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ABSTRACT

Aardvarks Qrycteropus aférare ecological engineers because they dig the burrows that
provide shelter for numerous sympatric animals and, as such, are keystone mammals in
subSaharan Africa. They are nocturnadlgtive, solitary and elusive. As a result,
aardvark ecophysiology is pdpunderstood, despite their ecological significance. Much

of their range is becoming hotter and drier with global climate change, with potential
impacts on the aardvarks. A recent drought in the Kalahari in the summer 612012
coincided with high aardvl mortality. The Kalahari serdesert at the soutlvestern

edge of aardvark distribution is the hottest and driest environment currently inhabited by
aardvarks. Climate change will l i kely exace
increased aridi€ation and higher environmental temperatures. Whether the physiological
plasticity of aardvarks will allow them to buffer such changes is unknown.

| therefore studied wild, frekving aardvarks for ~3.5 years (July 2012 to September

2015) at Tswalu Kalzari Reserve, South Africa. Aardvarks were implanted with VHF

tracking units and data loggers to record body temperature and locomotor activity.
Camera traps at burrows recorded the aardve
body condition and colleed fresh scats for dietary analysis. Aardvarks typically feed
exclusively on ants and termites, which depend largely on vegetation productivity. Thus,

| assessed prey abundance and availability monthly using pitfall traps and signs of termite
surface actiity, and assessed vegetation productivity using-ided transect methods

and remotesensing data (MODKgVI). | subsequently measured energy and water
content of the aardvarkso main prey items.

Harvester termitedHodotermes mossambiqusere the mosimportant dietary item for

aardvarks throughout the study period, accounting for ~75 % of prey ingested, and
providing ~90 % of water and energy needs. By contrast, research in less arid southern
African regions found ants to be the dominant dietary itdrh.t hough t he aar d
regional flexibility in feeding on the most abundant social insects likely improves survival

under normal conditions, aardvark wb#ing in the Kalahari might depend on
fluctuations in harvester termite populations. | found treatvéster termite abundance

correlated with grass availability, which in turn depended on rainfall.



During my study, inteannual variability in rainfall was high; two good rainfall years
occurred which had large amounts of rainfall early in the wet seassuiting in high
vegetation productivity. During these yeammt (largely in summer) and termite
abundances were high, thus aardvarks obtained sufficient prey to cover their minimum
daily energy and water requirements, and were in good body condiitespective of

the season, aardvarks in good condition remained nocturnal, and were homeothermic,
with a low 24h amplitude of body temperature rhythm (~2.5 °C; varying from 35 to 37.5
°C). Their body temperature rhythm overl24losely tracked that otavity, with body
temperature increasing at the beginning of the active phase, and declining at the end of

the active phase.

A drought during summer 20413 likely resulted in local declines of termite populations,
such that aardvarks were no longer ableneet their energetic requirements. A mass
mortality of aardvarks occurred at the end of the summer drought, and surviving
aardvarks were in poor condition. Nutritionalpmpromised aardvarks relaxed the
precision of body temperature regulation, reagltin heterothermy with a high 2%
amplitude of body temperature rhythm, primarily because of low minimuwim [2ddy
temperature (~25 °C). These nutritionadlympromised aardvarks became partly diurnal,
some shifting activity entirely to the daytime iretitveeks leading up to their deaths. In
moribund aardvarks, a dissociation of theti2hythm of body temperature and activity
occurred, with minimum 24 body temperatures occurring during daytime activity, and
maximum 24h body temperature while restingraght. By the winter that followed the
summer drought, the late and poor summer rains had not sufficed to ensure a complete
recovery of the termite and ant populations at Tswalu. The aardvarks displayed
exaggerated heterothermy with-B4amplitude of bog temperature rhythm as high as
11.7 °C, the greatest amplitude ever recorded in a large mammal. During this winter,
many aardvarks were in poor body condition and started foraging unusually early, during
midday, presumably to compensate for their enargeteds. Some individuals basked in

the sun outside their burrows for lengthy periods, thereby passively increasing their body

temperature and potentially allowing for savings of up to 7 % of daily energy



requirements. However, these enesgying strate@s were not sufficient in all aardvarks
to prevent death by starvation, and many more individuals died.

This study was the first loagrm, and the most comprehensive, study of aardvark diet,
behaviour, and thermoregulation in response to prey avajahdi date. To my
knowledge, it was alsone of the first studies to record physiological variables in a free
ranging large mammal over a period of more than one yearebyallowing the
assessment of physiological flexibility of aardvarks in responsedsonal and annual
changes in the environmemoreover, it was the first study identifying termites as the
aardvarkodés key prey item, and the first

relation to fluctuating food resources as a result of drough

Records of body temperature and activity patterns provided useful direct indicators of
physiological weHbeing in aardvarks. Vegetation cover was a useful index of termite
abundance, and thus aardvark resource availability. Understanding the phyai@od
behavioural limitations of animals in arid ecosystems is vital for assessing responses to
increased environmental stress resulting from current and ongoing climate change. The
anticipated increase in the frequency and intensity of droughts kelylresult in a
decline in grass biomass throughout Africa, impacting on termites and other herbivores.
Termite declines were likely the main cause of the Kalahari aardvark mass mortality
following the drought in the summer of 2013. | advocate that fute environmental
stressors such as droughtluced lack of resources, brought about by climate change,
pose a greater threat to aardvarks than previously thought. Aardvark extirpation in the
Kalahari will likely have severe cascading effects on other alsimeusing aardvark

burrows.
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Figure 2.10 Typical colony structure of an important aardvark prey species, the northern
harvester termite Hodotermes mossambicus, through varying types and depths
characteristic of the area near Bloemfontein in theegtate Province of South Africa,
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Figure 2.11 Field signs of the northern harvester iterhlodotermes mossambicas
Tswalu Kalahari Reserve. A) Soil excavations indicating tunnelling activity underground;

B) H. mossambicuw/orkers actively harvesting dry grass at the soil surface......95
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Figure 3.2 Vegetationrpductivity and aardvark prey insect abundance and activity
assessed during monthly transect sampling at Tswalu Kalahari Reserve between May
2014 and August 2015. A) monthly vegetation indices (black bars indicate mean % grass
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duneveld vegetation predominant at the study site); B) monthly totatlsmips as an
activity index of H. mossarhicus tunnelling activity; and C) total number of ants
collected in pitfall traps (red dotted line indicates monthly mean air temperature; black

bars indicate ants trapped per month; x indicates when no data were availabl&®4
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Figure 3.4Seasonal variation in prey items in aardvark diet, and their contribution to diet

in 133 scat samples from six study aardvarks at Tswalu Kalahari Reserve between August
2013 and September 2015. Abundance of different prey items per g dry scat mass and

B) their % contribution, C) energy (kJ per g dry scat mass) and D) % energy contribution
andE) water (mg per g dry scat mass) and F) % water contribution of differgntere
categories to aardvark diddumbers of scat samples obtained each month are indicated
at the top of plates A and B. No scats were obtained in January, June, and September
2014. One scat sample, obtained in October 2014, contained exceptionatyimigérs

and a large proportion of ants of the geDosylusand was not included in data displayed

here but is described in the teXt...........oo o 133

Figure 3.5 Aardvark body condition at Tswalu KalaHaeserve. A) Monthly median
body condition of study aardvarks at Tswalu from July 2013 to September 2015, scale
from 1 = emaciated to 5 = overweight. Aardvarks displayed are those for which body
condition was scored over at least 3 months. Overlappingdates are stacked to avoid
concealing each other. Lines represent
condition and serve as a visual gukile'ndicates death of the aardvakindicates loss

of the aardvark due to tracker failure. B) An aardvarkery good body condition (score

4). C) An aardvark in very poor condition (score 1). Photo credit: Nora Weyer137

Figure 3.6 Aardvarks drinking water from waterholes, A) at Tswalu Kal&weserve, on

01 January 2015 (screenshot of a camera trap video by Joe Gosling, obtained from
https://twitter.com/JoeGosling2/status/838017615486464000), and B) in Limpopo
during January 2014 (photographed on camera trap by Hennie Steyn, obtained from
http//raptorsview.co.za/wpontent/uploads/2015/08/THaptorJanuary2014.html).

Figure 4.1 Activity dataset of aardvark 9 for the period July 2013 to May 2015 (N = 675
consecutive days exaling capture days). A) Total 24 counts of activity logs; B)
maximum 24h activity, expressed as % of the maximum reached by this aardvark during
instrumentation with the logger; C) duration (hours) of each active phase; D) proportion
(%) of each active griod that the aardvark was diurnal. Note that data from aardvark 9
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were selected for display because this dataset is the longest continuous record of activity.

Figure 4.2 Actogram showirigcomotor activity of aardvark 9 as a representative for all

study aardvarks at Tswalu, fre@nging in its natural environment, for the period July

2013 to May 2015 (N = 675 consecutive days). Days are stacked vertically, data are
displayed in Bminute ntervals. Black bars represent periods when the aardvark was
active (O 5 % of maximum activity):; white a
inactive (< 5 % of maximum activity); dark grey line is the time of sunset; light grey line

IS the time ofunrise. For better visualisation of seasonal shifts in nychthemeral rhythms,

activity is plotted over 48 hours, with two consecutiveh3dgeriods displayed beside each

other. . Note that data from aardvark 9 were selected for display because thisislataset

the longest continuous record Of aCtIVILY........cccevvieieeeiiiiieeeic e, 174

Figure 4.3 Daily activity patterns of all study aardvarks in relation to photoperiod between
July 2012 and May 2015. Filled grey detsime d emergence of aardvarks from a
burrow, hollow circles time of return to a burrow. Values are averages for all aardvarks
per day (N = 1032). Darggrey line- sunset, lighigrey line- sunrise. Timeaxis ranges

from 10:00 in the morning until 10:00 thellawing morning. No data were available
between March and July 2013, because all study aardvarks but one had died in March,

and the logger in the only surviving aardvark stopped recording...................... 175

Figure 4.4 Mean seasonal-Bdactivity patterns of all study aardvarks ovemanth
seasons at Tswalu between July 2012 and May 2015, based on data from activity
biologgers. Each row is one year of the study; seasons are stacked vertically in columns;
orange backgrounds indicate drought periods, green backgrounds indicate normal
productivity; red dotted lines indicate 5%hreshold for activity, grey boxes indicate

nighttime, error bars represent SD between individuals...............ccccoovieeenee. 177

Figure 4.5 Air temperature at time of emergence and return of study aardvarks at Tswalu
Kalahari Reserve between July 2012 and September 2015, averaged across all aardvarks
per day. Black circles represent air temperatureéinae of emergence; grey circles

represent air temperature at time of return; blue line represents daily minimum air
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temperature and the red line is daily maximum air temperature. No times of emergence
and return were available during March to July 20#&ause most study aardvarks had
died, and the logger in the one survivor stopped in March. New aardvarks were added to
the study in July 2013. Temperature data were not available for periods in February 2013,
November 2013, January 2014 and April 2014abse of weather station failure.179

Figure 5.1 Body temperature records of individual study aardvarks at Tswalu during year
1 and early year 2 of the study (August 2012 to September 20X).dlef aardvark 2
(panel A) ended when the aardvark died after prolonged starvation. Aardvarks 5 (panel
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deaths. Aardvark 7 (panel D) was recaptured in Septemi&r &er 14 months. Each
dataset begins three days after the first capture of each individual; blue arrows indicate

recapture event; red dashed lines indicate deaths of aardvarks...................... 209

Figure 52 Body temperature records of individual study aardvarks at Tswalu during years

2 and 3 of the study (July 2013 to September 2015). Records of aardvark 8 (panel A)
ended because when the aardvarkés tracking
exchangd after the first year, and the individual could not be located. Records of
aardvark 13 (panel C) ended because the aardvark died in late July 2015 after a period of
progressive body condition decline. Aardvark 15 (panel D) died unexpectedly in
November 2@4. Aardvark 9 (panel B) was recaptured and reimplanted ir201d, and

recaptured for logger removal in September 2015. Aardvark 17 (panel E) was added to

the study in July 2014 and recaptured in September 2015. Each dataset begins with the

first captureof each individual; blue arrows indicate recapture events; red dashed lines

indicate deaths Of AardVArIKS. ... e 210

Figure 5.3 24h body temperature of all study aardvarks at Tswalu from Augu& 201
September 2015. Each colour line represents medmkidtly temperature of a different
individual. Upper and lower red lines display the absolute maximum and absolute
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Figure 5.4 Monthly and seasonal-B4ody temperature rhythms of aardvarks over 38
months. Each line represents the body temperathythm averaged between all
aardvarks for each month of that season; lightest shade is the first month of the season;
darkest shade is the last month of the season, dashed line is the body temperature rhythm
averaged over the previous season. Wintdune, July, August; spring September,
October, November; summerDecember, January, February; autumdarch, April,

May. Records lasted from August 2012 to September 2015, thus the first winter displays
body temperature for August 2012 only and no iatdic for a previous season, and the

last spring only displays body temperature for September 2015 and the previous season.
Grey areas indicate NIGNT tIME...........uuuiiiiiiiiii e 216

Figure 5.5 Nychthemeral pattermd activity and body temperature of four study
aardvarks during winter and summer of a drought year (red background) between two
productive years (green background), at Tswalu Kalahari Reserve. Grey aighs

time; green bars indicate mean aardvarloiootor activity for the month; black line
indicates mean aardvark body temperature (°C). Error bars indicate SD between days of
a month within one aardvark rather than between individuals as in other graphs of this
chapter. Note that the high activity lésef aardvark 2 compared to the other individuals
were likely a result of individual logger sensitivity rather than greater activity of the
aardvark. Air temperatures (not displayed here) were similar during both summers and
DOth WINEEIS (FIQUIE 2.4).u ... ettt eeee e e e e e eaaaaaens 219

Figure 5.6 Basking study aardvarks at Tswalu, captured on camera traps during winter
2013 after a summer drought. All study aardvarks were observed basking during the
winter 2013, generallyt@&ntrances to their respective burrows during the morning er mid
day hours. Aardvarks 8 (panel A), 9 (panel B), 12 (panel C), 13 (panel D), and 15 (panel
F) survived the winter; aardvark 14 (panel E) died before the end of winter (August) 2013.
(POtO CrElit: N. WEBYET) ... et eeea st r e e e e e e e e e as 222

Figure 5.7 Body temperature and locomotor activity in aardvark 9 over three days (19 to
21 August) during two subsequent winters with similar air temperatures but different

resource abundance at Tswalu. During winter 2013 (drought year), the aardvark was in
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poor body condition and often basked in the sun before foraging, occasioraiterimg

a burrow before foraging. Black lines represent body temperature-@gfs)/blue lines
represent air temperature (rightayis), grey bars represent locomotor activity (right y
axis); different background colours indicate when the aardvark was basking (orange),
foraging (white), or inactive inside the burrow (grey); black horialdoars indicate night

time. During winter 2014 (arid but nairought year), the aardvark was in good condition

and was not observed basking. Data from 2015 closely resembled those of 2014 and are

NOt ISPIAYEA NETE.......eeeieei e e 225

Figure 5.8 Image collection of aardvarks basking or foraging during daytime while in
poor condition, from social media platforms, photographed in different regions of South
Africa. A) Aardvark basking at Tswalu in August 2013
(https://goondwan.com/animals/egditers/#jpcarousell3381). B) Aardvark foraging in
daylight at Tswalu in July 2016 (https://www.tswalu.com/mediaAaldzle/aardvarks
by-field-guidekosielategan). C) Aardvark basking at Tswalu during winter 2015 (K.
Green, pers. comm.). D, E) Basking aardvarks at Samara Game Reserve, Eastern Cape in
July 2016 (C. Young, pers. comm.). F) Aardvark foraging at 16:00 on 11 August 2016 at
Raptords View Wil dlife Estate, - Limpop
content/uploads/2@l08/RaptoiNews26web.html). Note that droughts had occurred

over extensive regions of South Africa during 2012 to 2013, and 2015 to.201239
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Chapter 1 - Introduction



Global climate change is occurring at an unprecedented rate and is associated with an
increase in th&equency and intensity of extreme weather events such as droughts, floods
and storms. Global biodiversity has already been impacted by global climate change, and
the demise of many more organisms has been predicted. However, little is known about
the capaity of mammalian species to buffer the effects of climate change. In particular,
knowledge is lacking on the responses of keystone species to changing environments;
their demise may disrupt entire ecosystems through ecological cascade effects.
Furthermoredespite the vulnerability of the African continent to global climate change,

a dearth of studies on ecosystem responses to the predicted increasing heat and aridity
prevails. Within this introductory chapter, | provide an overvidikely responses of

large mammals to the challenging environmental conditions expected from climate
change. | will focus on adaptations of large mammals to hot, arid regions that are likely
to become more prevalent under future climate change, to pioatteropfor the likdy

impact of climate change on aardvarksycteropus afePallas 1766), a key ecosystem

engineer species in si@aharan Africa.

1.1 Climate change
1.1.1Global climate change

As a consequence of anthropogenic factors, such as elevated greenhouse gas emissions
(Crowley 200; Rosenzweig et al., 2008jnean global temperature has risen by
approximately 1 °C since 1901, and it is expected to increase steeply at a rate of 0.1 °C
per decade globallfdones et al., 2012; Pachauri et al., 20N8t only has mean global
temperaturerisen but the number of hot days and nights has increased globally,
concomitant with a decline in the number of cold days and niglésander et al., 2006)

Along with temperature increases, extreme weathents such as droughts and floods
have increased in frequency, intensity, and areas affected, and will likely become
challengs forecological responses to climatic chanff@ésumou & Rahmstorf, 2012; Le

Roux et al., 2016)The period 2011 to 2015 has been the warmestyiazperiod on

record globally, and numerous extreme weather eventsding heat waves were

attributed directly to climate change by World Meteorological OrganisatiofywMO,



2015) The worl dos <cl i mat e hdadthoughh then gaichumi n t he
magnitude of the current climate change event has not yet been reached, the rate of
modern climate change is already unprecedented, exceeding that of previous climatic
changes by orders of magnitud@ffenbaugh & Feld, 2013) Past climatic changes have

been linked to extensive species extinctions, such as during the P@mnassic or the
Cretaceou® al eogene, and a speciesd6 failure to
climate change can lead to extinctiédnglobal temperature increase of 2 B¢ mid- to

late 2F' century has been proposed as an ecological tipping point above nvhjoh

ecosystems will be severely and irreversibly compron{ideegh Guldberg et al., 2007)

The magnitude of climate change projections is substhntfected by ongoing

emissions and is predicted to vary from a mean global temperature increase of 1 °C (range
0.3to0 1.7 °C) to 3.7 °C (range 2.6 to 4.8 °C) by the end of the&itury(Pachauri et

al., 2014) At this point, as a result of combined effects of human emisslefeestation,

inertia of climate processes in the global system, and other factors, the aim of limiting

and stabilising the global temperature increase to within 2 °C ehgustrial levels

might have become unattainable unless gross negative emiastoashievedFuss et

al., 2014) Even so, temperatures over Africa are predicted to increase faster than the

global average, with potential severe consequences on ecosystems.

1.1.2Climatic change in Africa

Temperaturen Africa is predicted to increase, on average, twice as fast as in the rest of

the world and, under a |l ow mitigation or i
gl obally ratified temperature increase of t
industrial times decades earlier (i.e., Fait¥ century)than many other regiorgsliang et

al., 2014) The magnitude of temperature rise has been greater in northern and southern

Africa than in other regions, with drisubtropics warming even faster than more humid
regions(Engelbecht et al., 2015; Hulme et al., 2001; Niang et al., 2014; Rosenzweig et

al., 2008)Heat waves have become more prevalent in recent dgéaueso et al., 2016)

Combined with the increasingly arid conditions over the conti(engjelbrecht et al.,



2015; Le Roux et al., 2018)eat waves currently considered anomalous may become the
rule by 2040 under the most severe climate change sce(fausso et al., 2016)

Rainfall over Africa hashowna decreasing trend and a progressively delayed onset of
the rainy season since the r#f" century, ad although different climate prediction
models show rather divergent patterns for the magnitude and direction of future rainfall
changes, the general consensus is that a further decline in precipitation is anticipated over
much of the continer(Alexander et al., 2006; Hulme et al., 2001; Kniveton et al., 2008;
Niang et al., 2014 )Predictions for rafall patterns over southern Africa remain largely
varied and uncertai(Hewitson & Crane, 2006; England et al., 2014; Maidment et al.,
2015) however, with greater warming, rainfall is becoming less, and less frequent, in the
western parts of southern Africa, notably the Kalahari steser{Shongwe et al., 2009;
James and Washington 2013; Niang et al., 2014)

1.1.3Southern Africa

The southern African sulegion is predicted to experience particylarhpid rates of
warming compared to the remainder of Africa, with strongest effects on theagdmi
southwestern parts of Botswana and Namibia, and aedhtern South Africa, including

the Kalahar{Niang et al., 2014Pronounced temperature increases of up to 3.5 °C during
the last four decades have already been recorded in-westiern South Africa
(Rosenzweig et al., 2008)n average temperaturise of twice the global rate has been
occurring in southern Afrec since the 1950s and is predicted to continue, resulting in a
temperature rise of up to 4 to 6 °C by the end of théc&htury if climate change

mitigation remains limitedEngelbrecht et al., 2015)

In addition to warming temperatures and changing rainfall patterns, southern Africa is
strongly affected by the El Nifio / Southern Ostibn (ENSO) phenomenon, with warm
ENSGO-events resulting in lowehanaverage rainfall across the region, especially during
the DecembeFebruary wet seasdilulme et al., 2001)Warm ENSQGevents are linked

to drought conditions and decreased primary productivity in southern Africa, a

relationship which has been strengthening since the 18n§amba et al., 2002; Richard



et al., 2000; Roault & Richard, 2005; Woodborne et al., 2018Yith increasing
anthropogenic emissions, ENS®ents are likely to become more frequent and intense
(Timmermann et al., 1999%outhern Africa has experienced several intensejrooight

years recently (2013 to 2017; some of which were linked to EBN&DLS), with years
during the drought period sequentially breaking historical aridity records and resulting in
the worst drought period in a centu§eraki, 2016; Rouault, 2017; Van Dam, 2017)
This multryear drought has resulted in large areas of South Africa recently having been
declared a disaster area, and the recovery period is deemed to take sevel@leyears
Villiers, 2017; Ferreira, 2017; Reuters, 2017;-88ws, 2017)

Water availability is the main driveof ecosystem processes in hot, arid regions,
particularly in the Southern Hemisphdthown et al., 2004)and timing and amount of
rainfall are major determining factors for vegetation dynam®mergistic effects of
drastic warming, amplified soil desiccation,and delayed rainfall onset will result in
prolonged dry periods and shortened productive periods, effectively causing agricultural
drought(Engelbrecht et al., 2015; Shongwe et al., 2009der future climate scenarios,

hot arid zones of southeAfrica are projected to expand, togetieth a prolongediry

period in southern Africa (May to December), effectively bringing about a shorter
growing seasoifEngelbrecht et al., 2015; James & Washington, 2013; Shongwe et al.,
2009) The combination of reduced growing time and iasieg atmospheric C&evels

may lead to a replacement of grasslands in African savannahs with savannah trees in areas
of sufficient rainfall (Engelbrecht & Engelbrech2016; Higgins & Scheiter, 2012)
resulting in bush encroachment or, in more arid regions, degradation and eventual
desertification of grassy habitats. As anot
climate, dune fields in Namibia and western SoMfffica are expected to remobilise
during this centurfThomas et al., 2005and combined with increasing warming and
aridification, may further accelerate desertification of the neighbouring Kalé@barkoh,
1998)or other grasslands in Namild@/ard & Ngairorue, 2000)This process will result

in degraded habitats with decreds@arrying capacity for animal species, and ultimately
loss of biodiversity.The precise impacts of chronic exposwfeorganisms and the
environment to high temperatures and aridity are yet to be understood.



