies performed by Grigg (1973; 1977;898acklyn (1991, 1992; 2002) and
others (Spain et al. 1983) that employed variouatian or magnetic field experiments
focused on the meridional orientation or meansctoesve the meridional orientation of these
mounds while the shape itself was again just hygtatally explored.

Therefore, the present work is the first study teaperimentally tested several
hypotheses for the biological significance of thedge shape in the field. The second and
third chapter explored the following questions: & the mounds functionally adapted to
facilitate gas exchange and/or the preservatidoad stores during the rainy season or (b) is

the shape of thermoregulatory significance?

Is the shape an adaptation to facilitate gas exclg@nand/or the preservation of food stores

during the rainy season?

We initially quantified the influence of rainy catidns on gas exchange and food availability
in general and identified the predominant mechagsissh mound ventilation: first, gas
exchange was diminished during the rainy seasgecesly in wet mounds as the mound’s
pores became water-blocked. Accordingly, quick myyof mound walls is important and
could be enhanced by a large surface area (ch@pteecond, food quantity and quality

decreased during the rainy season, so food coglohhe a limiting resource (chapter 2).
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The first results confirm Grigg’s (1973) hypothesisat respiratory gas exchangefof
meridionalis colonies is accomplished by passive diffusion ulgio the large mound walls.
Although shaded mounds were wetter than control ndsuduring the measurement in
February 2007 and the mean mound temperature veasaded, C@concentrations were not
significantly different between shaded and contnolunds (chapter 2). Thus, irradiance and
temperature are obviously not the most importactiofa for gas exchange. Instead, the main
driver of gas exchange M. meridionalisseems to be wind that was not influenced by shade
roofs. Therefore, the distribution of ‘magnetic’rrtéte mounds in open habitats with
prevailing winds could aid respiratory gas exchari§ecause we did not detect significant
differences in gas exchange between faces (unpeblidata) and the internal structure of the
mound (dense core and no specific ventilation sires) makes convective heat flows across
the mound rather unlikely, the cross-mound vembitathypothesis proposed by Serventy
(1967) was not supported by the data.

Wind as the driver of gas exchange in termite msuadtommon and has been shown
in several species of the genMscrotermes e.g. M. michaelseniclosed mounds as iA.
meridionalis Turner 2001)M. subhyalinugDarlington 1989) andl. jeanneli(Darlington et
al. 1997; both open mounds). Similarly, mound-hbuaddants like the leaf-cutting amttta
vollenweideriuse wind to drive the passive gas exchange of dpEn nestg¢Kleineidam &
Roces 2000). The structural adaptations to employd vior passive gas exchange vary
considerably between species and are much morestiopted than the simple construction
of a large surface area asAnmeridionalismounds (mechanisms of gas exchange reviewed
in Korb 2011).

If ventilation is passive and accomplished by wimglthe shape with its enlarged
surface area an adaptation to facilitate this gakange? Because G©@oncentrations did not

differ significantly between control and more sghéal mounds, the surface area of a more
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spheroidal mound is obviously still large enough dfficient gas exchange. Although €O
concentrations increased temporarily in wet moutiusy were generally very low (chapter
2). Also, the lack of specific ventilation struatgrinside the mounds argues against an
adaptation of ‘magnetic’ termite mounds to facibtgas exchange as there is simply no need
for particular efficient ventilationA. meridionaliscolonies are very small and do not harbour
a fungus that may produce comparatively high lee¢él€0O, as has been shown in fungus-
growing termites (Korb & Linsenmair 2000; Turner02) and ants (Kleineidam & Roces
2000). Similarly in the grass-harvesting termit@nervitermes trinervoidesCQO; levels were
much lower than has been described in fungus-g@wermites (Seiler et al. 1984).
Therefore, the importance of effective gas exchaegans to be related to fungus cultivation
and hence, not a problem far meridionalis