1.2 Biological impact of climate change

In dealingwith environmental change, organisms may (1) perish, resulting in local or
complete extinction, (2) track their bioclimatic envelope by migrating and shifting their
geographic range, or (3) adapt to the changes either through alterations in the genetic
composition of the population, or by employing phenotypic plastitityit 1990; Davis

et al., 2005; Hoffmann and Sgro 201@yganisms respond to environmental changes in
many ways, including range shifts, changes in relative abundance within their geographic
ranges, and on ¢hlevel of the individual, changes in activity timing and microhabitat use
(Williams et al., 2008) Individual species are likely to respond differently, thereby
disrupting ecosystem structures. Species that remain in one location because they are able
to adapt to climatic changesane unable to move will face novel interactions with other,
moremobile species, or habitat disturban¢@galther et al., 2002; Jetz et al., 2007;
Atkins & Travis, 2010; Hof et al.,, 2011 Some communities are already showing
responses in the form of novel species assemblages that can be linked to climate change
(Walther et al., 2002)Additionally, manmade dgradation and fragmentation of habitats
exacerbate the effects of climateangeand may act as barriet@ migration of animals
responding to altered climatéd/alther et al., 2002)Land degradation, desertification,

and climate change in seiid environmentsfosouthern Africa threaten the continued
existence of animals adapted to life in these habfi&tsisberg 2000; Thuiller et al.,
2006) The geographic range of a species is linked to its physiological tolerance to its
abiotic environmet, dispersal constraints, and biological interactions with other species
(Peterson et al., 2011)ust 30 years of elevated temperatures at the end of'tice2@iry

have already had bothrgge-scale impacts on range and distribution of species, their
relative abundance within their range, and composition and dynamics of communities, as
well as more subtle effects on shifts in the phenology, behaviour or allelic selection of
organismgWalther et al., 2002; Williams et al., 2008)

Climate change can have direct (changing temperaturewater availability for
thermoregulatory and osmoregulatory needs), and indirect (changing food availability or
changing species interactions) impacts on vertebrates. These algladdel impacts can

act in combination with other factors unrelated to alim such as mamade habitat



alterations(Tylianakis et al., 2008)and may exacerbate extinctions r{€lahill et al.,

2012) In addition, direct culling and hunting of large mammals is a key driver of large
mammal extinction globallgMilner-Gulland & Bennett, 2003; Cardillo, 2005; Hoffmann

et al., 2011; Ripple et al., 201 8uch peripheral effects can mask the direct impacts of
climate change on species, such that the number of species threatehedteychange

might be severely underestimat€hhill et al. (2012¢onducted an extensive review of

the literature on species whose local or total extins had been attributed to current
global climatechangeand identified 136 relevant studies on climatic impacts on species.
The authors raised the concern that in only seven instances was climate change named as
the proxi mat e c a8 @rextinotions, oy ehat the actval mumtzels ofn e
species declines likely were greater than those estimated, because climatdinkadge
alterations in species interactions were another important cause of population declines
(Cahill et al., 2013)A recent study on climate change impacts on endotherms estimated
that nearly half of all mammal and a quarte
on theRed List of Threatened Speci¥sof the Inernational Union for Conservation of
Nature (IUCN) have already been negatively affected by compounded effects of climate
change in terms of population size, reproduction and survival, body size, or geographic
range size, and that their lifestory traitswill have a strong influence on their future
survival (Pacifici et al., 2017)Of the mammals included in this study, the groups most
negatively affected were those in low rainfall regions, with a longsfifan, slow

reproduction, and a specialised dieacifici et al., 2017)

1.2.1.1Extirpations and extinctions

The first mammal reported to Y& gone extinct as a result of direct effects of
anthropogenic climate change was the Bramble Cay melolgkrhys rubicolain
Australia (Gynther et al., 2016)The recent extinction of this small rodent and only
mammal endemic to the northernmost vegetated cays of the Great Barrier Reef was
attributed to climatehang related sekevel rise eliminating its habitat. Extirpation of

the mountain pika@chotona princeps asmall mammain western North Americahas

also been attributed to climate changeh extirpation and upslope range retraction in
much of its geogahic distributiondue to climatechange linked habitat warmiriBeever



et al, 2016) As much as 15 to 37 % of species are estimated to be committed to extinction
by mid-21% century as a result of the current rapid climate change éVkamas et al.,

2004) With more intense changes yet to be anticipated, extivsctmll likely become

more prevalent in all habitats, clades, and regions as the impacts of ongoing global climate
change unfoldWiens, 2016) Thisrecent study assessed the number of clinmeltded

local extinctions reported among 976 plant and animal species worl(iidas, 2016)

The stug reported that to date, nearly enalf of these species showed extirpations at
the warm edge (low elevations and latitudes) of their distribution. Approximately half of
all species had undergone extirpations in response to climate change despite #te mode
increasein global mean temperature of ~1 °C to date, with great potential for further
extinctions under progressing warmirf@/iens, 2016) Of the 40 mammal species
surveyed, 35 % had suffered local extinctisens, 2016)

Knowl edge on the extent of ahangesail global adapt a
climate via behavioural, physiological, range modification, and genetic options is limited
and inconsistent across animal groups around the world (Erasmus et al., 2002, Thuiller et
al., 2006).However, several studies have modelled likebnsequences of climate
change, such as extinction risk, on African mamni@tasmus et al., 2002; Thomas et

al., 2004; Thuiller et al., 2006)According to these models, southern Africa may
experience not only drastibanges in species composition of communities, but also high
local extinction rates of mammal species, as well as species distribution shifts, during the
215 century(Erasmus et al., 2002; Thomas et al., 2004; Thuillal. £2006) The number

of southern African mammal species classified as critically endangered or extinct might
increase by 15 % by 2050, and by up to 40 % by ZUBQiller et al., 2006)Predictions

for mammals in the arid Kalahari that are unable to move are even more extreme: up to
80 % of species might be lost from thégyion by 2050, and, under worsise scenarios,

up to 100 % of species might be extinct by 2@80uiller et al., 2006) The reasons
proposed for these local extinction predictions include (1) land degradation and habitat
loss resulting from climatic changes, (2) inability of species to adapt fast enough to the
rapidly progessing changes in their environment, (3) restricted possibilities for larger
animals to migrate through migration corridors, and (4) limited ability of some species to



change their location to a more suitable habitat as a result of their body sizgdelif@st
confinement to territorie€Thuiller et al., 2006)In this stuy, transformed habitats and
future climates were incorporated into models and animals were allowed to freely
disperse or not;dwever, this study did not include mechanistic responses of animals to
a changingenvironment Thus, thepredictions for speciedeclines and extinctions may

not hold if certain species are able to adapt rapidly to environmental change, for example

through range shift or migration, phenotypic plasticity, and genetic adaptations.

1.2.1.2Range shift and migration

Extinction risks of many amal species are higher if animals are unable to moveurn,

an option for species confronted with climate change is to track their bioclimatic niche or
escape unsuitable conditions by shifting their geographic distribution. As climate change
progresse, species are predicted to move upward in latitude (poleward) or in altitude
(upward along mountain sloge Extensive documentation of species changing their
distribution in such directions exists for terrestrial and marine animals and plants
(Parmesan, 2006; Parmesan et al., 2000; Pecl et al., 2017; Root et al. HzRG3)er,

the success of relocation depends on a variety of factors. Firstly, to actively seek new and
more suitable habitats, a species must havegh Hegree olvagility, but territorial
animals may be less inclined to disperse to new areas. Also, the mobility of a species
might determine the rate at which it can relocate. Large animals may be able to
redistribute more easily than smaller species Birbpcause of their size, whifeying
animals such as bats may be able to move more freely than othemlaonhterrestrial
species. Indeed, shifts in the breeding range of certain Australian flying fox species have

been attributed to recent climate oa(Steffen et al., 2009)

The dispersal of species can be hampered by numerous extetoed,fauch as habitat
fragmentation (natural or anthropogenic), fencing, hunting, or poa¢hnagis, 2003;

Opdam & Wascher, 2004In Africa, these factors have been cause for concern regarding
large mammal species such as elephants and ungulates, which naturally migrate across
long distances ategular intervals and whose numbers have been in decline in recent
decades and may decline further with climate cha@manti et al., 2006; Ogutu &
OwenSmith, 2003; Ogutu et al., 2011, 2014) migration routes or corridors are



disturbed or suitabledtitats lack connectivity as a result of movement barriers such as
fences or expanding infrastructure and agriculture, species may not be able to reach
suitable, existing colonisation areas. For many species, even a successful migration does
not guarantesurvival and establishment of the population at a novel location, where
variousecologicalfactors such as availability of climatic refuges, resource availability,
predatofprey interactions, competition, and disease come into (eyg et al., 2010;
Dobrowski, 2011; Lenoir et al., 2017) | f a speciesd movement
disrupted, it is likely to lag behind the effects of climate change, and might not reach
suitable enviroments fast enougibantini et al., 20165uch lag patterns are likely to be
found in habitat specialists and organisms with poor dispersal or colonisation ability
(Travis 2003; Santini et al., 2016 study of terrestrial mammals in the Western
Hemisphere suggests that, on average, nearly 10 % of mammals at any given location will
not be able to move their range fast enough to keep track with suitable climatesiwhile i
some areas, up to nearly 40 % of mammals might be affected ttheer&pidity of climate
change in some regions, and low dispersal alofitsome specietSchloss et al., 2012)

The geographic ranges tife majorityof mammal species might undergo contraction,

and inability to keep pace with shifts of suitable climates will render mammals more
vulnerable than previously thougf@chloss et al., 2012)mmigration of some species

may affect the reproductive success of other, local species by changing predation risk, as
was observed in African herbivoréksee et al., 2016)A rare example of a mammal
having potentially benefited from climate changéated desertification in Africa is the
aridcadapted Cape foxV(lpes chamg which has recently @anded its range into
northern Botswana. This (potentially ongoing) range expansion most likely resulted from
increasingly arid conditiongausinga more open environmerfRich et al., 2016)
However, the novel interactions that the Cape fox may face in the #aealgimed area

of its range have not been assessetiptight have longerm impacts on the persistence

of the Cape fox as well as resident species in this area.

1.2.1.3Genetic responses
For organisms to genetically adapt to a changing environment, they need to incorporate
minor evolutionary changes or adaptive nficdtions, generally defined as
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microevolution, such as a heritable shift of allele frequencies at the population level.
Some evolutionary responses to climate change have already taken place in small animal
species, such as invertebrates or slieed vertebrategBradshaw and Holzapfel 2006;
Skelly et al., 2007)However, until recently, very few studies had investigated the link
between genetics and observed responses, instead, knisaBrsimply assumed to exist.

A classic study on red squirrel3gmiasciurus hudsonicusighlights that a single
response (in this case, a change in phenology) can have both a genetic and phenotypic
componen{Réale et al., 2003Nevertheless, evolutionary responses are likely limited to
animals with fast reproduction rates, short generation time, and high numbers of
offspring, because the rate of climaterais too rapid for species with long life history
traits(Fuller et al., 2016)Recently, an unexpectedly fast change in genetic diversity was
observed in a large mammal, the Canada lyboynX canadens)s whose genetic
variability was linked to a winter snow cover gradi@Row et al., 2014)However, in
long-lived speciesrad particularly in large mammals, predicted environmental changes
will likely occur during their own lifetimgMitchell et al., 2008) rendering genetic
responses inadequately slow. The reproductive traits of large mammals such as long
gestation times, delayed sexual maturity, low breeding frequency, and small litter sizes
limit the potential for hereditable adaptive responses to ¢ng napid rates of current
climate changdFuller et al., 2016)Large mammals are therefore required to pursue

alternative, faster routes of adaptation to allow their survival through climate change.

1.2.1.4Phenotypic plasticity

Many species will be unable to adapt genetically ateafest enough keep up with the
rapidity of environmental change under climate change, and numerous of these species
will also not be able to shift their distribution in response to global climate change, largely
because of human barriers to dispersal,feagmented habitats. Phenotypic plasticity is

the ability of an organism to cope with environmental variation by producing alternative
phenotypes that are based on the same genotype in different envirofGaelaisd Jr. &

Kelly, 2006)

Phenotypic plasticity may be reversible, differ between individuals of a species or
population, and occur in cycles (for example, seasonally), and can further be categorised
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as(1) developmental and (2) phenotyfiiersma & Lindstrom, 1997; Piersma & Drent,
2003) althoudp the term phenotypic flexibility might be considered more appropriate
because of its reversibility. In large mammals, developmental plasticity includes
processes that are controlled by maternal effects, such as plasticity in offspring birth mass
in respose to changing climate conditions. For example, antelope species in the Northern
Hemisphere show plasticity in offspring birth mass in response to environmental change
(Stenseth, 2002 hough this effect may enhance reproductive fitness of the mother and
ensure theontinuancef the population, longerm trale-offs for the offspring are likely.

What is more, such plasticity in development usually only occurs once in the lifetime of
an individual (namely during development) and thus only once per gendiditissey et

al., 2007) Hence, similar to genetic adapteatj developmental plasticity likely is too slow

an option for many large mammals to allow for rapid adaptation to climate change.

Many publishedexamples exist on how animals change the phenology, or timing-of life
cycle events, such as reproduction, esponse to environmental changéenological
changes are oftaaomplex, and indeed, the direction and rate of such changes may not be
adequate to counter climate change in mamrdsitin & Lane, 2014)In addition,
depending on the cues for life cycle events, a mismatch may result between resource
availability and breeding periods. For example, most plants respond to changes in
temperature, which changes with climate change, whereas many life cycle effent
mammals respond to photoperiod, which does not change with climate change.
Phenological changes might thus be insufficient to buffer effects of climate change.
Phenotypic flexibility includes reversible variations in behaviour, physiology and
morpholayy of an individual responding to irregularly varying environmental conditions
(Piersma & Drent, 2003Phenotypic flexibility will most likely béhe primary option of
long-lived, large mammals to cope with changes in their natural habitat, teeare

likely to experience impacts of climate change during their ldetrme and do not have
enough time to rely on slow processes of genetic adapsab take actiofFuller et al.,

2016) Another lifestyle trait that may impact the adaptive capacity of mammals to
climate change is inflexibility of their daily activity patter(idcCain & King, 2014)

Thus, a combination of behavioural and physiological adjustments will contribute to
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resilience and adaptive capacity of fieeng large mammals, and tuhately determine
their vulnerability to future changed climat@gsviewed inHetem et al., 2014; Fuller et
al., 2016)

1.3 Effects of climate change on lage mammals

Certain lifehistory traits of large mammals, such as slow reproduction and lorephie,
are linked to high extinction risidohnson, 2002).arge mammals have in the past been
disproportionately impacted by extinction evef@shnson, 2002; Morrison et al., 2007,
Davidson et al., 2009; Ripple et al., 2015; Galetti et al., 201af)ge manmals play
fundamental roles in many ecosystems, often generating trophic catBaolele &
Bescha, 2003, 2006; Coté et al., 2004; Owemith & Mills, 2008) In the following
sections, | will describe impacts of climate change on larg@malsand the adaptation

options that might mitigate impacts of climate change.

1.3.1Direct effects of increasing arility as caused by climate change

Despite impending threats of extinction from climatic warming on populations at the
warm edge of their distribution (i.e., low elevations and latitu@edill et al, 2013
especially on large mammals in Africa, where temperatures are expected to rise
particularly rapidly(Pachauri et al., 2014)ittle is known about the capacitf large
mammalsto cope with seasonal changes and climatic extremes. Phenotypic flexibility
will likely include physiological and behavioural adaptations to reduce heat stress
(thermoregulation) and conserve body water (osmorégo)a The flexibility of
thermoregulatory and osmoregulatory responses will likely gain importance in the light
of current and future climate chande. deserts and serndieserts, animals may be
expected to have evolved some degree of physiological cépatal the natural
environmental extremes in air temperature and rainfall. An unknown, however, is the
extent to which animals in hot and arid zones will be able to cope with further increases
of heat and aridity in their environment, at levels of intgnsitt apparent prior to current

climate change.
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Alterations in behavioural thermoregulation may buffer animals against a warming
environmentKearney et al., 2009and generally come at a lower metabolic cost than
autonomic adjustment{8artholomew, 1964)While air temperature is lower than body
temperature, endotherms commonly lose metabolic heat througévaporative or dry

heat loss. However, when ambient temperature exceeds body temperature, endotherms
must employ evaporativeooling to achieve heat loss. Large mammals commonly cope
with such high heat loads through sweating, panting orwkiting, all of which are
dependent on water availabili(fFuller et al., 2016)Limited suppy of surface watein

hot and arid environmentswill impede evaporative cooling mechanisms large
mammals forcing themto depend on watezfficient thermoregulatioravenues and to

reduce heat exposure

Perhaps the most common behavioural response to heat isselekiteg toavoid heat
gain from sol ar radiati on. I n one of the
Arabian oryx Oryx leucoryx retreated to shade from early morning onward to pass the
hottest hours of the day, thereby reducing the need for evaporativiegq@dtrowski et

al., 2003) Arabian oryx further increased their water savings by preferring cooler
microclimates in drier periods than in wetter periods when drinking water was available
(Hetem et al., 2012a)n North America during summer, grizzly bealdrgus arctos
horribilis) preferred cooler &e stands during hotter parts of the day, thereby avoiding
heat exposurgPigeon et al.,, 2016)Some large mammals can create their own
microclimates, such as wombats (e.g., haimged wombatisasiorhinus latifron$, which

rest in sedug burrows during the heat of the dayd emege latein summer to exploit

the coolnessput adjust their activity timing during cooler periods of the year such that
theybecome active earlier in the dagnd are active for longer timéBinlayson et al.,
2003) By delaying the onset of evaporative cooling, such-heaidance responses may
save animals considelaamounts of body water, which is of high priority in a hot, arid
environment: the oryx likely reduced water loss by up to 1@%irowski et al., 2003)
However, time spent in cooler locations tegerve water may limit the time animals can
spend on other fithesmhancing activities, such as energy acquisition, territory
maintenance, mating, or offspring care. Moreover, not all species are equally able to
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switch from daytime to nigkhime activity because of limiting adaptations, predator or
competitor presence, or reduced prey availability at nighanfeld-Schor et al., 2001,
Fuller et al., 2016)

If species are unable to entirely buffer heat loads through appropriate microclimate
selection, they might have to alter autonomic thermoregulatory respofeese
mammalsmight allow their body temperatures to rise when facingewatarcity, a
mechanism termed dehydratiorduced hyperthermiéruller et al., 2016; Hetem et al.,
2016) However, hyperthermia may impghe performance of mammals and put them at
risk of heat illnes¢Fuller et al., 2016)In recent decades, the increasing rate and intensity

at which heat waves occurred in already hot regions of the vand caused mass
mortalities of endotherms. Perhaps the mostikethwn events are the catastrophic mass
mortalities ofpopulations of birds (Finlayson 1932, Keast 1960, Miller 1963, McKechnie

& Wolf 2010) and flyingfoxes Pteropusspp, Welbergen et al., 200&)uring climate
changerelated heat waves in Australia. Extreme heat prevented these animals from
maintaining haneostasis, and they died of dehydration and hyperthéhuechnie &

Wolf, 2010) During a heat wave in Queensland, up to 63 % of the kBalascolarctos
cinereu$ population died of heat stress and d#ayion linked to a declinan foliage

quality, from which koalas usually obtain flui@@ordon et al., 1988)The recovery of

the koala population wgzrevented by continuing drought conditions for several years
(Gordon et al., 1988)n India, recurring unprecedented droughts and heat waves between
2000 and 2016, with record temperatures of 52.4 °C in 200 2015; Mazdiyasni et

al., 2017) have killed several thousand humans and countless domestic animals such as
dogs (Bhatti, 2015; Reuters, 2015North Americanpika are sensitive to heat stress

( MacArt hur & Wang, 1973, 1 @&nd %have uBdergdné &
reductionsin distribution in response to changes in ambient temperature and water
availability (Beever et al., 2016)Such direct heaklated calamities underline the
importance of investigating consequences of increasing ambient temperatures and aridity
on animal populations, as well as the thermal physiology oflifrewy individuals
(Walsberg, 2000)
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Warmer winters have also been of benefit to some mammals both directly through
temperature changes and indirectly through food ddice changes. For example, wild
boars Sus scrofphaveincreased reproduction in response to climate chasgeed
milder winter temperatures as well as to clirmetteange mediated increasing frequency

of beech numast events in Europe in recent deca@éster et al., 2015)While such
studies integrating direct and indirect ecological effects of climate change on species or
ecosystems argcarce, they nevertheldsighlight the need for a better understanding of

the complex cascading effects of climate change.

1.3.2Indirect climate change impacts through ecosystem changes

Different responses of organisms to climate change will cause variation in the patterns
and pace of range shifts, alterations in population size and structure, and variation in
individual performance and behaviour, which inrntuwill result in novel biotic
assemblages as current interactions fall apart and new one¢Gihisan et al., 2010;

Chen et al., 2011Modifications in trophic interactions (predajqarey dynamics, plant
consumption, parasitism), hedistributions, mutualism and interand intraspecific
competition may have considerable impacts at all community |¢RelsRuiter et al.,

1995; Cahill et al., 2012 hese factors need to imegrated intassessments of climate
change impacts on spesiresponse@raujo and Luoto 2007; Alexander et al., 2015)
Species composition might indeed change at such a great scale in response to climate

change that the functionality of entire ecosystems might be imgkedetker et al., 2009)

1.3.2.1Changes in trophic interactions

Decreasing food availability has been identified as a relevant proximate cause of climate
changerelated extinctions(Cahll et al., 2012) and climate change impacts on
biodiversity in ecological networks may be amplified if trophic cascades between levels
of producers (plants) and consumers (animals) are disr¢ptddeuning et al., @16),

with impacts increasing with trophic lev@loigt et al., 2003)Indeed, adverse impacts

of climate change via trophic cascades have already manifested in dngatanbre
predator association that is highly dependent on synchronyramfuctivity: earlier

springtime warming induced a disruption of growth cues for oak trees that provide food
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for caterpillars, which in turn are the prey of a songbird. The moth displayed phenotypic
plasticity in that its biomass peak advanced in stelp matplant food availabilityVisser

& Holleman, 2001) The birds, howevergsponded to different springtime cues and were
thus unable to match the timing of their reproduction with peak availability of moth
caterpillars as food for chick¥isser et al., 1998)Such disparity between reproduction
timing and resource abundance through three or more trophicieagisegatively affect
population viability. Someublishedexamples describe the effects of climaiguced
resource reductions on primary consumers that will likely be amplified in future climatic
conditions. For example, Malayan sun beétslérctosmalayanug experienced anajor

loss of habitat and important food trees as a result of drought and fire #rentghout
Indonesia associated with ENS®ents(Fredriksson et al., 200.7However, little is
known about the cascading impacts of climatiuced resource reductions on

mammalian consumers, and consequences on secondary consumers.

Range shifts of many plant specw8l not be able to keep up with the rapid rate of
climate changéFoden et al., 2007; Corlett and Westcott 20#&3ulting in a geographic
discrepany of resource availability and consumer presence. In dry ecosystems, where
precipitation is a key driver of plant productivity, future precipitation decline will likely
reduce or change vegetation cover, thereby potentiaillyacting herbivores. For
exampe, decreased rainfall resulted in changed plant community assemblages, leading to
reduced food availability for desert bighorn she@pi§ canadensjsand in synergy with

other factors such as anthropogenic habitat degradation, might increase thethisk of

bi ghorn sheepbs exti(Epgpsetialg B004p2006rought e xt i n ¢
conditions stemming from increased heat and aridity often have severe impacts on
resource availability, particularly in arid regions, such that endotherms are faced not only
with reduced access twater, but also to food energy, requiring the use of additiona
physiological and behavioural mechanisms to preserve efleagjgr et al., 2016)The
maintenance of body temperature at high, narrowly controlled ranges is energetically
costly. Many endotherms reduce their minimumh2Body tempeature in response to

food shortage, resulting in heterothermy. This phenomenon isdestribed for small
endotherms that make use of daily torpor (daily heterotherms, review&elsar et al.,
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2008; Ruf and Geiser 2016ut not described in detail here), and also occurs in large
mammals that do not undergo torfoeviewed in Hetem et al., 2016For example,
numerous large mammals inhabiting4aoid zones such as anteldqptetem et al., 2010,
2012b) and western grey kangarooblgcropus fuliginosus Maloney et al., 2011)
exhibited progressive declines in body temperatures in response to resource scarcity,
likely as a response to energy deficit. Similar patterns were observed in some large cold
zone mammals such as polar be&fss(is maritimusWhiteman et al., 2015nd alpine

ibex (Signer et al.,, 2011)Allowing body temperature to decline may result in
considerable energy savings, however these savings might not sufestam a large
mammal through prolonged drought and resource scarcity. Blue wildebeest
(Connochaetes taurinignd Arabian sand gazell&4zella subgutturosenarica) died

after displaying hypothermic heterothermy over several days when resources ware sca
(Hetem et al., 2016)n the case of the sand gazelle, a mass mortality of up to 50 % of the
rescent gazelle popul ation was recorded at ¢t

after an exceptionally hot and dry period with scarce reso(ifztem et al., 2012b)

Climate changeelated reductions in primary productivity may also have botipm
effects on predator@etnic et al., 2005and, with climate change, species may not only
track climatic conditions suitable fahem, but also the distributions of accessible
resources. Predators may obtain fluids from prey to supplement their water intake while
at the same time covering their energy requirements, and may in future track their prey
distribution rather than their climaticiame (Thuiller et al., 2006) As an example,
leopards Panthera pardugin the African Kalahari serrdesert can go without drinking
water for up to 15 days if they hunt successf(ligthma & Le Riche, 1984However,

as many habitats become hotter and drier, sources of both drinking wateodrwill

likely decline, while the demand for water will increase due to greater water loss required
for evaporative cooling. At the same time, higher energy and water expenditure during
activity in search of prey may offset any energy or water savoigained from
consuming prey fluids, potentially even compromising the animal’s metabolic balance
(Fuller et al., 2016)
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1.3.2.2Habitat alterations

All of the Earth’s ecosystems are influenced by human activities in some way, and the
consequeces of our direct, local alterations such as land transformation for agricultural
purposes, interact strongly with our global environmental impacts, including emissions
associated climate chanf@tousek, 1997)While in some habitats, especially at higher
latitudes, biodiversity will predominantly be affected by climate change, in other regions
it will be more strongly altered through effects of land use change, such as in the Atlantic
forest of Brazil and the Amazon basin in South Amef&aa, 200Q)Here, drought risk

IS greatest in areas of most active deforestation: indeed;daale reductions forest

cover (caused by deforestation and fires) induce rainfall reductions andrizatac
drought risk in the Amazonian forest bior{aidya Roy and Avissar 2002; Andreae
2004; Malhi et al., 2008)The combined effects of deforestation and climate change on
the charismatic mammal fauna of Central and South America are becoming increasingly
severe. For example, because giannhadillos Priodontes maximysare facing an
ongoing decline of habitat size and quality, as well as impacts of hunting, and a declining
number of mature individuals, they have
(Anacleto et al., 2014)or some Central and South American mammal species, including
giant anteaters Myrmecophaga tridactyla giant armadibs, and thredanded
armadillos Tolypeutes tricinctys 10 % or less of their present distributions will remain
protected under climate change scenarios, with little connectivity between occupied
patchegZimbres et al., 2012Df course, the impacts of habitat change are not necessarily
always entirely negative: some mammals, such as the aforementioned southern African
Cape fox Y. chama or the North American red foxV( vulpe$ have expanded their
ranges in response to changing conditidiacPherson 1964; Berteaux et al., 2015; Rich

et al., 2016seesectionsl.2.1.2and1.3.2.3. Increased aridity is typically associated with
habitat degradation, reduced primary productivity, fewer trees, and thus less shade
availability. Such degraded habitats gengrakhve lower carrying capacity, and likely
impose greater physiological stress such as higher water requirements, on animals than
do intact rangeland$ietemet al., 2011; Milton et al., 201.3Mlany mammals other than

the Cape fox will thus more likely reduce their range in response to increasing aridity.
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1.3.2.3Changes in interspecific competition

Not only are interactions across trophic levels likely to be disdy s too are species
interactions within a trophic level, for example through mtand intraspecific
competition, as well as new assemblages of predatgrraydpeciesRange expansions

can also bring about a variety of impacts on potential preyropebtive species that had

not previously been confronted with this predator, and knowledge merely on the presence
or absence of an organism in an ecosystem does not suffice to adequately forecast the
potential impact§Chapin et al., 20005ince the early 20century, the geographic range

of red foxesn North Americahas been extending northward. Thsulting range overlap

with that of Arctic foxes(MacPherson, 1964has led to increased competition for
resourcegHersteinsson & MacDonald, 1992iterspecific killing, and even predation
(Pamperin et al., 2006) the disadvantage of Arctic foxes, causing a northward retraction

of the Arctic foxd southern range boundary
foxes as a reduction in the geaghic range of grey wolve£anis lupu} resulted in

decreased carcass availability for the Arctic febersteinsson et al., 1989)

Changes in species distribution may cause changes intipredzatterns, such as
asymmetrical intraguild predation, for example of red foxes prey upon young and adult
Arctic foxes but not vice versa, amlight bean extreme form of competition, where
predation may eliminate a competi{®alomares and Caro 1999; Pamperin et al., 2006)
This form of intraguild predation is likely to occur more oftesthe range of red foxes
increases with thengoingwarming of the Arctic zone. Moreover, when denning, Arctic
foxes ted to avoid areas where red foxesomzur(Tannerfeldt et al., 2002Y he recent
range overlap of these foxes in the Arctic zone might, however, not only be of advantage
for the red fox, as Arctic foxes are known to transmit rabies, and increased physical
encounters between the two foxes will increasdikirBhood of disease transmission and
spreadPamperin et al., 2006)

Recently, another example of a predator expanding its range into that of a potential
competitor has been reported for leopards of Nepal: for the first time, a common leopard
(P. pardu3 was sighted in the same habitat on the Tibetateau as the snow leopard

(P. uncig. Occurrences of common leopards at highanusual altitudes match
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predictions of speciesdO ranges extending up
(Singh Khadka, 2017)However, it is unknown how increasing range overlap with

common leopards will affect the endangered snow leopard, whilneady facing the

threats of habitat loss and hunti@@@gckson et al., 2008)

Alterations in species interactions (notably trophic interactions and interspecific
competition) are likely to be even more important than the direct impactshainging

climate on specie®ckendon et al., 2014However, the complexity of this relationship
demands a better understanding of species responses to a changing environment through
long-term field studes that quantify the capacity of populations to respond to change and
identify keystone species that may be particularly vulnerable.

1.3.3Animal species at particular risk from climate change

Some animals may be at greater risk from climate change impactsttiers due to

certain lifestyle traits, or because they occupy habitats more strongly affected by climate
change. Those popul ations |living at natur a
l' i ving under cl i mati c c¢ on clysidlogicalstoleance t he | i
(Parmesan et al., 2000)hese individuals are more likely to experience extreme weather
events than those I|iving in the interior ¢
resource availability, and ultimately will experience decreased fi{@zsser and Prince

1988; Brown et al., 1996; ¢ffman and Parsons 1997; Parmesan et al., 200f)ce,

climate change could drive extinctions and extirpations particularly at the warm edges of

species distribution@arsons 1990; Cahill et al., 2012, 2013)

Until recently, animals viewed at particular risk were ectotherms of tropical forests, such
as amphibians, reptilé¢sluey et al., 2009; Urban 201&hd invertebratefKingsolver et

al., 2013, because ectotherm species are dependent on temperatures in their external
environment, and because tropical species are considered to have narrower thermal ranges
and may already be existing near their thermal l[{Déutsch et al., 2008)n addition to
existence near a thermal limit, longevity and traits associated with it have been advocated

as factors that put animals at explicit risk of cliemdriven extinction. The reproduction
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rate of large, londived mammals is generally slow, with a long generation interval, low
offspring numbers, and slow population groW@uardillo et al., 2005)For particularly
long-lived mammals, severe environmental changes will become evident within their
lifespan, disqualifying the option of a genetic respofiadler et al., 2014)Mammal
populations may be further affected by temperature or rainfall, and in areas of low
productivity or resource availability will become increasinglynerable to extinction as
resources become more spai®@wenSmith 1990; Owersmith et al., 2005Mammals

with a specialized diet are even more likely to be negativebctt by climate change
than generalist feede(&ehring and Swihart 2003; Pacifici et al., 2Q1Fyr example,

the giant anteater onsidered the most threatened mammal of Central America, mostly
due to habitat degradation, extensive fires during sugar cane harvest, increasing
infrastructure, and human interference, and is unlikely to easily recover due to its slow
reproduction, dietry specialisation, and large si@gdiranda et al., 2014)in general,
organisms with any specialiséfi-styletraits are more likely to be adversely affected by
changing conditions than are generalists, with severe cascading effectsion the
community if the organism happens to hold a keystone position in that community
(Chapin et al., 200).

1.4The aardvark: a specialist ecosystem engineer
1.4.1General information

The aardvark(O. afer, order: Tubulidentata, family: Orycteropodiddggure1.1) is a

large (30 to 60 kg) African mammal with a long lifespan (25 yearsptivity; Goldman

1986; Nel et al., 2000; Reason et al., 2005; Rey et al., 284Jlvaks aregenerally
solitary, predominantly nocturnal, and seimsgsorial. They spend their resting time in
self-dug burrows from which they emerge at night to forétgeylor, 2013 seeFigure

1.1A). Aardvark gestation lasts approximately seven months, after which the female gives
birth to one young which stays with the mother for several months; leowlétie only

is known about aardvark reproduction in the wildylor, 2013) Aardvarks have internal

genitalia, and rale and female aardvarks cannot easily be distinguidhacbck, 1924)
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Aardvarks are currentlytae gor i sed as 6L ea@aylor@behmam, nd by

2015) although their population size and density in the wild have not been assessed.

1.4.2Aardvark phylogeny

The aardvark specie®. aferis the only extant species of its family, Orycteropodidae,

and although 18 subspecies have been described, their validity has not yet been confirmed
(Meester, 1971; Lehmann, 2009prycteropodidae is the ognifamily in the order
Tubulidentata, which is unique among mammals in that it includes only one living
species, the aardvarklubulidentates are members of the mammalian superorder
Afrotheria which also includes elephants (Proboscidea), dugongs and rsgSateaia),
hyraxes (Hyracoidea), tenrecs and golden moles (Tenrecoidea), and elephant shrews
(Macroscelidep (De Jong et al., 1981; Madsen et al., 1997; Springer et al., 1997;
Stanhope et al., 1998; Murata et al., 2003; Tabuce et al.,.200Bcular data and fossil
evidence suggest that Afrotheria evolved on the Afrabian contient during the
CretaceougTabuce et al., 2008Yhe lineage of the Ubulidentatesan be tracethack

~20 million years, with earliest ascertained aardvark fo9dyerycteropusoriginating

from East Africa from the early Miocer{®aclnnes, 1956; Pickford, 1974)hey are

thus considered a phylogenetically ancient lineage of mammals. The oldest fossil of the
extant aardvarlO. afer, located in South Africawasdated to around five million years
(Pickford, 2005)
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Figure 1.1 Aardarks in the Kalahari. A) An aardvark just emerged from its burrow, where a camera rap was
placed (photo credit: Nora Weyer, Tswalu Kalahari Reserve). BA young aardvark foraging during daytime in
winter (photo credit: Kelsey Green)
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1.4.3Aardvark distribution and habitats

Although the fossil record indicates a past distribution of Tubulidentates throughout
Africa and Madagascar and into Eurasia, extant aardvarks are now restricted to Africa
south of the Sahafgehmann, 2009Figurel.2). Aardvarks inhabit a variety of habitats,
including open grasslands, savannahs, scrublandieeen thick fores{Pages, 1970;
Lehmann, 2009)and are therefore exposed donsiderablevariation in climates and
vegetationthroughouttheir range. Although aardvarks do occur at high elevations
(Yalden et al., 1996}hey are generally absent from rocky mountainous environments in
which they cannot dig burrow3aylor, 2013) The presence of sufficient ant and termite
prey populations proposedly determines aardvark distrib(tltiers, 2002; Taylor,

2013) However, the abiotic environment may also contribute to aardvark distribution,
because climatic conditi ons gpeciespetifcr m a
physiological thresholds of temperature and rainfall tolerance, thereby influencing a
speci es 0 (Waltsetet al. 2002)The only habitat that aardvarks are entirely
absent fromis the arid desert habitgfTaylor, 2013) In an arid environment, the
maintenance of water balance (osmoregulation) rather than energetic needs might well be
the rangdimiting factor for aardvarks, as proposed for koalas in Austi@lhs et al.,
2010)and for several African large mamm@Huller et al., 2016)
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auritania

Figure 1.2 Geographic distribution of aardvarks in sub-Saharan Africa (map obtained from the IUCN at
http://www.iucnredlist.org/details/full/41504/0#end_uses The aardvark occurs in all regions except for the arid
Namib and Sahara deserts.
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1.4.4Aardvark diet

The aardvark is a dedicated myrmecophage, feeding almost exclusively on ants and
termites in many parts of its range, and very rarely, stomach contents have indicated that
locusts, beetle pupae, or fruit pulp and seeds might occasitmeatignsumedMelton,

1976; Taylor, 2013)To date, four studies have examined the diet ofliveey aardvarks
(Melton 1975; Melton and Daniels 1986; Willis et al., 1992; Taylor et al., 208&aling

a varied species composition of ants and termites in different geographical regions of the
aar dv ar kTabdel.k). dnraly fudid€s, the diet of the aardvark was dominated by
ants throughout the year, and was supported with termites during the Wbtz X.1),

except in the study in Uganda where diet of warkis differed in different sections of the
study aregMelton, 1975) The dominant prey species consumed differed betwadrest
(Tablel.1). The variation in diet in all studies was most likely a result of varying prey
availability across habitat and season. For example, in theassgh$outh African False
Karoo, ants are usually more abundant dysnmmerand become less available to
aardvarks in the colder winter months, resulting in higher ant intake in summer and
greater termite consumption in wintgrindsey & Skinner, 2001; Taylor et al., 2002)
Termites such as the northern harvester terntted¢termes mossambiqubkarvest

mostly dried, froskilled grass and are more active during winter mo(itted & Hewitt,

1969a; Duncan & Hewitt, 1989)o date, variation in the contributions of ants and
termites to aardvark diet have not been assessed across seasons varying in resource

availability, nor in geographic regns with low primary productivity.
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Table 1.1 Aardvark diet in different regions of aardvark distribution in sub -Saharan Africa. For main aardvark prey, the genus of each aardvark main prey items is presente
Note that Melton (1975) did not report the genus of ants consumed.

Study conducted by Taylor et al., 2002 Willis et al., 1992 Melton and Daniels 1986 Melton 1975
Study area Tusserdie Riviere Umgeni Valley Ruwenzori
Country South Afica South Africa Uganda
Habitat Nama Karoo Natal Highlands Savanna
Aridity level semiarid warmtemperate tropical
Total annual rainfall (mm) 420 900 600 to 1200
Rainy season summer summer spring, auimn
Air temperature (°C)

annual maximum > 130 28 35

annual minimum <0 5 18

24-h amplitude NA NA 11-14

Main aardvark prey

summer

winter

ants @noplolepis

ants Anoplolepis,

termites Trinerviterme$}

ants Anoplolepis3,
termites {rinerviterme$
ants Anoplolepis,

termites Hodoterme}

ants Dorylus),
termites Odontotermers
NA

ants (genus notgen),
termites Macroterme}
ants (genus not given),

termites Macroterme}

N (scat samples)

n (study aardvarks)

350
4

20
NA

NA

23
NA
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1.4.5Morphological adaptations to myrmecophagy and a serfiossorial
lifestyle

Ants and termites typically occur in large underground colonies. Some species
emerge from their colonies to forage abgveundand store their harvest in their
underground galleries. Aardvarks, howe do not feed on surfaderaging

i nsect s, but rather detect their preyos
specialised sense of smell, then extract prey by cracking open the soil and digging

up aggregations of ants or termites. The aardian efficient digger, and its
extremities form a specialised system: w
can break soil surface, and its fingers perform a eamsksweep motiofEndo et

al., 2003) and webbing between the fingers allows for efficiesit siovement

(Taylor & Skinner, 2004) Special bone and musculature anatoatipws for

effective forcegeneration, while an ulnar process ensures great ageer
(Thewissen & Badoux, 1986) The aardvarkoés tail provi de
body weight and lends force when the aardvark conducts its stke&e(Endo et

al., 2013) The morphol ogy of t his moaied thv ar k 0 s
adaptatiorto their myrmecophageous and fossorial habits, though its head is more
elongate than that of other anteat@esnntag & Le Gros Clark, 1926)he rather

rudimentary teeth of aardvarkave a unique structure of hexagonal dentine prisms
surrounding tubular pulp cavities, responsible for the name of the Tubulidentate
clade(Melton, 1976) Large salivary glands keep the elongate tongue moist and

sticky for licking up their prey, which is then ground up by the gizhag]

muscular storach to aid digestio(Gonntag & Le Gros Clark, 1926ardvark eyes

are protected from debris by long, dense lashes and keratinisation of the cornea, and

are darkadapted, lacking retad cone cells for colowvision and acuity, and a

tapetum lucidum(Sonntag & Woollard, 1925) The aardvarkoés com
system has more turbinal processes than any other mammal, and highly developed
olfactory regions combined with large second olfactory cortex in the brain point

towards a highly developed sense of srt&tinntag & Woollard, 1925; Sonntag &

Le Gros Clark, 1926)

29



1.4.6Aardvarks as keystone species and ecosystem engineers

Species that have an impact on their community and ecosystem that is
disproportionately large compared to their abundance are considered keystone
speciegPower et al., 1996 A prime example of a keystone spedgethegrey wolf

in Yellowstone National Park. After ~70 years of absence from the Park, grey
wolves were reintroduced in the ril®90s, which caused large herbivores such as
bison Bison bisoh and elk C. elaphus canaden3ito prefer using more densely
vegetated sections, thereby allowing riverine trees that had been diminished by
herbivore activity to regrowWRipple and Larsen 2000; Fortin et al., 2005; Ripple
and Beschta 2006)Volves are successful in hunting large animals even in winter

as a consequendhgeir presence in Yellowstone also increases carrion availability,
thereby buffering resaoe bottlenecks for scavengers stemming from climate
changerelated wintershortening (Wilmers & Getz, 2005) Another classic
example of a keystone specisgheNorth American beaveilGastor canadens)s

by constructing massive dams, beavers change hydrology and create large wetlands
that persist for centuries, thereby increasing species richnéssdatapescale
(Wright et al., 2002) Lack of keystone species that buffer other species from
environmental fluctuations may render these communities more vulnerable to

detrimental effects of global climate char(§élmers & Getz, 2005)

Organisms that physically modify, maintain or generate habitats and thereby
influence otheorganisms are generally referred to as ecosystem engiihdiéiss

et al., 1993; Jones et al., 19948n ecosystem engineer that influences other
organisms, for example through trophic cascades, is often also considered a
keystone specie§Mills et al., 1993; Jones et al., 1994; Power et al., 1996)
Burrowing mammals are considered ecosystem engineers because they actively
change thei environment, as well as keystone species because they provide
valuable microhabitats used by other spe¢leslaw, 1999; Pike & Mitchell,

2013) Examples include numerous sm@Mavidson et al., 20123s well as large

and nediumsized mammals such as the Eurasian baddgetes melesSmal,

1995; Kowalczyk et al., 2008vombats (e.gl.. latifrons) in Australia(Shimmin

et al., 2002; Davidson et al., 2018)ant armadillos in South Ameri¢Besbiez et
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al., 2014) and aardvarks in stBaharan AfricgCilliers 2002; WhittingtonJones

et al., 2011) Burrows constructed by one animal can offer other animals vital
thermal refuges from teperature extremes and environmental fluctuat{Biise &
Mitchell, 2013) For example, during a severe heat wave in South Australia in 1982,
numerous birds made increased use of the comdenmal burrows to find shade
and shelter from the heat while others not utilising this refugium @#dood,

1982) The presence of ecosystem engindwas provide such microhabitats might
become crucial for the continued existence of their beneficiaries under future
climate change impac{Pike & Mitchell, 2013; Cabhilet al., 2013)particularly in

hot arid and sermrid habitats. It is therefore pertinent to include climatic

microrefugia into models of future distribution chanflesnoir et al., 2017)

The aardvark is considered an ecosystem eng{éeittington-Jones et al., 2011)

as well as an African keystone spedi€sliers, 2002)because it actively modifies

its environment via its extensive digging activity in three ways, namely (1)
construction of burrowgWhittingtonrJones et al., 2011)2) exposure of food

sources for commensal feed€Faylor, 2013) and (3) promoting planiegmination
(Dean & Milton, 1991) The aardvarkds presence in an
for many other animal and plant species.

Each aardvark generates many burroviggyre 1.3A) in its home range
(WhittingtonrJones et al., 201,1\vhich are often used for brief periods only before
abandonmen(Taylor & Skinner, 2003)At least 30 different vertebrate species
reportedly use @ant aardvark burrows asfuges including the vulnerable blue
swallow Hirundo atrocaerulea Boycott & Parker, 2003) the vulnerable
Temmi nckés g r Manistemminekjp Bieiersennet a., 2014karger
mammals such as leopards and warth&®js¢ochoerus africanyisand reptiles
such as rock monitor lizard¥dranus albigularisCumming 1975; Bothma and Le
Riche 1984; White and Cameron 2009; itihgton-Jones et al., 2011Aardvarks
also generate nest sites and microclimates for small animals by hoHouting
termite moundgCilliers, 2002)
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Figure 1.3 Camera trap footage of an aardvark burrow in the Kalahari. A) during the day, an aardvark
is resting inside the burrow, concealed by sand in the entrance tunnd) at night, the aardvark emerges
from the burrow to forage (Photo credit: Nora Weyer, Tswalu Kalahari Reservg.
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I n addition to the sheltering functions

excavations also have beneficial functions. Firstly, they facilitate access to insect
prey for various opportunistie@éders. Their feeding pits serve as important food
supplementation for opportunists that would otherwise not be able to reach deeper
soil levels where ants and termites are abundant, especially during winter, when the
surfaceforaging activity of ants is educed and aardvarks often forage during
daylight hourgCilliers, 2002;Taylor, 2013) Animals that exploit aardvark feeding

sites include aardwolve®oteles cristatul bateared foxes@tocyon megalot)s
anteating chatsNlyrmecocichla formicivorp and yellowbilled hornbills Tockus
leucomelasTaylor & Skinner, 2000, 2009; Taylor, 2013econdly, aardvarks are

socal | edmodwerisme of soi l and provide i mpo

(Dean & Milton, 1991)

1.4.7Behavioural ecology of the aardvark

Aardvarks are predoimantly nocturnaland emerge from burrowkigurel.3B) to

forage on their subterranean prey. In the False Karoo, aardvarks began to forage
after sunset and returned to burrows before or during sunrise during the warm
seasons otie year(Taylor & Skinner, 2003)In winter, however, aardvarks often

left their burrows in the afternoon and ceased algpoend activity during the
coldest parts of the night several hours before su(Fesdor & Skinner, 2003)In

the False Karoo, aardvarks were never observed above ground at temperatures
lower than 2 °C, possibly because aardvarks were sensitive to cold with their sparse
fur (Figure 1.1B) providing poor insulationTaylor & Skinner, 2003)However,

this explanation does not integrate other factors that might compensate for poor
i nsul ation and contribute t otengperamessmal 0 s
such asbody size and shape, changes in peripheral blood flow, and the use of
vascularised body parts serving as thermal wind@wler et al., 2010, 2016)
Nevertheless, aardvarks in the False Karoo spent less time outside burrows and
moved more slowly during cold, dry months of winter than during the wamakr a
wetter summer month@/an Aarde et al., 1992F5everal anecdotal reports based

on field observations and aardvark spoor tracking have estimated the travelling
distance of aardvarks to range from 2 to 30 km in one iRggés 1970; Melton
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1975, 1976; Van Aarde et al., 199aylor 2013) However, no study has quantified
the duration and intensity of aardvark activity, and changes in activity level in

response to seasonal environmental fluctuations in resource availability or climate.

1.4.8Aardvark activity and body temperature

Aardvarks have a unique physiology in that their metabolism and body temperature
are generally lower than expected for a mammal of thei(SlizBlab, 1984) These

low metabolic rates and body temperatures are characteristicesflarge antand
termiteeating mammals, and have been proposed as adaptations for-a semi
fossorial lifestyle ad specialisation on a lownergy diet of ants and termites
(McNab, 1984) However, unti recently, little was known about aardvark
physiology under natural conditions. Taylor & Skinif2004) investigated body
tenperatureof aardvarks in the False KaroBody temperature recorded using
intrasabdominally implanted biologgers was reported over five consecutive days
during winter and summer for three individuaBody temperature of these
aardvarks ranged from about.8 to 37.5 °C in summer and 33.5 to 37.5 °C during
winter, and the animals had a daight nychthemeral rhythm, with lower body
temperature occurring durirgeriodsspent inactively insidéurrows,and higher
temperatures during the active phase. The ledyerature increase during the
active phase was proposed to be a result of the metabolically intensive digging
action producing body hegMcNab, 2002; Taylor & Skinner, 2004)Thus,
foraging in aardvarks during summer was proposed to be limited to cooler night
times to avoid possible overheating that could result from daytime foraghren
exposureto heat and solar radiation would make dissipation of metabolic heat
difficult (Taylor & Skinner, 2004)Their burrows provide a bufferedveronment

that allows aardvarks to avoid extremely high temperatures during summer days
and low temperatures during winter niglffsaylor & Skinner, 2004)Foraging
activity at night may also reflect the time when prey is most available; although
aardvarks are able to reach the deep nests of some of their prey insects, they
generally target prey concentrated in superficial nests and storage chambers just

belowthe soil surface (A. Taylor, pers. commlhus, temporal shifts in aardvark
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activity patterns from summer nocturnality to wintédurnality may reflect a

response to both thermoregulatory needs and prey activity patterns.

In a recent study, body tempereg and activity patterns of six wild aardvarks were
recorded using abdominally implanted biologgers in sixlikéeg aardvarks in the
Kalahari (Rey et al., 2017)During the study period, a particularly hot and dry
summer occurred, and five of the study aardvarks and several other resident
aardvarks at the study site digRey et al., 2017)Their body temperature patterns
indicated that the aardvarks had likely been experiencing starvation during the
drought, as their 24h minimum body temperatures progressively declined,
resulting in pronounced heterotherfRey et al., 2017)Several individuals shifted

from nocturnal to diurnal activity during the summer drought, presumably to save
energy, given that they were unable to maintain high body temperatures. Only one

study aardvark survived the drougRey et al., 2017)

Rey et al.(2017)showed that while aardvarks employed physiological plasticity,
this was an insufficient response to the extreme summer drought conditions. They
proposed thahedecline in bodyemperatures was indicative of a negative energy
balance caused by drougtated resource decline, which also resulted in poor
body condition. The authors did not, however, directly assess seasonal fluctuations
in body condition, diet, or resource availdap of aardvarks in the Kalahari.
Populations of ants and termites, which are the main prey of aardvarks, are
susceptible to seasonal vegetation abundance and to rainfall, and their colonies
thrive when vegetation is plentiful but can crash followingudid-induced
vegetation declinegTevis, 1958; Nel & Hewitt, 1969apn the other hand, it has
been proposed that some termites might do wadler drought conditions if there
sufficient dry vegetation is available to harv@taack, 1995)and thus the impacts

of drought on ant and termite availabilag aardvarks prejemands elucidation

The semiarid Kalahari desert is the hottest and most arid environment inhabited by
aardvarkgTaylor & Lehmann, 2015and rapidly is becoming hotter and drier with
ongoing climate chang@achauri et al., 2014As summer droughts will likely
become the rule rather than the exception in the Kalahari, an improved
undestanding of aardvark responses to such harsh conditions is needed. The initial
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study by Rey et al2017)provided a basis to broaden the investigation of drought
stress on aardvarks in the Kalahari selesert, and by assessing diet, resource
availability, body condition, body temperature, and activity patterns of aardvarks in
the Kalahari over a thregear period,l aimed to identify the proximate causes

behind the observed aardvark deaths and physiological stress.

1.5 Thesis aimsand hypotheses

As a large, londived, nocturnal, nommigratory mammal with a specialised diet,

the aardvark wouldikely be highly susceptie to the rapid climatic changes

expected throughout much of its range. As an ecological engineer providing thermal
refuges and food sources for other animal species (Whittigineset al.,2011),

as well as germination sites for plants (Dean & Mill®®1), declines in aardvark

numbers, particularly in hot and arid environments, are likely to have extensive
impacts on various organisms reliant on aardvark digging activity. However,
despite the aardvarkds ecol odgthededingi mpor t e
ecology, physiology, and capacity of fri@ng aardvarks to adapt to seasonal and
interannual changes in their natural habitat, particularlyot and arid habitats

environments which may become more common following climate change in
Africa. To understand the capacity of the aardvark to survive future environmental
changes, it is necessary to determine its current success in coping with challenges

in its natural habitat, particularly in regions where aardvarks are (1) an increasingly
relevant provider of thermally buffered microclimates for many species, and (2)
exposed to conditions similar to those predicted for much of its range in future

climatic scenarios. One such region is the Kalahari-slmsert at the soutlvestern
edge of thear dvar kés distribution, where curre
in aardvark death@Rey et al., 2017)Within this framework, | set out tachieve

the following objectives:

Chapter 3: Investigate the link between aardvark body condition and seasonal

and inter-annual changes in resource availability in the Kalahari.