If ‘magnetic’ termite mounds are not primarily atig to facilitate gas exchange,
what role does food availability play? While €i® obviously not an issue fé. meridionalis
colonies, food availability could well become obeth quantity and quality (measured as the
inverse of fungal load) of the food stores decréasgnificantly with progression of the rainy
season (chapter 2). For a colony that is restrigtets foraging activity to probably only a
few months (because of habitat flooding and avditglof dead plant material) and therefore
completely dependent on stored food for approxilmasex months, preservation of food
stores could become an important issue. Howeverdidiaot detect significant differences
between more spheroidal and control mounds, prghadtause the surface area of a more
spheroidal mound was also still large enough toesémd ventilate the food, at least during
the course of this study. But although the dryifignound walls by sun had no influence on
gas exchange (see above), it seemed to have amrno#d on the quality of food stores:
samples of shaded mounds had numerically highegyaluoads than those of control mounds

at two out of three sampling dates during the ra@gson. Due to high variability of the data
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and a relatively small sample size, this differem@s statistically not significant. However,
the particularly strong dependence of colonies ftbeair food stores makes the importance of
a large, well ventilated surface area for food ajer reasonable. Of course there are other
termite species that are also strongly dependentheim food stores due to a period of
restricted foraging activity but do not built meddal mounds. Adam (2008) showed that it is
crucial for Trinervitermes trinervoidesvorkers to store as much grass as possible for the
winter when foraging activity is restricted. Butr@gthe cool winter is only three months long
in contrast to nearly six months of floodingAf meridionaliscolonies. Thus, the pressure to
maintain the food stores might be even highe™omeridionalis which could have selected
a high surface area for well ventilated food stores

Although the surface area of a large spheroidalmmdas obviously still large enough
to store and ventilate food, a lot of the denserimdl mound space will be useless for this
function. For a small colony as A& meridionalis building effort could be a limiting resource

which, in the long run selected elongated mounds owre spheroidal mounds.

Is the shape of thermoregulatory significance fdre colony?

A thermoregulatory explanation of the ‘meridiongpeé of construction’ has long been
hypothesized (Hill 1942; Gay & Calaby 1970) andchtimin experiments have emphasized the
importance of the meridional orientation for areeith relative thermostability (the core,
Grigg 1973; the eastern face, Jacklyn 1992). Btitaftermite colony prefers warm and stable
temperatures, especially during the colder andriby more unstable dry season — is the
‘meridional type’, i.e. the north-south elongateddge shape really the best option? Because
we manipulated livingA. meridionaliscolonies to a more spheroidal and therefore iorghe
more thermostable shape, we were able to comparethperature regimes of wedge-shaped
control mounds and more spheroidal experimentalndsuirectly for the first time. The

results clearly showed that i) compared to the rdodaces, the core was the most
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thermostable area and ii) the core temperaturesasé spheroidal mounds were even more
stable than those of wedge-shaped control mountss,Tthermostability alone cannot
explain the unique shape An meridionalis

Although the meridional shape is apparently not adaptation to enhance
thermostability, it could offer other thermoreguoiyt advantages for the termite colony.
According to the data of this study, one advantamdd be the higher core temperatures of
wedge-shaped mounds compared to more spheroidahdaaduring the dry-wet transition
and the rainy season. During the dry-wet transitismged sexuals (alates) develop which
will leave the nest attempting to found new colsn& the beginning of the rainy season
(unpubl. data). Increased core temperatures coaldmportant for their developmeri
similar explanation has been proposed for incrgasiore temperatures ih. trinervoides
(Field & Duncan 2013), anth vitro studies ofOdontotermes wallonensaso showed that
higher temperatures resulted in higher developmaas from nymphs to alates although this
was not tested statistically (Prahlad & Chimkod 201

In contrast, higher core temperatures during tliryraeason could be important for
embryonic development. According to Garcia & Becki€d75) the optimum temperature for
embryonic development INasutitermes nigricepis 30 °C. FolO. wallonensisthe optimum
temperature for nymphs hatching from eggs was uDtéC (not tested statistically, Prahlad
& Chimkod 2012). If embryonic and/or sexual develgmt proves to be enhanced by
increased temperature this would be a strong setefrrce favouring an elongated wedge-

shaped architecture. Unfortunately, such datazalarig forA. meridionalis

Conclusion on mound shape

There is no single answer regarding the biologsogthificance of the meridional shape Af
meridionalismounds. According to the results of this study, flcilitation of gas exchange

through the large surface area seems to be lessrtmmp. For food storage, on which the
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colony is highly dependent, a large surface arealdvbe advantageous. Also for a quick and
thorough heating of the core that might be favardbl the development of termites, a large
surface area offers advantages. All these advamtageld compensate for the decreased
thermostability of a wedge shape that can be pastgrcome by its meridional orientation.
Amitermes meridionalibas small colonies where all colony members arbile¢queen and
larvae) and can escape extreme temperatures (dEss.A colony that puts all its building
effort in building a flat surface that offers theemtioned advantages might thus be selected
over a colony that wastes building effort to bualdlome-shaped mound that is slightly more
thermostable but does not offer any of the otheaathges.