To assess the abundance of resources relevant to the aariiveakspecessg to

confirm the diet of Kalahari aardvarkand to quantify the energy and water
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provided byprey specieBased on aardvark studies elsewhere, | expected Tswalu
aardvark diet to consist of ants and termites in proportieftectingthe different
seasoal availabilities of these insect groupsith ants more available during
summer and termites during wintémalso hypothesisethat, congruent with other

studies, ants would be higher in energy but lower in water content than termites.

Since many ant arall termite species are herbivorous, | hypothesised that ant and
termite abundance would be dependent on the vegetation productivity, which in
turn would depend on rainfall. Consequenitlyypothesisdthat following drought,

the abundance and activit{ants (whichcan be herbivorous emnivorous)vould
besomewhateduced, and that termite and abtindance would be directly related

to the amount of standing crop, i.e., vegetation productiMitypothesised that low

prey abundancassociated with lo vegetation productivitywould result in a
decline in body condition, whereas high resource abundance would be associated

with good body condition of aardvarks.

Chapter 4. Investigate patterns of aardvark activity (timing, intensity,
duration) in response to seasonal and annual fluctuations in rainfall,

temperature and resource availability.

| hypothesisd that when aardvarks are in good body conditimiensityof activity,

such as from digging, would be high, and activity would be restricted to ther cool
evening. Activity intensity and duration of the active phase would decline during
periods of very lowair temperatureWhen aardvark body conditiomas poor, |
expecedthat the intensity of aardvark activityould decline, but the duration of
the actie phasewould expand to compensate for increased energetic needs,

possibly resulting in diurnal activity.

Chapter 5: Investigate long-term records and 24h rhythms of body
temperature patterns as an indicator of aardvark welibeing and activity
rhythms.

| hypothesisé that under favourable environmental conditions (modeegdte

temperaturgabundant resources) when aardvarkéikety in good body condition,
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aardvark body temperature would be lower than that of other mammals of similar
size, but tightly caotrolled, with a small 24h amplitude of body temperature
rhythm. However, during periods of low resource availability (reflected in poor
body condition), | expeed that minimumbody temperaturef aardvarkswvould
decline as a result of an inability tossain energetically costly homeothermy,
resulting in increased 24 body temperaturamplitude. During periods of higdar
temperatureand low resource availability, aardvark maximbwdy temperature
might show unusually high peaks as a result of dehyuratihypothessed that
activity intensity would also influence body temperatw#h bodytemperature
increasing during the active (foraging) phase and decreasing during the inactive
phase of the aardvark, and possibly being higher on days when aasdgerkaore

active.
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2.1 Study site
2.1.1Location

This study was carried out at Tswalu Kalahari Resdérom July 2013 until
September 2015. Tswalu is a seanid private nature reserve situated along the
Korannaberg mountains aint 160 km nortkeast of Upington in the Northern Cape
Province of South AfricaHigure2.1) at an altitude of 1020 to 1586 m above sea

l evel (S 27A14065 7Tswald cugrently en2otnpadsesoab &ea ®f0 0 )
~1100 kn3, separated into a smaller (fenced) camp of ~20C kvhich contains
lions (P. leg, and a larger section of ~900 kriftom which lions are absent,
although leopards and cheetafsifionyx jubatusroam freely. From 2014 to 2015,
African wild dogs Lycaon pictuswere also present on the larger section of the
reserve Ant- and termiteconsuming (myrmecophageous) mammals present in the
reserve include the aardvark, aardwolf, pangolin, andedasd fox. Another
burrowing mammal at Tswalu is the porcupingysgtrix dricaeaustraliy, a
mediumsized rodent. Unlike aardvarks however, they oftemise or expand
existing burrows (often originally created by aardvarks), and are thus not
considered primary ecosystem engin€Bragg et al., 2005 he study was carried

out in the central regionf the lion-free section, where the landscape is dominated
by distinctive NNESSWaligned undulating dune strips at intervals of 0.5 to 1 km,

parallel to the Korannaberg mountains.
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Figure 2.1 Geographic podtion of Tswalu Kalahari Reserve (blue circle). A) Tswalu within the southern
African region (map created in R / RStudio), L- Lesotho, M - Mozambique, S- Swaziland; B) Tswalu
within the Republic of South Africa (satellite image by Jaques Descloitres, MOB Rapid Response
Team, NASA / GSFC, cropped from http://visibleearth.nasa.gov/view_rec.php?id=4265, Public Domain,

https://commons.wikimedia.org/w/index.php?curid=30922).
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2.1.2Vegetation

Tswalubs dominant vegetat i o(Acodksy988) compr i

and includes shrubby Kalahari dune bushveld on the plains, dadatiamountain
bushveld in the mountainous ar€dhsw & Rebelo, 1998)Individual areas of the
reserve are dominated by different vegetation typégu(e 2.2). The aardvark
study site was dominated by Gordonia duneveld vegetdlimkura, 2016)
Dominant plant types on Tswalu and within the study dfigufe 2.3) include
grasses such @mnthephoraAristida, StipagrostisandEragrostis shrubs, such as
Rhigozumand Senegaliaand few tree species suchBsscia albitruncaAcacia
erioloba andA. haematoxylonTswalu falls within the Savannah Bior(Mducina

& Rutherford, 2006)where the average plant growth season begins in late October,
reaching its maximum between late January and February, while the end of the
growing season is highly varied and may ocaoytime between June and August
(Wessels et al, 2011) herefore, the Savanna Biome has a shorter and more variable
growing seasoriength with lower total annual productivity than other South
African biomes, while the range of its annual productivity is similar to that of the
Thicket and the Grassland Biom@gessels et al, 2011)
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Figure 2.2 Map of Tswalu Kalahari Reserve indicating five different dominant vegetation types, adapted
from Tokura (2016). The location of my study aardvarks (white circle) was situated mainly within
Gordonia duneveld vegetabn.
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Figure23Ex ampl e of vegetation coverage within a study aar dvar k-B5dollowioggeodr ange i n
rains. View from west to east towards the Korannabeg mountains(photo credit: Nora Weyer).
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2.1.3Climate and measurements of climatic variables at Tswalu

Tswalu is situated within an area that is predicted to become hotter and drier under
future climate chang@iang et al.,2014) and already experiences low and highly
variable rainfall, including sporadic drough{fBhomas et al., 2007Average annual
rainfall over the past 25 years was highly variable (~360 + 170 mm), the majority of
which fell in the warm p@od between December and Agidavis et al., 2010; Tokura,
2016) The dry period generally coincided with the coldest months of June to
September, and rainfall generatlgcurred during the hottest months from November

to Februaryduring which maximum air temperatures oodtein Rooyen et al., 1999)

Air temperatures at Tswalu range from a winter nighttime minimur6.6f °C to a

summer daytime maximum of 42.5 {€an Rooyen et al., 1999)

Wind speed and air temperature at the study site were recorded automatidéily a
minuteintervals (Watchdog 2700 weather station, Spectrum Technologies Inc., USA,;
data provided by A. Young, Exeter University). From these data, | calculathd 24
maximum wind speed, and 24minimum, maximum and mean air temperatures. To
obtain montily minimum, maximum and mean air temperatures, | averaged 24
minimum, maximum and mean air temperatures for each month. | also calculated mean
+ SD air temperature atltintervals for each season (summer: December to February,
autumn: March to May, wier: June to August, spring: September to November) from
winter 2012 to spring 201%igure2.4).

Rainfall (mm) was measured at @#nintervals, using an event logger (HOBO
Pendant Event data logger, Onset Computer CorpordtisA) and tipping bucket
(Davis Instruments Corporation, USA). To assess rainfall during the growing season
before our study started, | obtained rainfall data for the period of January to December
2012 from the Tswalu Rainfall Database. These data had®eanded by Tswalu staff
using commercially available rain gauges within a few km of my weather station, and
data from both sources were nearly identical during overlapping measuring periods. |

calculated total rainfall per month for the period Januar220December 2015.
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| obtained daily times of sunset, sunrise and % moonlight illumination for the nearest
town Upington, Northern Cape Province (~200 km southwest of Tswalu) for January
2012 to December 2015 (Time and Date AS, Nonk#p://staging.timanddate.com),

and calculated the duration of the daily photoperiod as the time elapsed between sunrise

and sunset.

Air temperatures inside vacant burrows of study aardvarks were recorded during ad
hoc measurements over several days in early summey120it3 depth of ~1 m. using

A temperature loggeDS1921GF5 Thermochron iButton®, Dallas Semiconductor /
Maxim Integrated Products, USA, accuracy 1.0 °C within an operating temperature
rangei 30 °C to +70 °C, resolution 0.5 °@jtached to a string were el through

the soil over a burrow cavity with the help of a metal pipe, so that the logger could
loosely dangle inside the burrow just beneath the ceiling. The pipe was then removed
and the insertion hole closed again with soil. Burrow air temperaturiesi \etween

25 and 32 °C, while air temperatures outside ranged from 15° to 40 °C.
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2.2 Aardvark capture and surgery

To implant tracking devices and data loggers to record body temperature and activity,
seven aardvarks were initially captured and anaesthetised at Tswalu in July 2012 for
the period July 2012 to July 2013. The anaesthetic procadige in this study
followed procedures described Bgy et al. (2014)which had been based on previous
studies on aardvark anaesthesia (Robinson 1983, Nel et al. 2000,29@3tevodicka

2004, Gers et al. 2011), and consultation with various veterinarians experienced in
anaesthetizing and operating on wild mamnilife genitalia of aardvarks are internal

and only have partial external protuberanoeskingit difficult to determine their sex.
Hence, the sexes of the first six aardvarks (1 to 6) could not be determined with
certainty. The sexes of all aardvarks (7 to 17) captured between July 2013 to 2015 were
determined using a published description of aardvark gen{Rdieock, 1924)Nine

more aardvarks (two male aardvarks 10 and 11; seven female aardvarks 8,195)12 to
were captured in July 2013 for the second study year (July 2013 to July 2014), and
another female aardvark was added to the study in July 2014 for the third study year
(July 2014 to September 2015). In total, 17 different aardvarks were captured and
implanted for this study (see belowAll procedures conformed to the ethical
requirements of the Department of Environment and Nature Conservation of South
Africa (Northern CapeProvince Government, permits no. FAUNA 1000/2013,
1000/2/2013, 1001/2013and he Animal Ethics Screening Committee of the
University of the Witwatersrantlearance certificate no. AESC 2013/29/05).

Each aardvark was immobilised by wildlife
type disposable RDD devices with flight stabilisgé2;mm needle with Znm barb, 1

cc volume, Pnewlart Inc., USA) propelled from a gasessurized (4,5 to 10 bar) dart

gun (CQ-injection rifle, DAN-INJECT ApS, Denmark) from a distance of 10 to 25

metres. When we located an aardvark foraging in daylighgtexinarian approached

it on foot as silently as possible and from a downwind direction until the animal was

close enough to be darted. When an aardvark that needed to be recaptured did not
become active during the day, | located it inside its burraivarearly morning. Before
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sunset, the veterinarian waited silently for the aardvark to emergence, which often took
hours. 1 used a dim light to illuminate the area around the burrow entrance allowing the
veterinarian to detect any movement at the burrowwaepe, and dart the target
aardvark as it was walking away from the burrow. These capture methods were safe
and efficient because a darted aardvark generally did not run far (if at all), and only on
very few occasions did a darted aardvark hide insideratw, from which we then

excavated it once it had become recumbent.

Each aardvark was darted using a combination of an anaesthetic Afydetamine
hydrochloride: 200 mg mt, 0.5 mg kg', Animal Health Division Bayer HealthCare

(Pty) Ltd., South Afica), a shoracting benzodiazepine (Dormicum, midazolam
hydrochloride: 50 mg mt, 0.2 mg kg'; Roche Products (Pty) Ltd., South Africa) and

a surgical sedative and analgesic (Domitor®, medetomidine hydrochloride: 20 mg mL
1.0.08 mg k¢, Pfizer AnimalHealth, USA). Dart dosages were calculated for a 50 kg
aardvark to ensure sedation. The aardvark was then transported to a temporary field
surgery station, where we provided an environment as sterile as possible to implant
each aardvark with miniature ddtmgers and a tracking transmitter via laparotomy.
During transport, the aardvark was placed sternkilyure2.5) on an animal mattress

(The Bakkie Mattress Ltd., South Africa) and kept warm with weuater bottles and
shock bankets. Its eyes were covered with a blindfold, and the ears were protected by
inserting a fingethick cotton plug. Anaesthesia during transport was maintained by
administration of inhalation anaesthetic (ISOFOR, isoflurane: 0.5 to 6 %, SafeLine
Pharmaceiticals (Pty) Ltd., South Africa) in 100 % medical oxygen supplied from an
anaesthetic machine (Ohmeda portable anaesthetic machine;@ateda Medical

Equipment, USA; now GE Healthcare, General Electric, USA) via a face mask.
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- \
Figure 2.5 Anaesthetised aardvark on the back of a vehicle before transport to the surgical theat(@hoto
credit: Mary -Ann Costello).

Once a captured and transported to the temporary surgery theatre, the aardvark was
placed on its sie on a table atop heating pads (DisChem Pharmacies, South Africa)
and towels, and partially covered with shock blankets, to keep it warm on a cushioned
surface. An eye ointment (ISEE Eye Ointment, chloramphenicol: 20 mgitgmin

A: 15 000 IU ¢!, VIRBAC RSA (Pty) Ltd., South Africa) was applied to the eyes to

keep them moist. To maintain anaesthesia using inhalation anaesthetic (ISOFOR,
isoflurane: 0.5 to 6 %, SafeLine Pharmaceuticals (Pty) Ltd., South Africa) in medical
oxygen, each aardvark was inated. The snout was held open by tying a piece of
crepe bandage around the upper jaw underneath the hard palate, and topical anaesthetic

spray (Xylocaine, lidocaine: 10 mg 0.1 mhlAstraZeneca, South Africa) was applied
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on the larynx. The aardvark was thietubated through its snout using a laryngoscope

set (Miller Sololite®, Medical Devices (Pvt) Ltd., Pakistan) and a stylet to insert an
endotracheal intubation pipe (6.5 or 7 mm, Kyron Laboratories, South Africa). On very
few occasions, breathing ceasddring anaesthesia, at which point a breathing
stimulant was administered (Doprarf®esenius, doxapram hydrochloride: 20 mg
mL?, Bodene (Pty) Ltd., South Africa). During surgery, each aardvark received a

| actated saline s ol uravenous Infdision, B. BatiMedicalr 6 s L a
(Pty) Ltd., South Africa, or Sabax Ringeactate- Har t mannds sol uti on
Ingram Critical Care (Pty) Ltd., South Africa) administered at a maintenance rate of 5
mL kgh?. We inserted a catheter (Jelco® 20 gaSgeiths Medical (Pty) Ltd., South
Africa) into the marginal ear vein and ear artery. A pressure transducer2@PT
Deltran®, Utah Medical Products, Inc., USA) served to link the catheter to a veterinary
vital signs monitor (Cardell® Model 9403, Sharn \fetery Inc., USA) that recorded
systolic, diastolic, and average arterial blood pressure of the aardvark. These blood
pressures, as well as respiratory rate, heart rate, peripheral haemoglobin oxygen
saturation, endidal carbon dioxide (LifeSense® Vet LYDR, Medair AB, Sweden),

and rectal temperature (BAT2 thermocouple thermometer, Physitemp Instruments
Inc., USA) were monitored at-finute intervals throughout surgery. Before the
veterinarian commenced surgery, a patch of approximately 100 x 100 nihe on
abdomen around the paralumbar region of the aardvark was shaved, washed and
sterilized using antiseptic solutions (Hibitane, chlorhexidine: 5 %, and Hibicol,
chlorhexidine gluconate: 0.5 % in spirit, F10 Health and Hygiene (Pty) Ltd., South
Africa). A local anaesthetic (lignocaine hydrochloride: 2 %, 3 mL, Animal Health
Division - Bayer (Pty) Ltd., South Africa) was injected subcutaneously at the surgical
site. Additionally, each aardvark received a 4steroidal antinflammatory
(Metacam®, meloxicam:20 mg ml!, 0.5 mg k¢, Boehringer Ingelheim
Pharmaceuticals (Pty) Ltd., South Africa), and an opioid analgesic (Temgesic,
buprenorphine hydrochloride: 0.3 mg m10.01 mg kg, Reckitt Beckinser Healthcare

Ltd., UK) subcutaneously, and a leagting atibiotic intramuscularly (Duplocillin,
procaine benzylpenicillin: 0.04 mL Kg6 000 IU kg!, Intervet (Pty) Ltd. / MSD
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Animal Health, South Africa). A 30 to 50 mm incision was made through skin, muscle
layers, and parietal peritoneum in the paralumbaoneghrough which the wagoated
temperature data loggers and radio transmitter were inserted (seeHigloe2.6A).

All devices were dnsterilised in formaldehyde vapour for at least 24 h before surgery,
and rinsed in steel water before implantation into the aardvark. The data logger that
recorded locomotor activity of the aardvark was tethered to a mdckeapsversus
abdomini$ inside the abdominal cavity, using nahsorbable polyamide suture
(Nylon, Scimitar Surgicabutures, Gabler Medical Ltd., UK), to ensure that the activity
records were not affected by free movemen
(Figure 2.6B). Each incision was sutured close using absorbable polyglycolic acid
suure material (Viamac (USP), Scimitar Surgical Sutures, Gabler Medical Ltd., UK),
sprayed with a topical antiseptic spray (Necrospray, oxytetracycline hydrochloride: 40

mg, gentian violet: 4 mg, Animal Health DivisieBayer HealthCare (Pty) Ltd., South

Africa) and coated with a topical ectoparasite repellent (Tick Grease, chlorfenvinphos:
0.3 %, SWAVET RSA (Pty) Ltd., South Africa).

i w’ Al i -'r’";. B .
Figure 2.6 Wax-coated devices before sterilisation and surgical implant@n into aardvarks for this study.
A) VHF tracking transmitter (30 mm @, 110 mm length with StarOddi temperature logger attached to one
of the short sides of the transmitter. B) Locomotor activity data logger with surgicabteettethers to be
attached tomusculature inside the abdominal cavity of an aardvark; actual dimensions: ~ 20 x 40 x 40 mm;
small arrow indicates the front of the logger to ensure all loggers were positioned inside different aardvarks
in the same way.
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After surgery, each study aardiavas released as close as possible to its respective
capture site. During transport to release sites, each aardvark was given 100 % oxygen
through a face mask. At the site, an intravenous medetonrieleesal drug was
administered (Antisedan, atipamezdlydrochloride: 5 mg mt, 0.2 mL kg', Pfizer
Laboratories, South Africa), after which catheters were removed. Endotracheal tubes,
earplugs, and the blindfold were removed when the aardvark showed signs of arousal.
Each aardvark was monitored during neexy until it entered a burrow or walked out

of sight at a fast pace and could no longer be observed. | closely observed the post

surgical recovery of each aardvark during the weeks following surgery.

At the end of the data collection period, each stumlghzark was recaptured, and a
similar procedure to that used for implants was followed to replace, or remove, the
loggers and tracking transmitter. The implant sites had healed and no signs of infection
from the implantation surgery were visible. It hadjmrally been intended to recapture
each aardvark in July each year, to allow implanted biologgers to record data over a
period of ~12 months after which they would be replaced with new loggers and a new
VHF tracking device. However, several aardvarks diech natural causes such as
starvation, others could not be retrieved because their tracking devices ceased to work,
and the remaining aardvarks proved very difficult to recapture so that several capture
attempts had to be made before we succeeded. Mareseme of the biologgers
stopped recording data at varying time points throughout the Stathe 2.1 details

for each aardvark the period for which it was part of the study, which data were
successfully recorded, and whethecards ended due to recapture, death, or failure to

retrieve the animal.
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Table 2.1 Gantt chart indicating for which time periods activity and body core temperature data were obtained from each study aardvér(1 to 17) at Tswalu
Kalahari Reserve between July 2012 and September 2015. {@ardvark identity; green - activity logger; grey - temperature logger; blank fields- no data available;
* - implantation; # -1 ogger fdaeiatuhr eo f at h eloggeanotaetriavedk z- los¥ of the aardvark due to VHF transmitter failure; x - logger removal.
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2.3 Devices implanted

Two data loggers and one tracking device were implaintedeach study aardvark.

The tracking device was a very high frequency (VHF) radio transmitter (30 mm
diameter, 110 mm length, ~100 g mass; Africa Wildlife Tracking, South Africa) which
emitted a unique signal at a frequency betwk&h and 150 MHz. Th&HF implant

allowed for locating a study aardvark from a distance of up to 3 km depending on
terrain conditions, using a directional antenna and receiver kit (Eleeeent Folding

Yagi Antenna; R1000 Receiver, frequency range 148 to 152 MHz, SirtrackNew.
Zealand).The tracking device was covered in inert wax (Sasolwax 1276, Sasol Ltd.,
South Africa). During the first year of study, several aardvarks died and some of the
dataloggers could not be retrieved because scavengers had dispersed parts of the
aardvarks, and other parts were lost in the sand. To find the body temperature
dat al oggers and retrieve data in case of
years | attached the body temperature data logger to the VHF transmitter with sterile
wax (Figure 2.6A). | dry-sterilised the VHRrackers together with the loggers in
formaldehyde vapour until implantation. The total mass of all equipment implanted per

aardvark did not exceed 350 g, i.e., ~1 %, of aardvark bodg.ma

2.3.1Body core temperature

One data logger recorded abdominal body temperature in each study aardvark (2012 to
2013: DS1922L Thermochron iButton®, Dallas Semiconductor / Maxim Integrated
Products, USA,resolution 0.0625 °C,accuracy ~0.5°C within an operaing
temperature randgeetweeri 40 °Cand85 °C; 2013 to 201D ST centT implantable
temperature data logger, Staddi, Iceland; mass < 20 g, resolution 0.082&ccuracy

70.1 °Cbetweeri 1 °C and45 °C). Before implantation, | programmed each datadobgg

to record at Sminuteintervals,sealed it in antistatic cellophane and rubber tape, and
encased it in three smooth layers of inert wax (Sasolwax 1276, Sasol Ltd., South
Africa). | calibrated each data logger in an insulated water bath against a ¢ugacayc

thermometer (Quat 100, Heraeus, Germany) over a temperature range of 28 to 42 °C
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in 2 °C incrementsbefore implantation. To investigate if drift in temperature
measurements might have had occurred during the period over which a logger was
implanted,| re-calibrated each logger with the same method once it had been removed
from an aardvark. No drift had occurred, as the mean difference between the data points
after the first calibration and the temperature at the second calibration as measured by
the high accuracy thermometer remained < 0.1 °C. After calibration, the loggers

measured body temperature to an accuracy of better than 0.05 °C.

2.3.2Activity

Activity loggers recorded locomotor activity of each study aardvark. Different loggers
were used duringifferent years of the study. In the first year (2012 to 2013), | used
Actical loggers (MiniMitter Corporation, USA; mass ~40 g when covered in wax).
Acticals were traxial piezoelectrical accelerometers sensitive to forces of >d).05

and were set to cerd wholebody movement over full-fninuteperiods.

In the following years (2013 to 2015panufactured activity loggers (MLOG_AT1,
Sigma Delta Technologies (Pty) Ltd., Australeth a triaxial accelerometer sensitive

to forces of > 0.04 (ADXL345 Digital Accelerometer, Analog Devices, Inc., USA;
mass ~25 g when covered in wax) served to record aardvark locomotor activity over a
period of 10 seconds atrbinute intervalsThe use of these biologgers, validated with
visual field observations, has preugly proven successful in assessing behavioural
activity in a wild, freeliving large mamma(McFarland et al., 2013Although these
loggers measured activity as well as temperature data, we only used the activity data

from these loggers as the StarOddi temperature data loggers had a better resolution.