The ultimate advantage of a meridional shape séerhe the opportunity to colonize
an inhospitable habitat that suffers flooding dgrihe rainy season: only termite species with
the ability to build meridional mounds have so faanaged to overcome the difficulties
associated with flooding over a period of nearby rsionths. The upside of this habitat is its
rich grass resource that is also exploited by otéenite species during the dry season (e.g.
Nasutitermes triodigepers. obs.). HoweveA. meridionalisis much more abundant on such
flood plains, and they presumably get the biggleates

The functional significance of termite mounds wately be the result of only a single
function. Instead, most likely several factors hawéde acknowledged for the explanation of
the functional significance of mound shape and simn@&s, mound architecture might be the
result of a trade-off between different functiom®ib 2011). Evolution does not imply a
purposeful design and consequently, the curremé stey not always be the optimum — it

might be just the compromise between different ptibwal options.
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The influence of irradiance and shading condition®n ‘magnetic’ termite mounds

Shade has been proposed as an important enviroalnfector for the functional adaptation of
‘magnetic’ termite mounds and long-term shadingdtioons predict the geographic variation
in mean mound orientation (Jacklyn 1992). Additibnahere have been recent observations
that A. meridionalismounds seem to thrive less well in habitats sultigavergrowth by
bushes and trees (P. Jacklyn, pers. comm.). Regattieir endemism and very limited
distribution in northern Australia, this fact coulet of significance for conservation. The
results of this study show that shade from abovly oeduced face and therefore core
temperatures significantly during the rainy seasecause of the high solar altitude during the
tropical summer (Fig. S6, Table S6). However, ttosild be a crucial time for embryonic
development, and the reduced temperatures mightithue a negative impact on the colony.
Shading also significantly reduced the drying oé tmound walls and wet mounds had
significantly higher levels of CO(chapter 2). Differences between shaded and dontro
mounds were, however, not significant which migatdoie to the large variability of the data.
More obvious was the influence of shade on the fetodes: the samples of shaded mounds
had numerically much higher fungal load than tho$econtrol mounds in January and
February (chapter 2). Thus, a negative influenceslbdde on the functioning oA.

meridionaliscolonies is supported by the data of this study.

Genetic drift and its effects onA. meridionalissubpopulations: gene flow, subpopulation

differentiation and genetic diversity

Although A. meridionalishas a unique island-like distribution and there meny questions
regarding the founding of new colonies and the direesystem, no genetic studies tackling

these questions have yet been undertaken.
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To answer population and colony genetic questitarsspecies-specific microsatellite
markers were developed fé: meridionalisthat proved to be variable and reliable (chapter
4). Of these ten markers, seven were employed doetic analyses of nine subpopulations
throughout the species’ range. The genetic analsasaled astonishing results: the genetic
differentiation between subpopulations was onehefhighest ever recorded in social insects
and animals in generaFér: 0.339; Rs: 0.636; Table 5.2a). Values higher than 0.25 are
considered to reflect very large differentiationatl & Clark 1989). Even subpopulations in
close proximity (e.g. H - I: 3.8 km; A - B: 5.9 kmjere significantly differentiated. Such high
values of population differentiation are usualltempreted as a lack of gene flow due to large
distances or geographic/biological barriers. Cousatly, gene flow between subpopulations
was very low and resulted in significant isolatibp distance. Most subpopulations were
significantly inbred and showed high values of allerelatedness. These results imply that
the dispersal abilities &&. meridionalisare very low and the inbred subpopulations amyik
to be influenced by negative effects of genetift.dfihis in turn raises the question how stable
these small and isolated subpopulations are owr. ti

But maybe even more surprising than the excepiipnsirong subpopulation
differentiation over short distances was its effatthe genetic diversity of small and isolated
subpopulations: none of the subpopulations showed denetic diversity. Consequently,
different measures of genetic diversity did notrelate with subpopulation size or degree of
isolation. Contrary to expectations from consenatenetics, very low levels of gene flow
and high levels of inbreeding had no negative &ffean the genetic diversity oA.
meridionalissubpopulations.

The explanation of this unexpected finding liesamother result of the population
genetic analyses: not only the subpopulations segeificantly differentiated but also the

colonies within subpopulations. The value for cglalifferentiation was of similar magnitude
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as the subpopulation differentiatiofrsG 0.394; Rsg 0.369; Table 5.2b). And while
subpopulations had private alleles, also colonigkinvsubpopulations had their own sets of
alleles or allele frequencies, respectively. Theegie analyses of colonies showed that
relatedness within colonies was very high and predaly caused by inbreeding. As indicated
by the number of alleles and genotypes, coloniee i@unded by a monogamous pair of
unrelated reproductives (maximum of four allelea &icus) but not all genotypes could have
been produced by this primary reproductive paiceifive or more genotypes in a colony
were common. This indicates that colonies are itgterby the offspring of the colony
founders and indeed, so-called ‘replacement remtodes’ have been described .
meridionalis(Hill 1942; Gay & Calaby 1970). Inheriting coloniesakes also sense in light of
the ‘founding paradox’ and other observations: astmther termite species (Eggleton 2011),
A. meridionalisproduces winged sexuals (alates) once a yeah#vat a nuptial flight on one
or few days after the first strong rain at the begig of the rainy season (pers. obs.). After
the nuptial flight and the subsequent mating, tnéling pairs burrow into the soil to be
protected against desiccation and predators. Pacadly, the nuptial flight occurs shortly
before the onset of the monsoon that causes waggiAg of the habitat. So the termites seem
to have little time to establish their colonies aaduild up stocks for the rainy season when
they are confined to their nests. In line with thypung colonies are rarely found and
subpopulations seem to consist mainly of estaldisbelonies of a certain size range.
According to Garnett et al. (in preparatioA), meridionalismounds seem to be very old and
new foundation events are very rare. Thus, estaalisnounds could be a valuable resource
that is continuously passed on to the next germrati

The longevity and significant genetic differentoatiof colonies might therefore result
in loss of genetic diversity through inbreedinghat a colony but maintenance of genetic

diversity at the subpopulation level. On the tgiapulation level, the strong differentiation
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between subpopulations and their specific sets rofage alleles contribute to increased

overall genetic diversity (Frankham et al. 2009).

Future perspectives

Investigations of mound shape

To reach further conclusions about the shape ofgfmaic’ termite mounds, similar
experiments with the widely studied ‘magnetic’ t@emA. laurensiscould offer interesting
insights.A. laurensidgs a facultative meridional mound builder whicmstructs small dome-
shaped mounds on well-drained areas but meridimoahds on seasonally-flooded plains.

To test the effect of colony size on €@vels in large spheroidal mounds, a
comparison with the cathedral termi¥asutitermes triodiasseems promising: this species
has a similar internal structure As meridionalis is a grass-harvester and lives right on the
non-flooded edges of th&. meridionalishabitats. Thus, it experiences similar temperature

and rainfall regimes but its population sizes ambpbly several orders of magnitudes higher.

Genetic analyses

Now that variable and reliable microsatellites hbeen established as genetic markerg\for

meridionalis it would be possible to investigate its breedsiggtem and take a closer look at
the genetic structure of colonies (reviewed in \daBgHusseneder 2011). The present study
focused on population genetics and therefore wacexl the sample size of genotypes per
colony and instead sampled more subpopulationsanbtyze the breeding system reliably, a
sample size of 20 workers per colony is appropifeggo 2003; DeHeer et al. 2005; DeHeer
& Vargo 2008). In contrast, it is not necessargtiody many different populations (Vargo &

Husseneder 2011).
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Description of Seasonal Rainfall Characteristics

The nearest weather station from the study sitatfport NT (014206) was opened in 2006
and recorded 2452.6 mm of rainfall in 2007 (whensmmeasurements were done, see
below), slightly more than in subsequent yearsti®aarly in March and November 2007 the
amount of rainfall was higher than in subsequerdrgeThe rainfall preceding the gas
measurements is listed in Table S2.1 (CommonweafthAustralia 2012, Bureau of

Meteorology; available from http://www.bom.gov.dinfate/data/).