To account for differences in therssitivity of individual activity loggers (both models)
and in activity intensity of individual aardvarks, eaemimute reading of activity was
expressed as a percentage of the maximum activity reading for each logger while

implanted in an aardvark (% ofaximum). For each aardvark and eacth3#eriod, |

82



calculated mean activity (% of maximum), maximum activity (% of maximum) and

total activity (sum of counts across-Bi
2.4 Aardvark observations
2.4.1Behavioural observations

| observed aardvarks and recordeckithbehaviour to determine their time of
emergence, body condition, and general behavioural repertoire. | conducted
behavioural observatiorfeom a nearby, downwind location to avoid interfering with

an aardvarkods behavi our genemtymecwreal naturedfe war y
aardvarks, and inability to habituate the aardvarks, made observations difficult. When

an aardvark was diurnal, | was able to observe it from a distance using binoculars, thus
preventing the aardvark from hearing me, as wsllfram likely seeing me (as

aardvarks are considered shsighted).However, when an aardvark was nocturnal, |

had to get within torch range (O 20 metres
it difficult not to alert it as it could hear the slightest rustling of leaves or clothes, or
footsteps crunching on dry gmsSince the objective of the study was to obtain data

from undisturbed animals, | was only able to record behavioural data from diurnal
aardvarks from July to September 2013, and for a brief period in July 2014. During
aardvark observations, | used catggoodes (able2.2) to record different types of

behaviour based oAltmann (1974) | recorded aalvark behaviour in #ninute

intervals, timed to match the automated recordings of activity data loggers. Often, an
aardvark was obscured by vegetation during the moment | had to observe its behaviour,
resulting in a gap in the observation record. Whenéverd the impression that an
aardvar kos behaviour was affected by my
behaviour), | aborted the observation and left the aardvark. | obtained a total of 458
observations, or ~38 hours of observations, on 9 aardvarks diff@ent days. | later

compared aardvark behavioural observation data to activity data from loggers (see
Chapter 4).
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2.4.2Camera trap footage

Camera trap footage served to determine the time of emergence from a burrow, and
time of departure to forage when aardvark did not leave the burrow location
immediately after its emergence. | also used camera trap footage to determine the time
of return to a burrow after foraging, in those cases when an aardvark returned to the
same burrow from which it had emerg&ktween July 2013 and September 2015, |
located each aardvark inside its burrows several times per month using VHF tracking
and placed camera trafddMS wireless scouting camera, LI8210MC HD series, Ltl
Acorn, China)at burrow entrances to record thecharar k6 s emer gence
condition.Each aardvark changed burrows frequeritigreforel could not use a fixed
camera trap system. Instead, | attached these camera traps tdidangéer sticks
embedded in the ground either behind the burrow etgrandownwind of the burrow

to minimize disturbance of the aardvark. | usually programmed the camera traps to take
3 photographs in-$econeintervals, followed by a 28econd video. Camera traps then

had a period of ~1 minute during which time they cadtbe triggered. Occasionally,
camera traps fell over due to strong winds, were knocked over or carried away by
animals (notably porcupines and warthogs), or suffered technical failure. Over the
study period, | obtained 18 records of an aardvark emefging a burrow to bask,

408 emergences to forage (including the departures after basking bouts), and 107
recordings of an aardvark returning to a burrbwnalysedall camera tragootage

manually image by image.
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Table 2.2 Behavioural observation coding system used to record aardvark behaviour.

Variable Subcategory

Intensity

Type of behaviour

Movement

none
walking
trotting

running

Digging

none
light digging (forelegs only
heavy digging (foreand hindlegs)

Activity

Foraging

none
sniffing for prey
scratching ground
digging

feeding

Vigilance

P Ol WNEFONPEFPOIWNEO

none
freezing / sniffing air / eamovement / other

Other

defaecating / basking / grooming / scratch /
drinking / mating / ...

Sun

none (cloud cover / night)
yes (exposed to direct sunlight)
no (in shade)

Wind
exposure

none
yes (exposed to wind)
no (sheltered)

Microhabitat
Habitat

completely open (road / no vegetation)
grass

shrubs

thick bush

Location
relative
dune

to

on dune crest
eastern slope
western slope
in dune valley (no slope)

Encounters
(animals
closer to
aardvark than
observer)

no other animals present

birds

helbivores

carnivores

other arteating specialists and opportunists
other aardvarks (ID recorded if known)

Cloud cover
Weather

none
25 % cloud cover
50 % cloud cover
75 % cloud cover
100% cloud cover

Wind

P Ol WNPFP OO, WNEPOIPWNERERPAPWONENEOINELO

still or breezy
windy
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2.4.3Notes on burrow use

Between July 2013 and September 201%®cated each aardvark inside its burrows
several times per month using VHF trackibgiring the dry winter of 2013 after the
drought, when the aardvarks were in poor condjtiombserved that aardvarks
frequentlyre-used the same burrow for several consecutive nights or switched between
the same two or three burrows over several weeks. The longest period of consecutive
use of the same burrow in one aardvark (aardvark 9) wasys4idiaing the winter

2013 after a summer drought. During all other seasons and years, my study aardvarks
changed burrows nearly every day, and seldcuomsesl burrows on consecutive days,
such that on 620 neconsecutive days between July 2013 and Septe@®E3, |
located twelve study aardvarks in 362 individual burrows, with aardvark 9 alone in
over 100 different burrow®uring the entire duration of the study, Aardvarks seldom

refurbished burrows in which | had previously located them.

2.4.4Body condition

During aardvark observations and analysis of camera trap footage, | scored aardvark

body condition on a visual appearance sciigure 2.7 A, B) based on a system

commonly used for scoring physical condition of livest@lkissel, 1991; Thompson
&Meyer,1994) The scale ranged HBremoébbeseédmaaovihat
6overweighté for this study since patholog
in its natural environmentT@ble 2.3). This noninvasive scoring system worked

reliably on aardvarks becaugeir body shape and musculatarereadily visible and

not concealed by dense pelabanalysed all camera trap footage manually image by

image. | found no discrepancy between body condition scores obtained from
simultaneous live observations and cantexp imagery of the same animal. | recorded

a total of 314 aardvark body condition scores from 12 study aardvarks in the period

from July 2013 to September 2015, with varying numbers of observations per aardvark.
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Table 2.3 Aardvark body condition scoring system (adapted fromRussel, 1991; Thompson & Meyer, 1994)

Score Body condition characteristics
1 emaciated, severely underconditioned (hip bones, spine processes & small ribs well v

thin (hip bones & gine processes fairly visible)
ideal / average (defined muscles)

fat (muscles covered with fat layer)

a b~ w0 N

overweight

Spine prominent and sharp

No fat cover

Spine detected only as a line

Fat cover thick

B v

Muscles full

Figure 2.7 Body condition scoring in aardvarksadapted from a livestock body condiion scoring systemby
Thompson and Meyer (1994) A) characteristics of body condition score 1; B) characteristics of body
condition score 4.
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2.5 Aardvark diet
2.5.1Scat collection

| collected scats from six ndmabituatel study aardvarks at Tswalu between July 2013
and September 2015, either at night by following an aardvark after its emergence, or
by tracking its fresh spoor from a burrow the following morning until at least one and
up to three defaecation sites along #poor trail were locatedrigure2.8). To locate

as many defaecation sites as possible, 1 t
from which it had entered the burrow, as well as the spoor that led away from the
burrowafter it had emerged. On several occasions, | was able to trace one or both these
spoor trails far enough to locate multiple defaecation sites, however, sometimes | could
not find any scats as the spoor had been destroyed by strong wind or rain, od overlai
by other animalsé tracks. Study aardvarks
entering or after leaving a burrow, in varying distances along the spoor trail. An
aardvark deposits its scats in a shallow furrow which it then covers up, leaving behin

a distinctly shaped mound of solh a previous study on aardvarks in the Karoo
(Taylor, 1998) some individuals became habituated to human presence, and these
individuals could be followed closely for entire nights. They were found to defaecate
on average six times per nigfiaylor, 1998) Similar to aardvarks in the Kargdaylor

et al., 2002) the scats of aardvark&igure 2.9) at Tswalu generally comprised
collections of 20 to 50 al-shaped, 15 to 20 g pellets which had a large sand
component, ingested by the aardvark during foraging. The pellets were dark in colour
and glistened with chitinous remains of the insect prey. | collected a total of 133 scats
from 6 study aardvarks at walu between July 2013 and September 2015.
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Baade); B) aardvark spoor trail in the sand (photo credit: Nora Weyer); C) aardvark defaecation site (photo credit:Nora Weyer).
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Figure 2.9 Aardvark scats. A) Four aardvark scat pellets. B)L eft bowl contains a complete aardvark scat
deposit, right bowl contains the dried prey remains isolated from a scat deposit by the washing procedure
described in sectior2.5.2

2.5.2Aardvark scat analysis

| adapted sample preparation protocols for scatlyais from previous studies on
aardvark die{fMelton & Daniels, 1986; Taylor et al., 2002did not include wet mass

of fresh scats in the analyses because of a number of variables that could influence scat
wet mass, for example aardvarks often urinated into their defaecation furrows, thereby
affecting the moisture content and mass of the scats, and because of variatnen in t
elapsed between defaecation and sample collection (from 5 minutes to several days). |
allowed all scats to amlry for at least 14 days before analysis, and | recorded the dry
mass of each scat deposit to the nearest 0.5 g before separating the fooganic
inorganic fractions contained in the scat. | gently dissolved the pellets of each scat
deposit in a 5 L bucket containing ~2 L hot water, and soaked them for ~15 minutes to
allow the organic matter contained in the dried scats to float to the saridct
subsequently separate them from the heavier sand fraction using a fine mesh net (0.1
mm mesh diameter). Insect remains floated to the surface as the insect cuticle contains
lipids (Hackman, 974). Without stirring, | poured the suspension through the fine
mesh net to isolate the organic (floating) component. | again mixed any sand remaining

at the bottom of the bucket with ~4 L cold water under high pressure and poured
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suspended matter thradughe net. | repeated this procedure until no further suspended
matter appeared in the sample. The organic matter isolated from each scat deposit was
dried in a ventilated oven at ~60 °C for 3 days to constant mass, -areigieed to

obtain the proportiorof organic material contained in each aardvark scat sample
(Figure2.9). As scats contained very large numbers of individual insect fragments, |
employed a subsampling system to quantify the number of each prey species present. |
used a range of subsample masses where | counted each insect fragment to compare,
to determine an appropriate minimum subsample size. | counted the number and
proportions of various prey items (ant and termite head capsules and jaws) in the scats
in subsamles ranging from 0.04 to 0.32 % of the scat deposit (0.1 to 0.8 g) and
extrapolated these values to the real numbers and proportions to the total mass of the
entire scat deposit. Subsamples of O 0.3 g
prey tem numbers in the whole scat. Thus, | subsequently subsampled an aliquot of
0.4 to 0.7 g of the dry organic contents of each scat sample, and thinly spread the
contents onto a transparent polyacrylamide gel plate overlying a grid under a dissection
microxope (SMZ800 zoom stereomicroscope, maximum magnification 63x, Nikon
Instruments Europe B.V.) for analysis of prey items using a genus reference collection
(see sectiof.9). Prey items occurred in three fornis) head capsules with a mandible

pair attached, (2) head capsules with mandibles missing, and (3) individual mandibles
detached from head capsules. To standardise counts, | made a score of a single
individual when (1) both mandibles were still attachetthéohead capsule and (2) when

| found a head capsule missing mandibles + a pair of loose mandibles of the same prey
item. | counted a total of 76 200 identifiable prey remains within the different
categories: (1) 25 414 mandible pairs 88 single manthles), (2) 13 527 heads with
mandibles attached, and (3) 11 845 heads without mandibles in the aardvark scat
subsamples. In 422 cases (0.9 % of all samples), discrepancies between categories 1
(mandible pairs) and 3 (heads lacking mandibles) occurredh&se cases | chose the
greater of the two values for all subsequent calculatiorsvoid underestimating the
occurrence of a prey itemand added this value to the count of intact head capsules

with mandibles still attachedgsulting in a total of 4894 individual ants and termites
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counted in the subsamples. Discrepancies of categories 1 and 3 for the Northern
harvester termiteH. mossambicu®ccurred in only 0.01 % of all samples. The

mandibles of the snouted termife trinervoidesare minute and wertoo small to be

i solated by the fractionation methodol ogy,
(i.e., the characteristic conical process of the head capsule) were captured. | thus
counted heads with snouts, without snouts, and snouts detachetefids) and found

virtually no discrepancy in numbers of head capsules without snout, and numbers of

loose snouts. For the three most important ant genera in Tswalu aardvark diet, such
discrepancies were also fed. Custodiend..7 %,Dorylussp. 1.8 %Phadole sp. 2.5

%). For subsequent analységxtrapolated counts of prey items in the subsample to

counts per 1 g dry scat mass.
2.6 Plant productivity and aardvark prey abundance
2.6.1Plant productivity

| assessed grass cover as a proxy for plant productivite atudy site, because grass

is the primary food source of many ant and termite species occurring at the study site
(Nel & Hewitt, 1969a; Ohiagu, 1979; Marsh, 198[7/¢onducted estimates monthly at

30 permanent sites for 16 months (May 2014 to August 201&)dbmly selected the

sites in grassand shrubdominated areas within the foraging range of the study
aardvarks. Sites were at least 300 m apart from one another and consisted of a 50 m
line-transect between two permanent markers. | placed 2 x 2 m quaidifmetre
intervals along the 50 m lirieansect at each of the 30 permanent sites (i.e., 5 quadrants
per linetransect, resulting in 150 grass cover estimates per month), within which | (1)
counted all grass clumps with more than approximately 30 guders; (2) measured

the height of five randomly chosen green grass clumps (where fewer than five grass
clumps were available, | scored the missing grass clumps as 0 mm); and (3) estimated
grass cover (%) within the quadrat. | first obtained a median Yafwesach measured
variable per site, and then calculated a median value across the 30 sites for each of the

16 months of measures of plant productivity within the aardvark study site. Fora long
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term plant productivity index that encompassed the full téduraof this study, |
obtained mean values of MODt&rived timeseries enhanced vegetation index (EVI)

for the Gordonia duneveld vegetation type predominant at the study site at Tswalu
(Figure 2.2) for January 2012 to December 10 from Tokura (2016) which |
compared to my monthly data for grass cover from May 201Auigust 2015 to
validate the use of EMkith on-site measurements as | describe in Chapter 3.

2.6.2Social insect abundance

Potential aardvark prey items at Tswalu exhibited different activity patterns: ants were
active surfacdoragers, while termites were ngocryptic and did not forage far from
their colonies. ie predominant ant and termite species at the study site formed
extensive subterranean colonies often many metres below soil surface, and also with
superficial galleriesRigure2.10); ant and termite species in other arid zones also have
colonies deep in the soil profilgdartwig, 1965; Mitchell et al., 1993; Tevis, 1958;
Tschinkel, 2011)There were nanounds of any ardr termite species above the soil
surface at the study sitA.direct method of scoring absolute numbers of subterranean
ants and termites does not existhi¥ pitfall-traps adequately sample a(sdersen,

1991) they are less effective in sampling subterranean termites which either forage
under soil sheetingsr in grass clumpand raely fall in pitfall traps. Termites are thus
more commonly assessed using indirect, visual metii@otker & Moore, 1991,
Geerts et al., 2016). mossambicuermites deposit excavated debris and other waste
material from their colony activity in sedumps (soil heaps, frass heaps) at the surface.
These soidumps are distinctly corghaped aneéasily visible on the groundrigure
2.11A), and reliably indicate activity of belogroundH. mossambicusolonies (e.g.,
Hartwig, 1965; Nel & Hwitt, 1969a; Braack, 1995) focussed on this termite as it
was a dominant termite dietary item in aardvark s¢atsnossambicu@-igure2.11B)

is a harvester species that forages mainly on-kilsd dry grass, but also ogreen
grass(Nel & Hewitt, 1969a; Duncan & Hewitt, 1989)
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Figure 2.10 Typical colony structure of an important aardvark prey species, the notttern harvester termite Hodotermes mossambicus, through varying types and
depths characteristic of the area near Bloemfontein in the Freestate Province of South Africa, adapted fra#artwig (1965). A - termite hives; B - temporary storage
chambers for harvested grass; C passages connecting hives, storage chambers, and soil surfdzea foraging aardvark. Note that some passages can reach many
metres deeper but are only depicted to a depth of ~10 m below ground here. Though soil characteristics of the Bloemfontegaatiffer from those of the Kalahari
(Johnson et al., 2008; Pietersen et al., 201@)e colony structure can be expected to be similar in both regions as harvester termites use similar colony structures in

different habitat types (Becker & Getzin, 2000)
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Figure 2.11 Field signs of thenorthern harvester termite Hodotermes mossambicuat Tswalu Kalahari
Reserve. A Soil excavations indicating tunnelling activity underground; B) H. mossambicusvorkers actively
harvesting dry grass at the soil surface.
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Therefore, during monthly plaiproductivity-assessments, | assessiee abundance of

ants and termites along the same 30 permanent sites using the following sampling
routines.(1) Along the 50 m lindransect and within 1 m to each side of the line, |
assessed the activity Bf mossambicusolonies visually, by countinfgass heaps and

soil dumps, and scoring surface foragaivity of H. mossambicus/orkers on a
approximatescale from O (absent) to 5 (intense). | calculated monthly median values
for frass heap and soil dump counts and for surface activity scoreadborof the 30

sites. (2) Along the same 50 m litr@ansect, | dug 10 pitfatkraps into the ground at 5
metreintervals, and added 3 spare traps randombeitween. After 4 days, | collected

the trap contents of 10 traps and discarded the contents gfdhe traps, or if a trap

had been removed or safilied by wind or animal activity, | replaced it with the
contents of a spare trap placed at that transect to ensure collecting contents of 10 traps
per transect in each month, generating a trapping samptensity of 1 200 trapping

days per month, and 19 200 trapping days in total. Traps consisted of 50 mL centrifuge
vials (mouth diameter 27 mm; Falcon®, Corning Inc., USA) filled with 20 mL- non
attractant fluid (1:10 commercial glycefiohsed antifreezagent in water, modified

after Majer, 1978. | combined tragcontents at each site, resulting in 30 samples per
month, and a total cattion of 480 samples over the-afbnth sampling period. |
stored trapped ants and termites in 90 % ethanol at room temperature (~25 °C). For
microscopic identification, | first separated ants and termites into different
morphospecies, which | then idergd to genudevel using a reference collection
compiled from samples | had collected previously over a year at Tswalu (see sections
2.9and2.10. When traps from a single site caimed > 500 ants and termites from

one sampling event, | analysed a subsample of ~20 % of the original wet volume, and
extrapolated numbers of ants and termites counted in the subsample to the full sample
volume. On occasion, more pitfall traps than repddde with spare traps were
excavated by various fossorial animals, filled with sand due to strong wind, or flooded
with rainwater. Thus, for each month, | combined the counts of all transects and divided
them by the number of traps collected to obtaimearage value per trap. | provide a

detailed description of further analyses of the insect abundance sampling in Chapter 3.
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2.7 0verview of data collected between January 2012 and September
2015
The presented study started in July (winter) 2012, and raiafadl vegetation
productivity of the preceding summer were considered in this study. During the first
year of the study, study aardvarks were implanted with data loggers and tracking
devices, but were not visually observed, and no camera traps were pladedyel
was based ongite at Tswalu from July 2013 to September 2015 to validate biologger
data on aardvark activity via behavioural observations and camera trap footage, to
collect scats, and to record aardvark body condition. | also assessie @yetation
productivity and aardvark prey abundance from May 2014 to August 2015. A timeline
of the data collected for this study is presented able 2.4. Following the field
research period (January to July 2015), | conductbdrédorybased analyses of
aardvark diet, prey abundance samples, and energy and water content of aardvark prey

insects.
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Table 2.4 Overview of data collected for this study at Tswalu Kalahari Reserve between January 2012 and September 2015. MOEM data on Gordonia duneveld
vegetation productivity were kindly provided by Mr Wataru Tokura (pers. comm.; see alsdlokura, 2016). Air temperature data were kindly provided by Dr. Andy
Young, Tswalu White-Browed Sparrow Weaver Research Group, Exeter University. Rainfall data for Tswalu for January to December 2012 from the Tswal
Rainfall Database were kindly provided by Mr Dylan Smith, Tswalu Kalahari Reserve. Timing of sunrise and sunset, and % lunallu mination were obtained
online for the town of Upington from Time and Date AS, Norway http://staging.timeanddate.com. Aardvark body temperature and activity data from implanted
data loggers for July 2012 to July 2013 kindly provided by Dr Benjamin Rey, Bria Function Research Group, University of the Witwatersrand.

Year 2015
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Rainfall
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temperature

Sunrise time

Sunset time

Lunar
illumination

On-site
vegetation
Prey
abundance

Scats

Body
condition
Body
temperature
Activity
(logger)
Activity
(camera trap)
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2.8 Energy and water content of prey
2.8.1Wet and dry mass

After having determined that aardvark diet was dominated by three prey items (the
termitesH. mossambicydl. trinervoidesand the anA. custoieng, | collected large
numbers of live individuals of these species at Tswalu. Once freed from adhering debris
such as sand or plant matter, | counted live individuals, weighed them collectively to
the nearest 0.0001 g (Ohaus® AdventlfeAR 3130 elecwnic balance, Ohaus
Corporation, USA) to obtain wet mass, then froze, and subsequenthtitgiadn a
ventilated oven at ~48 °C for 72 h to constant mass, after which | recorded thasdry m

of the insects. | carried out the same procedure for eight sampl. trinervoides
(workers and soldiers mixed), two samplespofcustodiengworkers and soldiers
mixed), and two samples éf. mossambicuévorkers only). Numbers of individuals

varied in each sample but included a minimum of 50 individuals per sampl

2.8.2Bomb calorimetry

To maintain dryness, | stored dried prey insects inside a sealed desiccator containing
silica gel. For measurements of each spec
samples and ground them to a fine powder using mortar and gestleach of the

three species, | subsampled 10 aliquots of 0.2 to 0.3 g and measured their energy
content using a bomb calorimeter (Cal2K Calorimeter System, Digital Data Systems

(Pty) Ltd., South Africa), calibrated with benzoic acid as a standard. agaerthe

energy values (kJY of the 10 replicates per prey item and then calculated the energy

value of a single prey individual (kJ individdlof that particular species.

2.91nsect reference collection

| compiled a photaeference collection to idemjifisolated mandibles and head
capsules of all prey items contained in aardvark scats (see s2difpto genus level.

This reference collection comprised pitfathpped and handollected ants and
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termites amss the study site. Insects caught from one colony were kept separately from
insects caught at another colony to avoid potential mixing of different taxa. All insects
were stored in 90 % ethanol until further processing in the lab. From this collection, |
generated a phot@ference collection of the mandibles of all collected ant and termite
genera. Some images from this photéerence collection are shownTiable2.5 and

Figure 2.12. Ant mandibles are highly variable in shape and number of teeth
(Holldobler & Wilson, 1990) providing multiple identifying characters. Much of an
insectdés body is destroyed by aardvarkseE
combination with large volumes of ingested sand, with the resultypiaally only

head capsules (with or without attached jaws) and isolated jaws remain in the scats
(Figure2.12). | identified the dry, carded reference collection of ants (including their
dissected out mandibleand alcohcjpreserved collection of termites to genus level
using available antScholtz & Holm, 1985; Holldobler & Wilson, 199@nd termite

(Uys, 2002)keys and photographed them using a photomicros¢opea LasEZ
photomicroscope and image processing software, Leica Microsystems Ltd.,
Switzerland). For subsequent identification of ants and termites caught in pitfall traps,
as well as those contained in aardvark faecal samples, | also created a phatogra
collection of ants and termites noting diagnostic detdigble 2.5). Of each taxon, |

took full-body photographs in dorsal and lateral view, and of the head capsule (all
aspects including frontal view with mandibles andeantie spread away from the face
where possible to expose the face, allow for counts of antennae segments, and later be
able to link mandibles to the head and body to which they were attached by their shape).
| then carefully detached the mandibles from tlead and photographed them

separately.
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2.10Photo-reference collection

Table 2.5 A selection of intact ants and termites, with their head capsules and mandibles occurring in the diet of aardvarks at Tsw#alahari Reserve (photo
credit: Nora Weyer).

Genus and relevant notes Full body view Facial view showing mandibles

Anochetus

- Large, slender ant

- Unusual head shape

- Mandibles long, with two teeth bent
inwards by >45°

- Mandibles can open nearly 180°

Anoplolepis

- Large, orange or red, with dark
abdomen

- Much larger tharPheidole

- Head hearshaped, red

- Mandibles with 6 to 9 teeth

- unarmed
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Camponotus

Large ant

Abdomen smooth in some species,
hairy in others

Large round head

Large eyes

Colour: dark brown tom@nge to yellow
Mandibles with 5 teeth, no ridges,
smooth surface

unarmed

Cerapachys

Large, slender, black ant

Long head

Giant eyes

Mandibles large, shovahaped with
serrated edge

unarmed

Crematogaster

Eyes on the side of the head
Abdomen (mssing on photo) can ben
upwards via special joint

Wide distance between antennae
Mandibles with 4 teeth

Armed with spines
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Meranoplus

- Very small, golden, hairy ant
- Armed with large spines

- Clublike antennae

- Mandibles very small, golden, with fey
orarge teeth

Monomorium
- Small, yellow ant
- Head almost squaighaped

- Mandibles small, with few teeth
- unarmed

Ocymyrmex

- Longlegs

- small, stalked abdomen

- very hairy

- mandibles large, with ridges, 5 teeth
- unarmed
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Pheidole(dimorphic) - large worker

seedcracker worker
large, almost heashaped head head

large, blunted mandibles, often no tee
left

small spines

Pheidole(dimorphic) - small worker

small, round head
Beady, protruding eyes

Elongate, serrated mandibles
Small spines

Plagiolepis
Black body

Dark red mandibles with 5 teeth
unarmed
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Tapinolepis

Yellow ant

size and shape very similar to
Anoplolepis

only ant with 3 ocelli in triangle on
forehead

mandibles yellow, with 5 orange teetk
unarmed

Tetramorium

head squarshaped

mandibles with 6 to 11 teeth, often fil
off

armed with spines
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Psammotermes

- head squarshaped, sandieige

- mandibles orangeed to purple, curveo
inward and upward

- full body photo not available

Hodotermes
- head black, glossy
- bodylarge, yellowishbrown

- thick, broad mandibles, orange at bas
dark to black teeth

Trinervitermes

- small termite, light body colour

- head capsule orangeown, with
rostrum in the soldier caste

photo shows two soldier individuals;
worker photo not aviible
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2 mm

A B C

Figure 2.12 Comparison of head capsules and corresponding mandibles of three main aardvark prey items at Tswalu Kalahari Reserve, isaldtem aardvark
scats, indicating size differences of thdifferent prey items. All images at the same scaléd) Northern harvester termite Hodotermes mossambicubead capsule and
mandible of a soldier; smaller mandibles belong to a workerB) pugnacious antAnoplolepis custodiens/orker head capsules and isolad mandibles, as well as one
partially -preserved worker head; Q snouted termite Trinervitermes trinervoidesoldier head capsule (mandibles not displayed), with snolike rostrum (photo

credit: Nora Weyer).
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Chapter 3 - Drought reduces aardvark body condition
and survival in a senm-desert through disruption of

trophic cascades
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3.1 Introduction

Rapid climate change is expected to drastically alter rainfall patterns, and to
increase temperatures and surface evapotranspiration in southern Africaridemi
zones such as the Kalah@re Roux et al., 2016; Niang et al., 2014; Pachauri et al.,
2014; Russo et al., 2016)ncreasing heat and aridity directly impacts the
physiologicalperformance of animals, asegter heat load can compromise their
water economy(Fuller et al.,, 2014; Fuller et al., 2016; Hetem et al., 2014)
Indirectly, animals might baffected bytrophic cascade interruptions originating
from reduced primary productivity that affects prey species abund@obkuning

et al.,, 2016) The rapid rate of current climate change puts large mammals at a
pronounced disadvantadpecause of the lifestyle characteristics associated with
large body masg§Cardillo, 2005) Indeed, climate change has already negatively
affected numerous animal species, including hundreds of mammal and bird species
(Parmesan & Yohe, 2003; Pacifici et al., 201)addition, specialist feeders are

particularly vulnerable to the consequences of climate é(@&agifici et al., 2017)

Aardvarksare large mammals that are dedicated myrmecophagesaléging on a

diet of ants and termit¢®Melton & Daniels, 1986; Taylor et al., 2002; Willis et al.,
1992) Aardvarks have to cover all their nutritional (and often water) requirements
from their insect preyTaylor et al., 2002, Redford & Dorea, 1984, Redford 1987)
Although the impact of climate enge on social insect populations in hot and arid
climates is still uncertaifJenkins et al., 2011; Shiday et al., 2011; Huey et al.,
2012) they are likely to be impacted in similar ways to vertebr@eslich et al.,

1980; Huey et al., 2012; Kearney et al., 2009; Kingsolver et al., 2013; Parmesan,
2006) Droughtrelatad reductions in primary productivity can result in severe
crashes of termite populations, and affect ant abund@hele& Hewitt, 1969a;
Marsh, 1987) As a result, summer droughts might indirectly coonpise the
survival of aardvarks, and other myrmecophages, through trophic cascades linked

to reduced primary productivity

Mass mortality and poor nutritional state of aardvarks has been observed during and
after severe summer drought periods in soutAdérinan semiarid zonegStuart &

Stuart, 2007; Rey et al., 2017ncreased frequency and intensity safmmer
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drought in the Kalahari, a consequence of climhtnggRusso et al., 2016night
therefore have devastating consequences on the aardvark population, in turn
jeopardizing the continued exsce of those animal species dependent on
aar dv ar k gWhittihgtonJoreesvest al., 2011However, no studies have
examined the diet, seasonal fluctuations in resource availability, and their impacts
on the physiological welbeing of aardvarks in thi€alahari, an area where these
cryptic mammals exist at the arid extreme of their range. An understanding of the
dietary requirements of aardvarks under current conditions is crucial to predicting

their ability to tolerate increasing aridity and heat apéted across their range.

Although the dietary composition of aardvarks in the Kalahari has not been studied,
they reportedly consume those species most abundant in their home(¥alillges

et al., 1992)The northern harvester termtke mossambicysvhich contributes to

diet of aardvarks in the Karoo, is abundant in the southern Africamsunainfall
region, where it is a key grabarvesting animaHartwig, 1965; Nel, 1968, 1970)

I hypothesized that summer drought in the Kalahari would impact standing crop of
vegetation in seraarid habitats, thereby generating reduced primary productivity
(lower grass abundance), which would directly impact grassl plant seed
harvesting insectsuch as ants and termit@éel & Hewitt, 1969a; Ohiagu, 1979;
Marsh, 1987)Secondary consumers having a strong and specific reliance on these
particular prey itemgok & Hewitt, 1990)would in turnface increasing shortages

of ant and termite prey as these social insect colonies déclio@ing drought

(Nel & Hewitt, 1969a) leading to physiological stress and possible death of the

secondary consumers.

To understand responses of aar#sato seasonal fluctuations in resource
availability, I recordedseasonal changes in body condition of aardvavks more

than two years (26 months). assessed seasonal variation in abundance and
availability of termites and ants in relation to inggmual and seasonal fluctuations

in temperature, rainfall and measures of vegetation productivity in the Kalahari
semidesert over 17 months. | then compared these patterns with prey composition
in aardvark scats across different seasons oveydéans. lalso measured water and

energy content of major prey items to establish their contribution to and importance
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in Kalahari aardvark diet.present the first records of nutritional compromise and
subsequent recovery of aardvarks in response to sudrmeght,and propose that

the threat of climate change on aardvarks is greater than previously considered.

3.2Methods and materials
3.2.1Climatic variables at the study site

Climatic variables were recorded within a few kilometres of the study site over the
period Januarf2012 to September 2015 (Chapter 2). To obtain monthly minimum,
mean, and maximum air temperatures, | averagetd Bdnimum, mean, and
maximum air temperatures, respectively, for each month. Similarly, | calculated
mean + SD air temperature abdntervalsfor each season (summer: December to
February, autumn: March to May, winter: June to August, spring: September to
November) from winter 2012 to spring 20Fdure2.4). | calculated total rainfall

per month based on daily raififdata from the Tswalu rainfall database for the
period January to Deceml#012,and from a rainfall event logger (HOBO Pendant
Event data logger, Onset Computer Corporation, USA) and tipping bucket (Davis
Instruments Corporation, USA) for the remaindéthe study.

3.2.2Vegetation productivity

| conducted estimates of vegetation productivity at Tswalu Kalahari Reserve
monthly at 30 permanent sites for 16 months (May 2014 to August 2015, Chapter
2). l used grass cover as an index of vegetation productivigusegrassand grass

seed are the primary food sources of mantyand termite species occurring at the
study site(Nel & Hewitt, 1969a; Ohiagu, 1979; Marsh, 198Fpr a longterm
vegetation productivity index that encompassed the full duration of this study, |
obtained data of moderatesolution imagingspectroradiometrgerived time
series enhanced vegetation index (MO, hereafter EVI) for the Gordonia
duneveld vegetation type predominant at my study site for January 2012 to
December 2015 fronfokura (2016) These data were based ondiginterval

mean EVI values, which | used to calculatentidy means. To validate the use of
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EVI data when ossite measures of vegetation productivity were unavailable, |
tested whether a relationship existed between my monthly grass cover data from
May 2014 to August 2015 with the corresponding &¥lue usinghonparametric
Spearman rank correlation analysis. Similarly, | used nonparametric Spearman rank
correlation analyses and linear regressions where appropriate to detect and assess
the individual relationships between EVI, grass cover, grass clump cougitaeasd

height (see Chapter 2 for details of data collection) with total monthly rainfall of
the same month, the previous month, as well as two, and three months before the

sampling or EVArecording.

3.2.3Social insect abundance

During monthly vegetatioproductvity-assessments along 30 permanent sites
between May 2014 and August 2015, | used both pitfall traps and visual
observations to assess the abundance of ants and termites (Chapter 2). |
subsequently identified these ants and termites to gewmakusinga reference
collection compiled from samples | had collected over a year at Tswalu (Chapter
2). To obtain ant and termite abundances in pitfalls, | combined all monthly counts
for eachmorphospeciesand converted them into-‘groportions of trap contents

over the sampling period. | used Spearman rank correlation and linear regression
analyses to explore relationships between (1) monthly ant abundance, &hd (2)
mossambicugermite abundance, namely (a) sdilmp abundance (an index of
underground colony twnelling activity and waste deposition) and (b) surface
foraging activity of workers (scored from 0 = absent to 5 = intengid), total
monthly rainfall, monthly mean air temperature, and with the four vegetation scores
(monthly medians of grass cover déy, height, and clump count, and monthly

mean EVI).

3.2.4Aardvark scat analysis

| collected a total of 133 scats from six study aardvarks at Tswalu between July
2013 and September 2015 (Chapter 2). Due to the difficulty in finding aardvark
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scats, numbers otat samples per month varied between 1 and 18, and no samples
were collected in January, June, and September 2014.

| quantified the prey contents of the scats (Chapter 2), and then obtained the overall
contribution of different prey items to aardvark digtcalculating total counts of

individual prey taxa (by morphospecies) in each individual scat sample, then
averaged these counts across all samples collected, and converted the values into a
percentage. Mean monthly total scat contents wetained by daulating total

counts of individual prey taxa in each ac
counts across each aardvarkodés scat coll e
monthly means across all aardvarks for that month, and convertingltes vato
%-contributions of prey species for the aardvark population of a particular month

(Taylor et al., 2002)Similarly, | obtained mean seasonal total scat contants

cal culating total counts of individual P
seasonaveraging the counts across each aard
then averaging these seasonal means across all aardvarks for that season, and
converting the values into %ontributions of prey species for the aardvark

population of a particak season.Since the termitesH. mossambicusand
Trinervitermedrinervoidesand the anfAnoplolepiscustodiengomprised the main

prey items, they were analysed as individual prey categories, while alhotiaed

termite taxa found in smaller abundasde scat samples were combined in the
category O6other ants and termitesd. Since
termites show differential digestibility due to varying sclerotisation of the
exoskeleton, particularly the head cuticle, and do atetays retain diagnostic

characters used in identification, | only included adult workers and soldiers in
analysesnd excluded any immature stages. This method has been used previously

to determine aardvark di€Taylor et al., 2002)For each month, | examindde

relationships of ant numbers in scats with ant numbers in pitfall traps, atd of
mossambicusumbers in scats with both of the twb mossambicuabundance

indices, using Spearman rank correlation and linear regression analysis.
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3.2.5Aardvark body condition assessments

Throughout the study period,ldcated all aardvarks several times per month to

obtain scats and assess body condition (Chapter 2). | recorded a total of 314
aardvark body condition scores from 12 study aardvarks over the period July 2013

to September 2015, with varying numbers of observations per aardvark. | calculated
median monthly body condition scores for each aardviewkdentify changes in

aardvark body condition over timeysed an ordinal logistic regression of the type
icumuel altiinvk mi xed model o fitted with the
smoothed curve through each aardvarkoés d
changes in body condition over time to be detedtedly included those aardvarks

in further analyses fawhich median body condition scores during three or more

months were available (264 observations, 26 months). | examined the relationship

of overall aardvark monthly median body condition with monthly mean EVI using
Spearman rank correlation. To determiesther a simpler approach could be used

to detect body condition,categorised individual monthly median body condition
values |l ess than 3 as o6poord (score of 1
as 0goodd6é (scor e of nskipwithraontdynean&Viyssng d t hei

Spearman rank correlation.

3.2.6Water and energy content of major prey items

| determined the energy and water content of each of the three major preftliems
termitesH. mossambicysT. trinervoidesand the anf. custodieg Chapter 2)l

used a onavay ANOVA assuming equal variances to compare the energy contents
of the three species, ammbsthoc comparisons with Bonferrofiorrection to
determine which of the three groups differed statistically significantly from one
other. To obtain an average monthly value of the biomass, energy and water
provided by these prey items in 1 g dry aardvark faecal material, | multiplied mean
monthly counts of each prey item in 1 g dry faeces by the live (wet) mass, energy
value, and waterantent of an individual of this prey item. | usAd custodiens
values as a representative of all ant genera occurring in théerl dieinervoides

values as a representative of all termites other tHamossambicysand H.
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mossambicusalues forH. mossanbicus because the contribution of prey items
other than these three was low (~12 % to overall diet) and any termites and ants
consumed other thath. mossambiculsad similar dimensions {b. trinervoidesand

A. custodiensrespectively.

3.2.7Aardvark energy requirements and intake

An animal 6s field metabolic r atdering or
activities such as foraging and predator avoidance, is invariably higher than its basal
metabolic rate, which describes the energy expenditure ohaative, resting
animal (Brown et al., 2004; Nagy, 1987; Nagy et al., 199®) study to date has
investigated the daily energy requirements of aardvarks; however, basal metabolic
rate of a captive aardvark was 0.128 O, g* per hour (n = 1 zoo animal, body
mass 48 kg, sex unknowhicNab, 1984) equivalent to an energy expenditure of

~2 150 kJoer 24 hor my studyaardvarks in the Kalahari (mean body mass 35 kg,
range 29 to 42 kg). used an equation that predicts energy expenditure of desert
mammalgNagy et al., 1999, equ. &estimate the field metabolic rate of Kalahari
aardvarksl chose this equation because body mati®igprimary predictor of field
metabolic rate, and aardvark mean body mass was within the body mass range of
species used for generating this equathdagy, 1987; Nagy et al., 1999)

With the aim of estimating the Zdenergy input a Tswalu aarakaeceived from
its prey,| generated the following equation:

o

Qe N1 ENEIZOWEDN s G0 A £SO

with  E2sn= dietary energy input (kJ per aardvark per 24 h);
Pl = prey items (no. per g dry scat mass);
proportion = proportion of item i in diet;
Ei = energy contentfa (kJ per individual);
Mecats= Scat mass (Q);

Nscats= defecations per night (no. per aardvark per 24 h);
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AE = assimilation efficiency (proportion of 1).

| inserted into the equation the mean overall prey item count per gram dry scats, the

mean dry masof Tswaluaar dvar ksé scat s, the overall
main prey categories-igure 3.3), and their energy content per individu@bble

3.3). Based on aardvark observations in the Kdil@ylor, 1998) | estimated that

my studyaardvarks defecated 6 times in 24 hAssuned an assimilation efficiency

of 65 % as in othemyrmecophageousmammals(Cooper & Withers, 2004;

Williams et al., 1997)

3.2.8Statistical analyses

| conductedall analyses in Excel 2016 (Microsoft Windows, USA), Prism 5
(GraphPad Software, Inc., U$&xcept for body condition analyses which were
performed usingR 3.4.4(R Core Team, 2016Austria), and RStudio 1.1.383
(RStudio, Inc.)Unless otherwise stated, | presented data values as n&atid

considered® < 0.05 to be statistically significant.

3.3Results
3.3.1Climatic variables

Mean air temperature at Tswalu varied greatly between seaBmuse(3.1A),
ranging from an absolute minimum winter air temperatuié@f°C to a maximum
summer air temperature of 39.9 °C during the course of the study. There was no
notable interannual difference between seasonal medm &4 temperatures,
although mean autumn air temperatures of 2013 and 2015 were slightly higher than
those of 2012 and 2014igure2.4). The 201213 summer experienced a severe
drought and the high temperatures typical of summer lasted nearly two months
longer than in the 20184 and 201415 summers, witlmaximumair temperatures

of 35 °C and higher antheanair temperaturesf 25 °C and higher throughout

October 2012 to March 2013, i.e., from msgring until autumn.Mean air
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temperatureof February 2013 (the hottest summer month) exceebat of
February 2014 by ~5 °C, and of Feary 2015 by ~2 °C.

The amount, onset and termination of rainfall also varied greatly between years
(Figure 3.1 B). Rainfall during the unusually dry 2013 summer was late and
scarce: no rainfall events of greater than 10 mouwed in the hot months before
late March 2013, and total rainfall of this summer remained as low as ~80 mm, i.e.,
onequarterof mean annual rainfall of the area over a period of 25 years. In contrast,
the summer of 20134 experienced higher rainfallah the two other years of
study: rainfall occurred during nine consecutive months (September 2013 to May
2014), and provided a total amount of ~450 mm rainfall, exceeding mean annual
rainfall by ~100 mm and approaching upper annual records (~550Timkara,
2016) During this rainy season, each month from December 2013 to March 2014
experiencd 80 mm rainfall or more, reaching a maximurmudre tharf50 mm in
March (Figure 3.1B). In comparison, during the following summer of 205!
rainfall occurred during only five months (November 2014 to March 2015) and total
rainfall amounted to as little as ~150 mm, 65 % of which occurred in one month
(December 2015). Although the onset of rainfall in summer 2@&ldid not occur
particularly late, the total amount remained 50 % belowedr annual average
(Figure3.1B).
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Figure 3.1 Monthly records of A) air temperature (°C), and B) total rainfall and mean EVI of Gordonia duneveld vegetation as a primary ductivity index at Tswalu (January
2012 to Septenber 2015).
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The winter of mid2013 after the 2012 3 s ummer 6 s dr ought wa
experiencedminimum 24h air temperaturef 0 °C and below during five

subsequent months (May to September 2013), thus lasting two months longer than

the winters of mieR014 and mie2015. Minor rainfall events of less than 20 mm

occurred during winter in all three study yedfgy(ire3.1B).

3.3.2Vegetation productivity

Annual productivity of the growing season as indicated by maximum mean EVI for
the Gadonia duneveld vegetation characteristiocnof study site at Tswalu was
higher during 2012 (greater than 0.2) and 2014 (greater than 0.25), when there had
been goodains, tharduring 2013 (less than 0.15) and 2015 (0. Fjyre 3.1B).
Maximum annual EVI was low when summer rains were at/orfell late
(Figure 3.1B). EVI was strongly positively correlated with total monthly rainfall
that had occurred three months earlier=r0.37, P = 0.012).No significant
relationship, however, was detected between EVI andathof the same month

(r? = 0.12), one month back?( 0.0004), or two months back & 0.045).Each
year, EVI was lowest in the coldty period, especially July to SeptembEiglre
3.1B).

My shorterterm vegetation indices recorded-site during monthly transect
sampling from May 2014 to August 2015 correlated positively with the monthly
mean EVI values of that period (monthly median grass hefgh0.42,P = 0.0068,
monthly median grass clump courft=r0.26,P = 0.042). Vegetationrpductivity,

as indexed by EVI and field measuness greater in 2014 than 20Fdure3.2A).

Grass height and grass clump count were both greatdsay 2014, while grass
cover was greatest in July 20IBaple3.1). Grass height, grass clump count, and
grass cover had low values simultaneously in October 2014, before summer rainfall

occurred in November 201%5.
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Figure 3.2 Vegetation productivity and aardvark prey insect abundance and activity assessed during
monthly transect sampling at Tswalu Kalahari Reserve between May 2014 and August 2015. A) monthly
vegetation indices lplack bars indicate mean % grass coverage as a representative of three different
vegetation indices recorded during monthly orsite transect sampling, green line indicates monthly mean
EVI of the Gordonia duneveld vegetation predominant at the study site)8) monthly total soil-dumps as
an activity index of H. mossambicugunnelling activity; and C) total number of ants collected in pitfall
traps (red dotted line indicates monthly mean air temperature; black bars indicate ants trapped per
month; x indicateswhen no data were available).
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A positive, significant relationship existed between grass height and the total
monthly rainfall measured three months prié<0.35,P = 0.016). No significant
relationships existed between monthly EVI aidtemperatwg, nor with monthly
median grass covemin of the same month, one month prior, or two months prior.
Monthly medians of grass clump count and grass cover showed no significant
correlation with total monthly rainfall of the sammonth, ofthe previous moit, of

two months prior, or three months prior. Similarly, no relationship existed between
grass height and total monthly rainfall of the samanth, ofthe previous month,

or two months prior. Grass cover was inversely correlated with monthly anean
temperature(r? = 0.35,P = 0.016), while no correlation with meair temperature

existed for grass clump count or height.

Grass clump count was not significantly related to total monthly rainfall of the same
month (¢ = 0.01), of the previous montt? @& 0.04), of two previous months?(¢

0.06); or previous three months’ & 0.19). Similarly, no relationship existed
between grass height and total monthly rainfall of the same ma&r#h0(06), of

the previous month4{r 0.03), or two months back& 0.17). Grass cover (%) had

a negative, significant correlation with mean montihtemperature = 0.35,P

= 0.016), while no correlation withir temperature existed for grass clump count
(r?=10.19) or grass height’(x 0.01)

3.3.3Prey abundance

Monthly H. mossambicusurfaceforaging activity and soilump abundance (a
result of excavations during underground tunnelling activity and excavation of
frass) over the 16 transect sampling months were highest in cold, dry months (May
2014 and again in July 201&hd lowest in summer (December 20Hy(re3.2B
andTable3.1). Significant positive relationships existed between mean moHthly
mossambicusoil-dump abundance and grass covér(0.60,P < 0.001) as well

as with grass clump counf@ 0.32,P = 0.022), but not with grass heigft <

0.01). Monthly mean soidump abundance was inversely correlated vaih

temperaturér? = 0.30,P = 0.028). Monthly mean surface foraging activity and-soil

125



dump abuadance ofH. mossambicusvere not significantly correlated with one
another(r? = 0.47)

Median soldump abundance ¢i. mossambicug/as notsignificantly correlated
with monthly mean EVbf the same mont{r? < 0.01) or the previous month{k
0.11) or with monthly mearair temperaturgr? = 001). Median surface foraging
activity of H. mossambicusas not significantly correlated with monthly mean EVI
of the same month¥= 0.03) or the previous month? & 0.02) or with monthly
meanair temperaturgr?> < 0.01). There also was no relationship betweén
mossambicusurface foraging activity and grass co¢ér= 0.09) number of grass
clumps(r? = 0.04)or grass heightr?> = 0.02)
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Table 3.1 Assessment®f vegetation productivity and aardvark prey abundance at Tswalu (May 2014 to Aug 2015). Monthly median values of three grasdices
across all transects: cover (%), height (cm), number of grass clumps with 30 or more stems; monthly mean EVI of Gordodimeveld vegetation characteristic of
my study site; activity indices ofH. mossambicusermites (number of frass heaps, surface foraging activity on a scale from 0 to 5) aaderagecontentsper pitfall
trap (grouped into three classes: (1H. mossambicus(2) small termites {. trinervoidesand other termites), and (3) ants of all genera). Numbers of transect sites
sampled, and pitfall traps collected at these transects, are presentédumber of traps in May 2015 was low becausthese traps were excavatetly animals and
flooded with rain. Trap contents from April, June, and August 2015 were not counted.

Vegetation productivity H. n::(c))lssslirgsblcus Pitfall trap contents Assessed
Month Cover  Clumps Height EVI Frass Surface Ants Harvester Small | Transects Traps
(%) (count) (cm) (mean) heaps activity (all termites termites
(median) (median) (median) (mean) (mean)| genera)

May 2014 7.4 5.4 45.6 0.19 13.72 0.6 8.2 1.9 0.2 29 280
Jun 2014 6.2 3.6 31.6 0.15 3.0 0.1 13.8 0.7 0.2 27 270
Jul 2014 5.0 3.0 27.6 0.13 6.5 0.0 27.5 0.9 0.1 30 280
Aug 2014 3.6 2.4 16.0 0.13 3.1 0.0 10.4 0.1 0.5 30 290
Sep 2014 2.4 15 12.2 0.12 2.4 0.0 37.0 0.3 0.2 30 300
Oct 2014 1.7 1.2 9.4 0.13 1.1 0.0 96.0 0.1 0.1 30 240
Nov 2014 4.5 2.4 15.4 0.14 0.3 0.0 39.8 0.8 0.1 30 260
Dec 2014 4.8 2.1 17.8 0.15 1.3 0.0 65.0 0.7 0.2 30 270
Jan 2015 4.8 2.8 22.0 0.14 4.3 0.0 121.5 0.1 0.3 29 219
Feb 2015 4.0 2.2 13.2 0.13 3.7 0.2 76.4 0.5 1.9 29 250
Mar 2015 55 2.2 10.1 0.14 15 0.1 42.0 0.4 1.8 30 223
Apr 2015 7.7 3.8 20.3 0.15 4.9 0.1 - - - 30 -
May 2015 5.6 2.6 16.9 0.16 4.0 0.0 25.9 0.7 0.7 30 151
Jun 2015 5.7 2.5 11.5 0.14 5.9 0.1 - - - 30 -
Jul 2015 8.0 2.9 8.8 0.12 12.1 0.1 8.4 0.3 0.1 30 257
Aug 2015 5.7 2.5 11.5 0.12 5.9 0.1 - - - 30 -
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Atotal of 22 different potentialardvark prey taxa occurredtirepitfall traps, of which

6 were termite morphospecies and 16 were ant morphospé€al@ded.2). In terms of
abundance scoresnts made up the majority of potential prey items in pitfa®s @9

over the 16 months dfieassessmen{able3.2). Monthly ant abundance was greatest
during summer, with a maximum in January 2015, when temperatures were high and
good rainfall occurred at Tswal&igure3.2C). Throughout the cooler winteronths,

ant abundance was lowrigure 3.2C), a pattern that was confirmed by the strong
positive, significant correlation of ant abundance with mean moathlemperature
(r?=0.62,P = 0.0015). In contrast to termite colony activity as indexed bycdmihp
abundance, ant abundance was inversely correlated with % grass ¢evessg,P =

0.025), and not significantly associated with grass clump ¢otmt0.27)

No relationship existetletween ants trapped and grass hejght 0.06). More than
onethird of trapped antsTiable3.2) wereA. custodiensfollowed byMonomoriumsp.
(22.8 %) andPheidolesp. (16.5 %) grouped all at and termite mrphospecies that
individually contributed less than 2 % to trajntents. Whencombined, they
contributed~5 % to trap contentOf the comparatively small number of trapped
termites (3 % of overall trap contents), mossambicutormed two thirds (~2 %fo
overall trap contents)T. trinervoidesonly ranked the ninth most important item

trapped with a total contribution to overall trap contents of 1 %.

3.3.4Dietary composition

Aardvark gatshad a mean total dry mass of 276.6 + 164.7 g (range 9.0 to 7315 g, n
133). The average proportion of organic matter in scatdyding prey remains, and

any plant matter involuntarily ingested by aardvanksls 8.8 = 6.1 % and varied
greatly between samples (as indicated by the large SD) but without detectable seasonal

patterns, and with no detectable relationship with any of the prey abundance measures
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Table 3.2 Ant and termite genera sampled in pitfall traps at Tswalu at monthly intervals (n = 300 traps per
month, May 2014 to August 2015), their individual % overall contribution to trap contents, and their
individual overall % contribution to the diet of aardvarks (n = 133 scat samples) at Tswalu (July 201®
September 2015).