Table S2.1
Amount of rainfall on days shortly before and dgrithe CQ measurements, taken at two different

weather stations. Rainfall readings are takenaah9ocal time.

Date CO,- Rain at field Rainfall Darwin Airport  Rainfall Southport (mm)
Measurement site? (mm)

26.01.2007 no 0.6 2
27.01.2007 yes yes 0 59.4
28.01.2007 yes yes 18.4 125
29.01.2007 no 2.4 32.4
30.01.2007 no 1.6 6.6
31.01.2007 yes no 0.2 16.4
01.02.2007 yes no 1.6 0.8
23.02.2007 no 10 21.2
24.02.2007 yes little rain 16.4 17
25.02.2007 yes little rain 40 9.2
28.03.2007 no 0.2 14.6
29.03.2007 yes little rain 4.8 0
30.03.2007 yes little rain 4.2 134
27.09.2007 no 0 0
28.09.2007 yes little rain 2.4 4.2
29.09.2007 yes little rain 41.2 13
21.10.2007 no 0 0
22.10.2007 yes no 0.6 34
23.10.2007 yes no 0.4 0
19.11.2007 no 6.2 56.4
20.11.2007 yes no 0 24.6
21.11.2007 yes no 1.2 0.2
09.12.2007 no 0.2 0.2
10.12.2007 yes yes 3.8 0.6
11.12.2007 yes yes 10.8 4.8
Distance to ca. 37 km 4.8 km
field site
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Figure S2.1

This photograph shows pieces of recently abandénederidionalismounds that were attached to the

eastern and western face of one of the ten expetanmounds to alter the mounds’ shape. Note the
darker, more friable material between the pieceghvis new mound material built by termites. The

photograph shows that the added pieces were imégegireto the mound structure by the termites.
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Figure S2.2

Mean CQ concentrations in 0.5 m height of dry control mdsirduring the rainy season. The
correlation between the G@oncentrations and the time of the day was siganifi (Linear mixed
model:F; 156= 8.59,P < 0.002).
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Figure S2.3

These photographs show the inner architectus&. eheridionalismounds. The mounds consists of a

solid core in the lower third of the mound while tlpper and outer areas of the mound consist mainly
of cells in which food is stored connected by sniafinels which allow movement by the termites

through the mound.
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Seasonal effects on daily temperature summaries

During the dry season, daily face temperaturesnofianipulated mounds fluctuated greatly,
ranging from about 5 °C to 58 °C (Fig. S3.1a). Timean and minimum temperatures of the
dry season were significantly lower than duringeotbeasons (always< 0.001; Table S3.1).
By contrast, during the dry-wet transition, sigecefntly higher mean and maximum
temperatures were recorded than during other seasdmle the CV was significantly lower
during the rainy season (alwaks< 0.001; Table S3.1). During the rainy season,daiy

temperature pattern was not as regular as durandrthseason (Fig. S3.1b).

50 50

40

ure
[3]
1

10 10
I I I I | | T | T T
472006 572006 672006 772006 872006 972006 2412.2005 2512.2005 26.12.2005 27.12.2005 28.12.2005 29. 12 2005
Date Date

Figure S3.1
Face and core temperatures [°C] of a representatorend during six representative days duringehe
dry season anf rainy season light grey = eastern facenedium grey= western faceglark grey=

northern facegotted line= core).

101



Appendix - Chapter 5 supplementary

Table S3.1
Result of ANOVAs that tested the effect of seasomemperature summaries, separately for each

face.

Direction Eastern Face Northern Face Western Face
Df 5,8242 5,8128 5,7771

F 193129.300 257421.811 368972.275
<0.001 <0.001 <0.001
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Table S5.1

Summary of a survey of mound height and survivahdreld of Amitermes meridionalisnounds in