Genus % overall occurrence % overall contribution
in pitfall traps to diet
Termites (total) 3.3 74.9
Hodotermes 2.2 58.6
Trinervitermes 1.0 15.7
Psammotermes <0.1 0.5
Termopsidae <0.1 |
Amitermes <0.1 <0.1
Angulitermes <0.1 <0.1
Ants (total) 96.7 25.1
Anoplolepis 38.3 13.5
Monomorium 22.8 0.1
Pheidole 16.5 5.5
Tetramorium 8.5 1.1
Ocymyrmex 4.9 0.9
Tapinolepis 3.6 <0.1
Camponotus 1.1 0.3
Meranoplus 0.4 <0.1
Acantholepis 0.3 <0.1
Crematogaster 0.3 0.3
Plagiolepis 0.2 <0.1
Cerapachys 0.1 0.2
Anochetus 0.03 <0.1
Dorylus 0.01 3.4
Messor <0.1 -
Acropyga <0.1 -
Cataulacus <0.1 -
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Organic matter only comprised less than 20 % of dry scat mass in all scat samples, as
scats consisted largely of sand and inorganic termite colony délrdvark scats
contained 46 + 23 itesper g of dry scat mass (rangeQ18 items per g, n = 133 scat
samples). In terms of numbers, termites dominated the diet of aardvarks at Tswalu,
with an overall contribution of ~74 9% &ble 3.2; Figure3.3A), andspecifically,the

termite H. mossambicusonstituted nearlywo-thirds of the diet. The remainder was
made upof the following three categories which contributed nearly equal parts of ~15
%: (1) T. trinervoides (2) A. custodiensand (3) vapus other ant and termite genera
combined. In totall identified 19 different ant and termite taxa in the Tswalu
aar dv arTaded.2).dHi neossan{bicusccurred in 100 % of examined scafs,

trinervoidesin 87.2 %, andh. custodiensn 94.7%.

The proportion of different prey types scats, and thus dietary energy and water, of
study aardvarks durinfpestudy period was greatest after summer 2084and nearly

twice that of the same period in the previous yEajure3.4). Although prey numbers

in scats Figure3.4A) and thus their relative contributiorfSigure3.4B) varied greatly

over time, the relativeroportionof termites in Tswalu aavark diet was greater than

50 % while ant contribution generally remained below 25 % during all seasons, except
autumn and spring 2014, when more ants than termites occurred in aardvark diet. High
ant intake during these periods resulted in a contribati@mergy intake of nearly 50

% during these months due to their high relative energy value (see below). However,
during most seasons, aardvarks consumed greater numibersmobsambicuthan of

all other prey items combined, with a maximtimmossambicusontribution of ~80

% in summer 2014.
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Figure 3.3 Overall contribution (%) of four main prey item categories to A) frequency of occurrenceB) energy content,C) water content andD) biomass of the

diet of aardvarks at Tswalu between July 2012nd September 2015.
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The secondnost important dietary termite was the snouted terfit&inervoides

i ncluded in the <category 0 aFlgure34d)t The r term
dominantietary ant waé. custodiendollowed byPheidolesp.; and although a single

scat sample (excluded frorigure 3.4) obtained in October 2014 contained
extraordinarily high numbers of prey items (~83 %) of which woeylus sp, this

sample was the only one in whi€lorylusants occurred in such extraordinarily high
numbersNo relationship existed between monthly numbers of ants in aardvark scats

and in pitfall traps (n = 49 scat samples during 13 trapping months); similarly, n
relationship existed between numbersHbfmossambicug aardvark scats anid.

mossambicusoil excavations or foraging activity.

3.3.5Water and energy contribution of aardvark prey items to diet

Significant differences in the dry mass energy conterdablé 3.3) of the three main
prey itemsH. mossambicyd'. trinervoidesandA. custodiensvere revealed by a one
way ANOVA (R, 27y= 477.4;P = < 0.0001), and a Bonferroni pdsbc comparison
indicated thatll three items differedrém one anothefall P-values < 0.0001) in that
A. custodiensontained the highest aktl mossambicuthe lowest energy per unit dry
mass. However, individuél. mossambicuaorkers had the highest energy and water
content, and the highest live (wethssof the three speci€3able3.3), with a ~6fold
greater energy content, 8ld greater water content and ~fidld greater wet mass
compared to that of the smaller termite trinervoides The main prey termitell.
mossambicuand T. trinervoidesaccounted for ~90 % of dietary energy and water for
aardvarks, largely attributable td. mossambicyswhile the remaining ~10 % of
energy and water intake was derived frémcustodiensand other ants and small
termites Figure3.3 C, D). Termites were also the main provider of biomass, energy
and water to aardvark diet in each seasagufe3.4 B, D, F). During all seasons except
autumn 2014, termites deliverstbre tharhalf of the @ergyintake Figure3.4D), and
provided twethirds tothreequartersof total energy intake during the study period
(Figure3.3B).
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Figure 3.4 Seasonalariation in prey items in aardvark diet, and their contribution to diet in 133 scat samples
from six study aardvarks at Tswalu Kalahari Reserve between August 2018nd September 2015. A)
Abundance of different prey items per g dry scat mass and B) their %ontribution, C) energy (kJ per g dry
scat mass) and D) % energy contributionand E) water (mg per g dry scat mass) and F) % water contribution

of different prey item categories to aardvark diet Numbers of scat samples obtained each month are
indicated at the top of plates A and B. No scats were obtained in January, June, and September 2014. One
scat sample, obtained in October 2014, contained exceptionally high numbers and a large proportion of ants
of the genusDorylus and was not included in data disfayed here but is described in the text.
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As a result of the numerical dominancerbfmossambicum the aardvark diet and

their large mass and high individual energy value, these termites dominated the energy
and water contribution of prey items to aadvdiet Figure3.4 C - F). During each
seasonH. mossambicualone accounted for at least 50 % and up to 95 % of energy

provided in Tswalu aardvark diet, and for more than 75 % of dietary water.

3.3.6Aardvark body condition

Monthly median body condition recorded on a scale from 1 (emaciated) to 5
(overweight) across all aardvarks was positively associated with monthly meart EVI (r

= 0.19,P = 0.025). Monthly body condition scores condensed into the two categories
6poor 6 (laemds oOtglobaord 63)( 3 or higher) al so as:
positively with monthly mean EVI{= 0.39,P = 0.0006).

Most study aardvarks were in very poor condition during winter 2013 (July to
September-igure3.5), andbody condition of most aardvarks (individuals 9 to 15) had
body condition scores as low as 1 to 2 (of a possible maximum of 5, Chapter 2). These
animals appeared weak, apathetic and oblivious to observer presence when foraging.
Aardvarks 10 and 11 died #uly 2013, and aardvark 14 died in August 2013 after a
sharp decline in body conditiopdrs. obs; dataot displayed because less than 2
months of data were available for these individuals). Only study aardvarks 7 (not
displayed, less than two months odta available) and 8 maintained good body
condition (score 3) throughout Juty September 2013F{gure 3.5). From spring
(October) 2013 onward, overall aardvark body condition continuously improved until
all aardvarks were in gdobody condition (scores of 3 or high&igure 3.5), and
aardvarks appeared stronger and more vigilant when foraging (e.g., head lifting, ear
rotating, air sniffing).
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Table 3.3 Energy content of dry mass (kJ per g), as well as individual wet mass (mg), energy (kJ) and water content (mg) of the threéraardvark prey items (H.
mossambicus workers only, T. trinervoidesand A. custodiens workers and soldiers combined, ca. 50 %f each at Tswalu.

Species dry mass individual  energy per  water per
energycontent wet mass  individual individual

(kJ per g) (mg) (kJ) (mg)

H. mossambicus 18.02 £ 0.59 17.2 0.081 12.7
T. trinervoides 21.06 + 0.23 1.9 0.014 1.2
A. custodiens 23.93 + 038 3.2 0.039 15
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Aardvark 13 maintained good body condition througimter 2014 and possibly
managed to reproduce in 2014, since she was recorded on camera trap leaving her
burrow together with a smaller, subadult aardvark in December 2014. However, t
subadult aardvark died in February 2015 concomitant with a heat wave, and aardvark
13 began losing body condition at the same time with a (minimum) score of 1 in March
2015 Figure 3.5). Despite a brief recovery dfody conditon over April and May,
aardvark 13 died in winter (late July) 2015 after progressive body condition
deterioration Figure3.5), weakness, apathy and unusually frequent diurnal activity, as
observed in many aardvarks during theugyiot period of the 20123 summer and the
2013winter (see also Chapter 4).

Aardvark 15 died unexpectedly inside her burrow at the end of Novezdhdrbut

had not shown a body condition decline or unusual behaviour before Eigaite8.5).

From December 2013, which marked the onset of the-2@818immer, until the end

of the study in the following spring (September 20Fure 3.1), all study aardvarks
except the aforementioned aardvark 13 maintagmed body condition with scores of

3 or higher, with aardvark 8 reaching the maximum score of 5 in November 2014, and
none lost condition in the winters of 2014 and 2Ei§yre3.5).

3.3.8Aardvark energy requirements and intake

| estimated that Tswalu aardvarks with a body mass of 35 kg would haw dield
metabolic rate of ~11 700 kJ (range of the 95% confidence interval for this prediction:
~4700to 29100 kJper 24 h. Considering the energy contents of their prey items
(Table3.3), aardvarks could meet their ideal energetic needs of ~11 784 Rahby
consuming ~22 006l. mossambicuand ~19 000 ants and 35 000 small termites per
24-h period combined. Alternatively, if onlyd. mossambicusvere conamed,
aardvarks would require at least 37 000 individuals per 24 h to match ideal energetic

needs.
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Figure 3.5 Aardvark body condition at Tswalu Kalahari Reserve. A Monthly median body condition of study aadvarks at Tswalu from July 2013 to September

2015, scale from 1 = emaciated to 5 = overweight. Aardvarks displayed are those for which body condition was scored ovegaadt |3 months. Overlapping data

points are stacked to avoid concealing each other.ihies r epr esent smoothed curves for each a a+ihdicatesk 6s body
death of the aardvark. X indicates loss of the aardvark due to tracker failure. B An aardvark in very good body condition (score 4). €An aardvark in very poor

condition (score 1) Photo credit: Nora Weyer.
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3.4 Discussion

Thisstudy is the first to examine aardvark wieding and nutritional stress in response

to climaticallyinfluenced resource abundance. | present the first records of nutritional
compranise and subsequent recovery of Kalahari aardvarks in response to a summer
drought. The large termitd. mossambicudominated the diet of Kalahari aardvarks
across all seasons and years, contributing ~90 % to dietary energy andHvater.
mossambicussoil-dump abundance (an index of colony activity) was positively
correlated with % grass cover, and aardvark body condition had a positive relationship
with MODIS-derived timeseries enhanced vegetation index (EVI). During and after

a severe drought in summed12-13 and a less severe drought in summer 28,4
reduced vegetation productivity likely caused local population crashes of the strongly
vegetationdependent termites, aardvark body condition deteriorated, and many
aardvarks died. Following good rainfathe body condition of surviving aardvarks

improved, most likely in response to increasing vegetation productivity.

In agreement with other studi@éel & Hewitt, 1969a; Duncan & Hewitt, 1989; Hewitt

et al.,, 1990) | detected a strong dependencetbf mossambicusctivity on the
availability of plant matter. Field observations confirm that the typically brief foraging
events oH. mossambicusan easily pass unnoticed (especially nocturnal foraging in
summer) to an observer, and thereby lead to an underestimation of their abundance, or
to an overestimation dfi. mossambicuactivity when encountering a colony during
particularly ntense localised foraging events. In contrast,-chahp abundance
resulting from tunnelling activity and frass deposition at the sugam@desa more
reliable, albeit indirect, index of termite abundance. A direct comparison between prey
abundances, d@nthe determination of whether aardvarks selected the most available
resourcewere impossible due to the differing foraging strategies of ants and termites,
and difficulties in quantifying termite abundances. However, the predominant
contribution of ternties to aardvark diet, particularly. mossambicyseveals that
aardvarks at Tswalu are strongly dependent on this dietary item. Thus, an event that
negatively impacts numbers of the dominant ternttenjossambicysn the diet of
aardvarks at Tswalu wadikeduce thehysiologicalcondition of the aardvarks, unless

aardvarks are able to shift to another prey type such as ants to compensate for deficits
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in their staple termite prey, which did not occur during the present study at Tewalu

if aardvarks wez able to reduce their energy expenditure

At my study site, vegetation productivity as measured in the skertarby transect
sampling, and in the longéerm viaEVI, was largely influenced by the extent of
summer rainfall. EVI was a reliable indicatésr summerdroughtinduced low
vegetation productivity, and for high productivity afg@odrainfall. During two years

of thestudy, a summer drought occurred with high air temperatures and late and little
rainfall, resulting in low vegetation productiyiduring thegrowingseasons of 2012
13 and 201415. The summer drought of 2013 was exacerbated by strong winds
that contributed to soil desiccati@Rey et al., 2017)Underground tunnelling activity
of H. mossambicusolonies, as indexed by salump abundance, was predicted by
the density of available grass yeaound, and thus strongly linked to vegetation
productivity, but negatively impaed by air temperature. In comparisorhe
abovegroundoragingactivity of ants was positively related &ir temperature, i.e.,
their foraging activity was greater in summer than wintérese results corroborate
other studies which have also found aadee foraging activity oH. mossambicus
termites during winter than summ@uncan & Hewitt, 1989)and greater activity
during productive than unproductive yedfdel & Hewitt, 1969a) as well as
temperaturgelated activity patterns of ant specfelldobler & Wilson, 1990; Cros
etal., 1997; Drees et al., 2007)

Tswalu aardvark diet was numerically dominated by the tetrhiteossambicusAs

a consequence of their large size compared to other aardvark prey items at Fiswalu,
mossambicualso contributed the vast majority (ovel %) of biomass, energy and
water to aardvark diet throughdbe study period, despite increasattconsumption

by aardvarks during late summer. Considering the elusiveness of aardvarks, and
despitelossesof study animals due to drougtdlated deathssawell as tracking
transmitter failuresl wasable to obtain a relatively large sample of scats (n = 133)
and body condition scores (n = 314) in twelve different aardvarks over more than two
years. Body condition as an indicator for aardvark Aveihg fluctuated strongly in

line with vegetation productivity, as indexed by EVI. Decreased vegetation

productivity coincided with low rainfall, as well as with reduced termite actikdte
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onsetand low amounts of summer rainfall combined with faghempertureresulted

in a drought during summer 2013 that caused low primary productivity, with EVI
nearly 50 % lower than that of the following summer 2043 which experienced
more and earlier rainfalH. mossambics a n n u a | -achiviyrusually peksn g
during winter (Duncan & Hewitt, 1989) The lack of plantorage availability to
grazers in winter 2013 possibly causechl collapse oH. mossambicusolonies, as
reported for this termite previouslyNel & Hewitt, 1969a) Consequently, food
availability to aardvarks was reduced due to their strong dependendd. on
mossambicutermites, and body condition of many aardvarks declined following this
summer droulgt, during which primary productivity was loWTokura, 2016)
Numerous aardvark mortalities (including five study aardvarks atehst 11 other
aardvarks on a small section of Tswalu) occurred during and after thel3012
drought, while many surviving aardvarks appeared weak and were largely diurnal
(Rey et al., 201 7glespite their reported preference for nocturnal act{iigylor and
Skinner 2003; see Chapter. Becovery ofthe surviving aardvarks occurred over a
period of more than six months, from August 2013 when their body condition was
very poor,until body condition had returned to good levels (3 or higher) in February
2014, at the peak of the productive period of 2043This summer brought about
good rains, inducing comparably high vegetation productidigkura, 2016) and
Tswalu aardvarksansumed higher amounts of prey biomass and maintained good
body condition. One study aardvark (out of four females under study at the time)
possibly reproduced during this perioduring arid but nordrought conditions
between summer 201834 and spring 2(8, study aardvarks maintained good body
condition, which decreased only slightly during wintesllowing a summer drought

in 201415, 1 observed a similar pattern to that of 2a112 the study aardvark that had
likely reproduced in late 2014 showet@dy condition decline during the hot month

of February 2015. Hephysical condition might have been impaired by the high
energetic costs of lactatioiHamel & al., 2010; Oftedal, 2000; Speakman, 2008)
Althought hi s a aonditiom appearsd to improve for a short while during
autumn, she rapidly lost body condition as winter progressed, and died during the
coldest period of the year. Maintaining good Yacbndition, especially during

increased energy demands of the cold season, requires a high daily intake of prey
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insects, which is likely to be compromised when environmental conditions reduce prey
availability. This argument is corroborated by my calcolas on the prey intake of
aardvarks at Tswalu.estimated the average energetic input for Tswalu aardvarks to
be ~2 865 kJ per ddsom their prey. This energetic input, although covering aardvark
basal metabolic needs, only covered less than a quétieeioestimated total 24
expenditure of ~12 000 kJ per dakien active. Ative, freeliving aardvarks would

have barely met their minimal energetic requirements in the Kalahari under arid but

nontdrought conditions durinthis study.

This study is thdirst to show that termites (Isoptera) were a more important dietary
item than ants in the diet of aardvarks. Ovetalistinguished 22 different prey insect
taxa in aardvark scats, more than the 14 founddyor et al. (2002pr the 15 of
Willis et al. (1992)in studies of aardvarks in the Kardico canpare whether Karoo
aardvarks with an artominated diet had a similar energy input as Kalahari aardvarks
with termitedominated diet,| calculated the average energetic input for Karoo
aardvarks using the formula in secti8r2.7 of this thesis by inserting values from
Taylor (1998)who found that Karoo aardvarks (mean body mass 37.5 kg) defecated
on average 6 times in 24 h. Their mean dry scat mass was 215 g with ~39 prey items
per g, consisting of 84.5 % ants, 13.6 % small termite species, and H9 %
mossambicusermites.| calculated that my Kalahari study aardvarks, on average,
consumed ~2 865 kler 24 hand had a dry scat mass of 1@pper 24 h(including
sand), and Karoo aardvarks, despite a lower scat mass ofdlp29®4 h(including

sand) consumed more energyniretheir arkdominated diet: 3 763 kler 24 h

Droughtinduced food scarcity, resulting from trophic cascades originated by
depressed standing crop of grass, would further reduce the energetic input of aardvarks
in the Kalahari, as observed after a sumdneught in 201213 and again during 2014

15, when aardvark body condition declined and mass mortality occurred (the present
study, andRey et al. 2017)In addition, aardvarks likely depend on their prey intake

to cover their water requiremen{3aylor & Skinne, 2004) which would be
compromised during periods of food scarcity. Although some records of aardvarks
drinking water from accessible water holes exist for hot, arid regions of southern

Africa, namely the KalaharF{gure3.6A, and pers. comm. with G. van Dyk, Manager
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at Tswalu Kalahari Reserve), the Kaf@aylor & Skinner, 2004; Kerle Tompkins,

2018) and the Limpopo Provincerigure 3.6B), such observations are rare. The
aardvarks observed bgerley & Tompkins (2017were drinking after a summer
drought had occurred over southern Africa. These aardvarks were visiting water holes
during daytime in summer, suggesting that they were experiencing water as well as
nutritional stres$ indeed, the animals appeared to be in poor condition (as evidenced
by protruding pelvic bones and vertebrae of aardvarks in the photographs in the
report). In addition, some of these individuals appeared to be subadults and might thus
have had increased msce requirements. In mammals, lean individuals, yeafng
theyear, and females during gestation are most susceptible to atediggncy,
particularly at the edge of their distribution where climatic conditions may be more
extreme than in other partsaf gi v en s pMcNab,d3%3@) In thaKagpeas

well as the Kalaharisurface water is scarce, aardvarks do not have ready access to
drinking water, and they therefore musly on their prey to obtain fluidSraylor &
Skinner, 2004)A reduction of wateproviding insect prey thus not only compromises
supply ofenergybut alsoof water, an effect which is amplified during conditions of
summer drought, with potential strong repercussions on aardvark survival.
Evaporative water loss during forced summer daytime foraging as obserRey by

al. (2017 see also Chapter 4) would further exacerbate physiological nutritional stress
and water balance. Unfortunately, nothing is kn@alvaut the capacity for evaporative

water loss in aardvarks.

The results of my study, in combination with studies on aardvark diet from other
regions, support the consensus thatrmecophageousnammals inhabiting arid
regions are more reliant on termitearththe same groups of mammals in sand
regions(AbengergTraun, 1994) Subterranean termites are wadlapted to life in
extreme, arid environments, with large irseasonal environmental variation,
because their large underground colonies with food stopageide a buffered
environmentWood & Johnson, 1986; Abenspefgaun, 1994)H. mossambicuis
distributed throughout the more arid summer rainfall regions ofSaitaran Africa,
particularly in lowrainfall areas, where they forage largely on dry gf&ssaton &
Sheasby, 1975; Hewitt et al., 1990; Nel, 1963)eir large colonies provide a patchy
but reliable food source in terms of energy and fat corfRedford, 1987; Bukkens,
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1997) andthese termites domated aardvark dien the Kalaharthroughout the year.

In regions less arid than the Kalahari, such as the False Karoo, ants might be more
abundant than termitégVillis et al., 1992) and were also the predominant prey item

of aardvarkgSmithers & Wilson, 1979; Melton & Daniels, 1986; Willis et al., 1992;
Lindsey, 1999; Taylor & Skinner, 200 Taylor et al., 2002)while H. mossambicus

and other termites might serve mostly to-tgpaardvark diet during winter when ant
availability declinesand nutritional stress for aardvarks is most likglgylor et al.,

2002) The lower abundance of the grdssdingHodotermegermites in the False
Karoois likely a result of a predominance of woodier plants such as shrubs and trees
compared to the grassy Kalahari regfcocks, 1988; Mucina & Rutherford, 2006)

In an equatorial climate in Uganda, aardvarks consumed more ants than termites in
areas where ants dominated, but wiNdaerotermedermites were common compared

to ants, they dominated the diet of aardvdMslton, 1975) The greater importance

of termites inaardvark diet in hotter and drier environments could be a result of their
higher abundance in these habitats, as well as of their greater potential as a source of

dietary water than ants.

Indeed, egional alimentary flexibility might be an advantage fardvarks in hotter,
more arid regions such as the Kalahariyesy large, longived colonies of large
termites such adlacrotermes Hodotermesand Microhodotermescan provide a
substantial and reliable food source for a relatively large mammal suchae tivark
(Melton, 1975; Picker & Moore, 199 this study) However, in semarid, drought

prone regions, even termite colonies would appear to be susceptible to drought,
influencing availability of this staple resource, and likely compromising aardvark
energy and water intake, with subsequentrdgegion of body condition as observed

during this study.
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Figure 3.6 Aardvarks drinking water from waterholes, A) at Tswalu Kalahari Reserve, on 01 January 2015 (screenshof a camera trap video by JogGosling, obtained from
https://twitter.com/JoeGosling2/status/838017615486464000), and B) in Limpopo during January 2014 (photographed on camera tby Hennie Steyn, obtained from
http://raptorsview.co.za/wp-content/uploads/2015/08/Thdraptor-January-2014html).
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With global climate change, the frequency, intensity, and duration of droughts over
much of Africa has been increasi(Rouaut & Richard, 2005; Russo et al., 2016)

and for southern Africa and the Kalahari specifically, temperatures are expected to
increase by twice the global rate, i.e., by ~4 °C by the end of the current century
(Niang et &, 2014) Amplified droughts will exacerbate the desertification of semi
arid zones in southern Afric&/etter, 2009) therely potentially changingthe
distribution of subterranean termite and ant speciesamingcolony contractions
anddeclinesin areasat risk (Shiday et al., 2011)fermites are directly reliant on
primary productivity and are known to experience population declines following
drought:in the semiarid Free State Province of South Africa, a severe, prolonged
drought and heat wave in th860s resulted in reduced vegetation productivity and
consequentially eliminatell. mossambicusolonies, which showed no signs of
recovery within two years of that drougel & Hewitt, 1969a) A severe drought

in southern Africa during the 89s strongly affected the activity patterns of several
termite specie¢Braack, 1995)and aardvark deaths and starvation were recorded
in Namibia during this perioqStuart & Stuart, 2007)Colony initiation by
reproductive termites would also likely be less successful in drought years due to
t he t eepemdenoe sndsoilanoistuibenspergliraun & De Boer, 1990; Su

& Puche, 2003)further reducing the biomass of termites. Similarly, although ants
are often trophic generalists and #iha multitude of heatoping strategies
(Tevis, 1958; Kadochova & Frouz, 201#)ey are sensitive to intensifiegdt and
aridity, and climateechangerelated habitat warmingBarrow & Parr, 2008;
Diamond et al., 2016)

Species on higher trophic levedsemore likely to be affected by indirect effects of
climate change on their prey than by direct effects of climate change such as
temperaturéOckendon et al., 2014andreduced productivity as well as the demise

of food or host plants can have severe cascading effects on consumers in ecological
networks(Schleuning et al., 2016Aardvarks, as highdevel consumers, are thus

likely to be affected by direct impacts of reduced prinpoductivity on their prey.