1987, 1996 and 2012. 20 out of 34 initial moundsenstill alive in 2012 — 25 years after the initial

survey
October 1987 May 1996 April 2012

Mound height (m) height (m) height (m)
1 1.95 2.3 2.35
2 2.1 2.5 2.4
3 2.0 2.5 2.6
4 3.5 3.5 3.4
5 2.5 fallen not seen
6 3.0 1.29 0.75
7 2.4 2.3 not seen
8 2.0 2.1 not seen
9 2.35 Dead fallen (2.35m) not seen
10 2.0 2.5 2.8
11 2.8 3.0 3.1
12 2.3 2.6 2.7
13 2.2 fallen not seen
14 1.8 2.3 2.4
15 1.8 2.2 2.1
16 2.9 2.9 not seen
17 2.4 shallow dome not seen
18 2.4 2.6 not seen
19 1.65 1.9 not seen
20 1.7 2.4 not seen
21 1.75 2.0 not seen
22 15 1.75 not seen
23 2.05 shallow dome not seen
24 2.5 2.6 2.8
25 2.9 3.2 0.9
26 2.3 2.6 0.5
27 3.2 3.6 3.3
28 2.3 2.7 2.9
29 2.2 2.5 2.6
30 2.4 2.8 3.0
31 1.5 1.1 0.9
32 2.0 2.2 2.5
33 1.95 2.3 2.8
34 2.05 2.3 not seen
35 not seen 1.8 2.3
36 not seen 1.9 2.4
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37 not seen 1.9 2.2

38 not seen 1.25 2.6

39 not seen 1.1 2.2

40 not seen 1.0 1.8

41 not seen 1.45 2.45

42 not seen 1.3 not seen
43 not seen 1.2 not seen
44 not seen not seen 15

45 not seen not seen 2.0

46 not seen not seen 1.8

47 not seen not seen 04

48 not seen not seen 1.25

49 not seen not seen 1.1

50 not seen not seen 1.5

51 not seen not seen 0.95

52 not seen not seen 1.1

53 not seen not seen 0.85

54 not seen not seen 0.4

55 not seen not seen 0.2

56 not seen not seen 0.5

Only mounds large enough to be clearly meridionallgngated and of the distinctive.
meridionalistype were included in the survey. Mound locatiaese determined manually on
a grid system for the first two surveys in 1987 4986 and with GPS for the 2012 survey.
Two mounds were tagged, but the repeated surveyseshthat nearly all mounds were easily
identifiable from their location, size, orientati@tc. Mound height was measured in metres
from the mound base to highest point above thergtou

This field is close to a rural area and the wesgelge of it was cleared in the late 1990s. This

seems to have resulted in the deaths of severahaisqd6-23 in the Table S5.1).
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Table S5.2
AMOVA of a dataset consisting of only one individlper colony to ensure genetic independence of

samples. The results are qualitatively the santease for the whole data set.

Source of variation % of total % of total F-statistics R-statistics
Variation (Fst) Variation (Rsy)
Among subpopulations 34.23 70.03 Fcr=0.342 Rcr=0.700

Among colonies within _ _
subpopulations 21.33 14.73 Fsc=0.324 Rsc=0.491

Within colonies 44 .44 15.24 Fst= 0.555 Rs7=0.848

Table S5.3

A priori defined vicariance groups to test for vicariarfeels. The geographic distances are given
between the subpopulations within one group (eewéen subpopulation A and B in Group 1) or
between the single subpopulation and the nearégiopulation (e.g. subpopulation K). For all other
geographic distances between subpopulations, plsesdable 5.3 in the main publication. For the

location of subpopulations, please see Fig. 5.1b.

Vicariance Included Geographic distance between
group subpopulations subpopulations [km]
1 A, B 5.94
2 E,F 16.12
3 G, H, I 3.80 (H-1)
23.62 (G-H)
25.50 (G-I)
4 K 36.45 (K-B)
P 47.50 (P-K)
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Figure S5.1

Example of an Isolation-by-distance analysis of ttwonies in a study subpopulation, here

subpopulation B. The correlation between pairwistinetes of genetic and geographical distance of

colonies in all subpopulations was not signific@vantel testr = 0.09,P = 0.348).
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Figure S6

Mean (+ 1 SE) of the mean face and core tempematofexperimental mounds during the rainy
season f{lled diamond= control moundsfilled squares= shaded mounds). Mean face and core
temperatures of shaded mounds were always sigmilfjciower than mean face and core temperatures
of control mounds (except the northern face, T&tle

Table S6
Influence of shade on mound core and face tempgesatishown are the results of linear mixed

models comparing core and face temperatures of nipulated mounds to core and face temperatures
of shaded mounds during the rainy season.

Temperature summary Results Core East West
Mean daily temperature Df 2,28 2,24 2,24
F 25.34 490 3.77

P (Control vs. shade)< 0.001 0.011 0.015
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