In many ecosystems in Africa and worldwide, termites su¢h asossambicuare
considered both keystone organisms in trophic cascades, and ecological engineers
in ecosystems they inhal§iiones et al., 1994; Dangerfield et al., 1998; Jouquet et
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al., 2011) Termite biomass is comparable to that of ungulates and megaherbivores
in African savannagdetailed in Jouquet et al. 2011haking them an essential
resourceto many other animals. Isouthern AfricaH. mossambicutermites are

an important food source for at least 65 bird and 19 mammal species, particularly
during periods of droughKok & Hewitt, 1990) Regulatmmammalia consumers

apart from aardvarks include theardwolf, bateared fox, meerkatS{ricatta
suricattg, and yellow mongoose Cfynictis penicillata). The termites H.
mossambicuandT. trinervoidesaccount for up to 100 % of aardwolf d{€ooper

& Skinner, 1979) Termites and ants are vital resources for hundreds of mammal
species worldwide, numerous of which are specialised myrmecop{Reg®rd,

1987) Interestingly, early hominids likely had a milligeearlong tradition of
termiteforaging in southern Africa, even developing tools for terrhdevest
(Backwel | & DTeriter mound strucki@Omay last thousands of
years, can reach massive dimensions, and may accommodate many small and large
animals including aardvis (Picker & Moore, 1991)Moreover, termite tunnelling
activity stabilisesupper soHlevels and improve water filtration througail in arid
systemgElkins et al., 1986)Termites also contribute to vegetation heterogeneity
through energy release, soil turnover and nutrient redistribution, thereby providing
0i sl ands of -afdgrasslant@angerbeldietral., E982nHeRobbs et

al., 2010; Sileshi et al., 201®uch islands of fertility ight indeed aid ecosystem
stabilisation and drought recovery under global climate chéBgeachela et al.,
2015) unless climatehangeinduced rainfall decline causes termite colony
extermination, resulting in subsequent homogenisation of termite structures
(Whitford, 1993) Dramatic cascading effects on ecosystems whtaranites
currently occur in high abundances and provide ecological key se(SiceRy et

al., 2011)might thus result fronpredictedand ongoing environmental changes in
southern African semarid termite habitatwith climate chang€Geerts et al., 2016;
Midgley et al., 2001; Pachauri et al., 2014)

For most of Africa, the rapidly increasing temperatures are predicted to raise
evapotranspiration so strongly that even rainfall in@sgsedicted for some areas
will likely be offset by evapotranspiratighe Roux et al., 2016; Rind et al., 1990)
The decrease in net water availability through drought, more erratic rainfall, and
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higher evapotranspiration, will likely result in severe foreshortening of the gyowin
season in the southern African regi@ngelbrecht et al., 2015hereby reducing

the current number of 4 60 days per year with soil moisture and conditions
suitable forvegetationgrowth in the Kalahari to as few as 8040 days per year

by 2050 (Midgley et al., 2001) Warming may affectvegetationdirectly by
accelerating leaf ageing processes, furtshortening the productive season
(Zavaleta et al., 2003ndeed, even atiadapted plants have alreahpwna range
contraction in response to recent climate change, indicating that desert ecosystems
might be more sensitive to increasing heat and aridity than previously considered
(Foden et al., 2007)

In many dry habitats, the perennial, sedentary cotoofi¢ermites and ants exhibit
strong responses to seasonal and -atemal fluctuations in environmental
conditions and resource abunda(arrow & Parr, 2008; Bernstein, 1974; Haverty
et al., 1974; Marsh, 1985, 1987; Park et al., 1988hergistic influences might
further exacerbate this impact, as dramatic irege@an drought periods and
atmospheric C®levels anticipated for the current century will likely cause grass
biomass in warm African regions to declithe Roux et al., 2016 he main reason
herefore is thalhe prevailing grasses in these regions argrasss, which are
consideredess welladapted tahigh atmospheric C®levels (Ehleringer et al.,
1997)and elevated temperatur@avaleta et al., 2003han G grassesThe diet of

H. mossambicutermites in South Africaonsists 93 % of grass, most of which is
CsgrasgSymes & Woodborne, 2011thus théorageavailability to termites might
be reduced in futurdn addition to reduced forage availabiliflel & Hewitt,
1969a) increased @l desiccéion directly restricts the tunnelling activity of
subterranean termitgSu & Puche, 2003; Cornelius & Osbrink, 2018hd the
maintenance of vital high air moisture levelsdestheir coloniegHartwig, 1965)
Prolonged summer drought is known to have devastatingtemg effects orH.
mosambicusolonies, and the recovery df mossambicusoloniesfrom drought

is slow (Nel & Hewitt, 1969a) Shorter intervals between drought events might
further exacerbate aridity impacts on the system by not leaving enough time for
grass to regw and termite populations to recover from drougidted damage
before the next drought, with profound ecosystem cascades.
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The wvulnerability of aardvarks to droughtluced crashes in prey insect
populations stresses the importance ofkibgstone terme H. mossambicusand
possible widefrreaching negative effects on dozens of myrmecophageous or
insectivorous vertebrates in searid southern AfricdKok & Hewitt, 1990; Kok

& Nel, 1992) Declines inH. mossambicupopulations linkedo climate change
likely will have severe ecological impacts not only on its direct predators, such as
the aardvark,but will also impact a large number of other organisms. These
organisms include vertebrate and invertebrate species that are dependent on
aardvark burrow refugi@VhittingtonrJones et al., 2011plants that use aardvark
excavations as germination sitBean & Milton, 1991) and all animals that
depend on these termites for fagobk & Hewitt, 1990) often exposed by aardvark
digging(Taylor & Skinner, 2000, 2009)

As the only animal providing a multitude of burrows acrossSalbaran Africa,
aardvarks are primary ecosystem engineers. The burrows that they dig will likely
gain importance as climatic refuges for many speeafacan climates become
hotter (Pike & Mitchell, 2013) A loss of digging mammals, which contribute to

soil turnover, water infiltration, and incorporation of organic matter in the soll
(among other ecosystem functions), also has been linked to ecosystem deterioration
in Australia (Fleming et al., 2014)Destructive cascadesitiated by failure of
vegetation productivity after successive droughts and heat waves will likely cause
a level of degradation that prohibits a system to simply revert back to its original
state even if the stress load cea$tapport & Whitford, 1999)My study shows

that the environmental conditions global climate change is expected to bring about
for southern Africa, and their negative impact on subterranean keystone termites as
a resource and ecosystem seevproviderarelikely to be a greater threat to the
regionds myrmecophages, such as aardvarl

potentially severe impacts on southern African biodiversity and ecosystem stability.
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Chapter 4 - Aardvarks shift their activity patterns in
response to season, air temperature, and drought

related resource limitation
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4.1 Introduction

Flexibility in their behavioural patterns and activity timing may improve the
resilience of large mammals to climate change imp@dtain & King, 2014)
Understanding flexibility in activity patterns of mammals is thus crucial for
predicting adaptive capacity in future climate regimes. Climate change can affect
mammals directly through increasing temperatures and aridity, and ingirectl
through changes in food availability, competition, and disease. Under normal
conditions, many mammals adjust their activity to seasonal or daily environmental
fluctuations. Daily activity patterns can be driven by abiotic factors, such as
extreme enviromental temperatures, rainfall and water availability, and biotic
factors, such as prey availability or predation risk. Seasonal ofanteral shifts

in activity can be a response to photoperiod, environmental temperature, or seasonal
resource abundancklany animals avoid climatic extremes such as heat, cold, or
aridity by seeking shelter and reducing activity to reduce water and energy
expendituréHetem et al., 2012a; McFarland et al., 20Edy example, the Arabian

oryx, a large diurnal mammal, shifted to a nocturnal pattern during very hot and dry
periods, and rested in shade during the hot dayitheéem et al., 2012aNot all
species, however, may be able to adjust their activibufter themselves against
extreme environmental condition®ryx in the Arabian desert had no natural
predators, but an African antelope shifting its actiwitythe night may face
increased predation. A nocturnal animal that responds to increased environmental
heat by shifting its active phase to a later, cooler point of the night might face
reduced time available for activity before dawn, potentially limititsgtime to
acquire nutrients or interact with conspecifics. Specialist spestieb as obligate
nocturnal animalsthat are not able to evade adverse conditions by shifting their
activity to a more favourable tinteave been deemguarticularly likely torespond
negatively to changing climat¢sicCain & King, 2014)

As a large nocturnal mammal and a dietary specialist, theaéardill likely be
strongly impacted by climatehangerelated environmental changes throughout its
range(Niang et al. 2014, see also Chapterum)ess i can adequately adapt its

behaviour and activity patterns to avoid climatic adversifdsCain & King,
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2014) Despite the igh ecological significance of the aardvark as an ecosystem
engineer that actively creates shelter for other spéCiiers, 2002; Whittington

Jones et al., 2011pot much is known about its capacity tepend behaviourally

to extreme environmental conditions expected to become more prevalent
throughout its distribution. Aardvarks generally emerge from their burrows at night
to forage. During summer, when dame temperatures were high (> 30 °C),
aardvaris in the semarid Karoo region of South Africa restricted their activity to
the cooler hours of the night, which led to the proposal that aardvarks may-be heat
sensitivg Taylor & Skinner, 2004)However, during cold winter periods, aardvarks
partly shifted their activity to daytiméraylor & Skinner, 2004)denonstrating
flexibility in their behaviour and activity patterns to environmental fluctuations.
The aardvarks were presumed to have become diurnal to avoid the coltimeght
because their sparse fur cover makes themsmtditivg(Taylor & Skinner, 2004)

but other factors such as nutritional state might also have affected their activity
patterns. Indeed, during a recent drought in the more arid Kalahardssert,
aardvarks showed unusual diurnal behaviour during the drought summer as well as
during the following winter, when many aardvarks died (presumably from
starvation, see Chapter 3), and survivors were in poor con@Reyet al., 2017)

To date, no study has investigated whether and how aardvark locomotor activity
and active phase timing and duration vary in response to fluctuationouraes

availability or climatic conditions.

Like other nocturnal and cryptic animals, the aardvark is hard to observe in the wild,

and therefore not much is known about its flexibility in responding to
environmental change. Technological advances, howgwemnit longterm,

continuous, unbiased quantifications of animal activity patterns and behaviours

over extended periods using locomotor activity biologgers such as accelerometers,

whil e the animal s behaviour andncphysi ol c
(Fuller et al., 2014)Moreover, such biologgers permit continuous activity records

for animals dificult to access in the wil@Podolski et al., 2013)n the Kalahari,

the southwestern edge of aardvark distribution, air temperataires extreme

(below 0 °C in winter to above 40 °C in summer) and aridity is intense (dry winters,

low summer rainfall). Resource abundance is dictated by rainfall, fluctuating
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strongly between seasons and years, and aardvark body condition decline and
deahs have occurred in response to drowughdated limitations in prey abundance
(Chapter 3).

Here, using activity biologger records, which | validated using camera trap records
and behavioural observations, | examine timing, duration, and intensity oadardv
activity in response to seasonal and waenual fluctuations in the abiotic and
biotic environmentin the Kalahari | investigate three main hypotheses: (1)
Seasonal activity patterns of Kalahari aardvarks will be similar to Karoo aardvarks,
with gererally nocturnal activity, and possibly some diurnal activity in winter; (2)
Activity patterns will reflect responses to extreme temperatures, with aardvarks
avoiding extremely high and low temperatures, and altering the intensity and timing
of their activty; (3) Activity patterns will reflect nutritional compromise, with
aardvarks attempting to compensate for decreased food intake by extending the
duration of their active (foraging) phase, and decreasing their digging efforts to

preserve energy.

4.2 Methods and materials

| obtained records of locomotor activity, activity patterns, and behaviour of
aardvarks at Tswalu Kalahari Reserve between July 2012 and September 2015. A
detailed description of behavioural observations, camera trap footage collection,
and sirgical instrumentation of aardvarks with data loggers recording activity is
provided in Chapter 2. Locomotor activity each study aardvankas recorded
using implantable activity biologgers, with different logger models used in different
years of the sidy. In the first year (July 2012 to July 2013), activity was recorded
using Actical loggers (MinMitter Corporation, USA; mass ~40 g when covered in
wax). Acticals were traxial piezoelectrical accelerometers sensitive to forces of >
0.05g and were sdb record wholebody movement over full-Bninute-periods. In

the following study years (July 2013 to September 20d@ufactured activity
loggers (MLOG_AT1, Sigma Delta Technologies (Pty) Ltd., Austyaligh a tri

axial accelerometer sensitive to fesc of > 0.004g (ADXL345 Digital
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Accelerometer, Analog Devices, Inc., USA; mass ~25 g when covered in wax)
served to record aardvark locomotor activity in the form of activity counts over a
10-secondperiod at the beginning of eachnfinuteinterval. The wse of these
biologgers, validated with visual field observations, has previously proven
successful in assessing behavioural activity in a wild-lfveeg large mammal
(McFarland et al., 2013)

To assess how effectively activity loggers could detect certain types of behaviours,
| compared biologger data with tinmeatched observation dafasee details in
Chapter 2)I compared 430 observations (~36 hours) for study aardvarks 8, 9, and
15 on 16 different days, to explore whether logger data could be used to determine
the type of activity an aardvark was exhibiting. | compared the observatords

of moving, foraging, and digging intensity to the data recorded by the logger at the
same time, as well as five minutes before and after the observation. Although
biologger activity data accurately reflected movement intensity, and resting could
be distinguished from movement, it was not possible to distinguish any particular
behaviours (digging, moving, or feeding) from one another.

To determine whether biologgers could reliably indicate the beginning and end of
aboveground activity of aardvarKstime-matched biologger data to observations

and camera trap footage of an aardvarkoés
aardvarkdéds time of return to a burrow af"
from a burrow, an aardvark remained at theadwrto rest or bask; in these cases,

the time of emergence was that time at which the aardvark left its position to begin
foraging. During 0 to 30 minutes before emergence, or, occasionally, shortly after

an aardvar kds emer gen dienfrom nugpleevalueskdbt a s h o
% (resting) of the maximum activity to va
pattern occurred following an aardvarkos
point, | calculated the median of six values beforé six values after this data

point (i.e., median activity over a duration of 65 minutes). If the median deviated

from zero and reached a threshold of O

i ndividual, I considered t hensideed asvar k a
i nactived. | -staroprnoétheddeta moidt attwihieh the-Bbnuee
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medi an changed from O6inactived to dbdactiyv
the reverse change from d6actived to O6ina
return to a burrow. Long periods of inactivity could be fragmented by short bouts

of apparent activity, possibly as a result from sldomation intense movements

(such as intense scratching or digging inside the burrow) while the aardvark was
insideitsboa r ow. Short bursts of intense activi
65-minute median to a value above thé&45threshold for activity, and falsely

i ndicate an aardvarkdéds time of emergence
that | astesl &s 6&én mimeairtgence to forage. An
during foraging could have resulted from the aardvark moving very slowly, or not

moving at all during the moment when the logger was recording locomotor activity,

falsely indicating areturntolaur r ow. Thus, | considered a
minutes as part of the longer activity phase during which it occurred. To verify

whether these calculations reliably represented time of emergence and return, |
compared the resulting values with theutess manually obtained from days and

nights on which I had recorded time of emergence or return of aardvarks in the field

(N = 176), and in each case, the recorded emergence or return of an aardvark
occurred within the predicted 6Binuteperiod of the bitbgger data.

Because aardvarks are largely nocturnal, assigning the conventional2a@®00

period to each day would have fragmented their activity phases at midnight. Thus,
to match a date to an activity phase, | applied the following criteria: if aivar#r
emerged between 00:00 and sunrise, the date of the last sunset was assigned to the
emergence and to the return (i.e., if sunset occurred on 1 August at 18:00 and the
aardvark only emerged after midnight on 2 August at 01:00, and returned to its
burrow on 2 August at 06:00, the dates of emergence and return were classified as
1 August). | calculated maximum, total, and duration of activity between each time

of emergence and return. Occasionally, an individual aardvark showed two or three
activityboutsO 70 mi nutes in the same night, int
between 70 to 180 minutes. Bouts registered as inactivity (activity < 5 % of
maximum activity) during the t8econd interval over which the logger counted
locomotor activity could haveesulted from the aardvark standing still while
preying on a termite colony or defecating, or from the aardvark moving very slowly.
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Al'l such short inactive bouts occurred
first emergence from a burrow and suerislence, | combined these bouts using

the first emergence as the start of the active phase and the end of the last bout as the
end of the active phase, and calculated total activity and maximum activity across
the combined bouts of activity. In this wadypmitted a total of 43 short activity

bouts of < 65 minutes from the dataset by merging each one with the inactive bout
during which it had occurre®arely, aardvarks did not emerge from their burrows

but remained inactive underground, and the loggersali record activity bouts of

> 65 minutes. In such cases, | assigned-zatoes to foraging duration, total, and
maximum activity of that day.

Once | had determined the time of emergence and return using the method described
above, | calculated the dui@n of each active phase and the total activity and
maximum activity per active phase. To obtain seasonal average valuesltper 24
period of total and maximum activity, duration of the active phase, time of
emergence and return, and the proportion spemali, | calculated the meaSD

of these variables first per aardvark per season, then across all aardvarks per season.
| calculated meatt SD 24-h activity rhythms at -h intervals first per aardvark per
month to obtain monthly average-B4activity paterns, then averaged these across

all aardvarks, and then over seasons (summer: December to February, autumn:
March to May, winter: June to August, spring: September to Novemdebelow

for details) to obtain seasonal -B4activity patterns of all studyardvarks

throughout the study period.

| obtained air temperature at the time of emergence and at the time of return of each
study aardvark per day. To obtain daily mean time of emergence and mean time of
return for each 24 period throughout the studyaveraged the time of emergence

and time of return between all aardvarks for each périod. For each aardvark, |

also calculated the proportion of each active phase that occurred before sunset, to

quantify diurnal activity of aardvarks across seasaowkyaars.

| divided each year into four seasons of a consistent-thoeghs duration across
years, rather than selecting seasons depending on rainfall, because rainfall patterns

were inconsistent in the different years. | defined the seasons as wimer Jdly,
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August), spring (September, October, November), summer (December, January,
February) and autumn (March, April, May).
high vegetation productivity (high EVI) over the following months (e.g., summer
rains in he growing season 20413 lasted from November 2013 until January
2014, resulting in EVI > 1.5 up until June 2014, at which stage grass was frost
killed), whereas in a O0poor 6, drought ye
productivity was low, rdécting in low EVI (Chapter 3). High vegetation
productivity at Tswalu coincided with high pregbundancefesulting in the
aardvarks being in good condition, whereas during less productive years, resource
scarcity caused poor aardvark condition (Chap)erAdrdvark body condition
positively correlated with EVI (Chapter 3). | thus used EVI as an indicator of
aardvark body condition in the following analysésised general linear mixed

effect models (GLMM) to determine the effects of biotic and abioticlitimms on
aardvark activity. | used each-Pdperiod as a sampling unit in the GLMMs, and
aardvark identity as random effect. The dependent variable was either time of
emergence, time of return, total duration of the active phase, total activity or
maximum activity within each activity bout, or the proportion of diurnal activity.

As independent variables, | chose mearh24ir temperature, EVI (a proxy for
aardvark body condition, see Chapter 3), photoperiod (time between sunrise and
sunset), % lunar illumation (phase of the moon, with 100 % for full moon and 0

% for new moon; data obtained from Time and Date AS, Narway
http://staging.timeanddate.cdmPhotoperiod was correlated with mean air
temperaturethereforephotoperiod was only included in GLMMsat were related

to the timing of aardvark activity, but not in GLMMs of total and maximum activity.

| did not include aardvark sex as a factor, because for some aardvarks, sex was
unknown, and all other aardvarks included in the dataset were femaégsetaAion

of these GLMMs with minimum air temperature replaced with maximum air
temperaturgorovided similar results, which | excluded from the results section for

simplicity.

| used Excel 2016 arfdrism 5 (GraphPad Software, Inc., USA) to prepare raw dat
for analyses and to create graphssed a script in Pythdh7.13 (Python Software
Foundation, USAJo automatically perform calculations of the-@&nute median
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around each activity measurement to determine daily time of emergence and time
of return d aardvarks from their burrows. | used the mbedticts linear regression
function iInSTATA SE10 (Quantec Research (Pty) Ltd., South Afriog)erform
GLMM analyses. Unless otherwise stated, | present data as mean + SD, and

considered® < 0.05 to be stgtically significant.

4.3 Results
4.3.1Data summary

Between July 2012 and September 2015, ten aardvarks were implanted with data
loggers for 2943 days in total. Once data loggers had been retrieved from the
aardvarks, | retrieved 2574 complete days of activitgomds (735264
measurements inlinute intervals) between July 2012 and May 2015 (excluding
capture periods) from nine of these aardvarkable 4.1). The longest activity
record stemmed from aardvark 9, with 675 consecutivedlaysg the period from

July 2013 until May 2015T@ble4.1).

On 2553 of 2574 total samplingdays,a dvar ks were active for
the active phase had a median length of 8.2 h (range 0 to ;19able4.1). The

proportion of diurnal activity differed considerably between aardvarks: while all

study individuals readd a maximum diurnal proportion of 100 % at some point

(except for aardvark 1 whose logger failed early on), some aardvarks also showed

a large median proportion of diurnal activityaple 4.1), indicating that their

diurnal activty was not an exception but occurred often and extensively. Notably,

all aardvarks that displayed such considerable diurnal activity died either during the
summer drought 20123 (aardvarks 1, 2, and 5) or during the winter after the

drought (aardvarks 1a1, and 14).

On 21 out of 2574 sampling days, aardvarks remained inactive inside their burrows,
effectively skipping an active phase. On two occasions, two individual aardvarks
coincidentally remained inside their respective burrows on the same dawarkar

2 and 5 did not emerge on 17 August 2012; aardvarks 9 and 15 did not emerge on

168



Table 4.1 Overview of locomotor activity data recorded with biologgers in each aardvark at Tswalu Kalahari Reserve betweedluly 2012 and May 2015. ID-
aardvark identity; N days - number of days for which activity logger data exist; Period time during which data were recorded; N days active number of days the

aardvark was active

for

- Bumbeb of daysrihe haedsark was indctivg @ctivityn<a66 minutes); median (range) of durationmedian,

minimum, and maximum duration (hours) of the active phase; median (range) of proportion diurnal median, minimum, and maximum proportion (%) of the
active phase an aardvark spent during daylight.

ID Period N N N Median (range) Median (range)

days days days  duration of the active proportion of activity

recorded active inactive phase (h) diurnal (%)

1 Jul 2012 to Jan 2013 181 181 0 7.5(1.3t017.8 0.6 (Oto 66.5)
2 Aug 2012 to Mar 2013 227 225 2 7.8 (0 to 14.8) 53.0 (0 to 100)
5 Aug 2012 to Mar 2013 68 65 5 6.8 (0 t0 19.7) 98.1 (0 to 100)
7 Aug 2012 to Mar 2013 227 225 2 8.3(0to 12.4) 0.0 (0 to 100)
8 Jul 2013 to Jul 2014 384 382 2 8.2(0to11.8 0.0 (0 to 100)
9 Jul 2013 to May 2015 672 672 0 8.5(1.3t0 14.8; 0.0 (0 to 100)
14 Jul 2013 to Aug 2013 34 32 2 5.4 (0to 8.8) 53.7 (0 to 100)
15 Jul 2013 to Oct 2014 478 470 8 7.7 (0to 11.8) 0.0 (0 to 100)
303 301 2 8.7(0to 11.8) 0.0 (0 to 100)

17 Jul 2014 to May 2015
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17 July 2014. It is unclear why the aardvark did not emerge since temperatures were
not unusual on these days compared to the days before and after, and no rain or notable
wind occurred on either day. Episodes of very shatividy occurred during summer
201314 and winter 2014.

4.3.2Seasonal patterns of activity

The longterm patterns of activity variables of aardvarks strongly varied between
seasons and yearsigure4.1 andTable4.2). During warm seasons (spring, summetr,
autumn) except during drought years (see below), aardvarks were exclusively
nocturnal, and their total 24 activity was greater, maximum -2dactivity higher, and

the duration of the active phase longer tldaming winter Figure 4.1). During the
hottest summer periods (e.g., February 2015), total and maximum a24ivity
declined, and the active phase shorteféglfe4.1). During winter, total 24 activty,
maximum 24h activity, and duration of the active phase declined, and aardvarks
became partly diurnal (as shown for aardvarki@ure 4.1). This pattern of more
intense and nocturnal activity in warm seasons compared witlnemse and party
diurnal activity during winter was repeated throughout the different years of the study
(Table4.2), except during the year of the drought summer (2I&)2 In the drought
periods spring 2012, summer 2612,and autumn 2013, aardvarks showed substantial
diurnal activity (up to 50 % of their active phase occurring before sunset) while the
duration of their active phases did not increase not&ityufe4.1D andTable4.2).
During summer and autumn of the drought year (20AB3), total and maximum 24

h activity were markedly lower than during the preceding winter and spring, and up to
~45 % lower than during summer and autumn in the following yélablg 4.2).
During winter 2013 following the summer drought, aardvarks spent a greater
proportion of their active phase diurn@bple4.2), and were diurnal for a longer period

(Figure4.1D) than during winters after normal summers.
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Figure 4.1 Activity dataset of aardvark 9 for the period July 2013 to May 2015 (N = 675 consecutive days
excluding capture days). A Total 24-h counts of activity logs; B) maximum 24-h activity, expressed as % of
the maximum reached by this aardvark during instrumentation with the logger; Q duration (hours) of each
active phase; D proportion (%) of each active period that the aardvark was diurnal. Note that datafrom
aardvark 9 were selected for display because this dataset is the longest continuous record of activity.
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Table 4.2 Aardvark activity variables recorded with locomotor activity data loggers, summarised byseason for each of the study years over the period of
measurements from July 2012 to May 2015. Values are meanSD per 24h per i od. The category 06vel-chtegory imakx df the n 6
vegetation productivity at Tswalu based on the mamum EVI of that growing season.

provi

Season Veld Total activity Maximum Active  Proportion Time of Time of N n
condition (count) activity phase diurnal  emergence return days aard-

(% of  duration (%) (h) (h) varks

maximum) (h)

winter 2012 normal 11278+ 740 423+21.2 6.2+29 239126.4 16:00+3:48 22:41+4:19 151 4
spring 2012 normal 1419.0 £ 631.1 48.1+16.8 7.9+2.3 31.0+13.0 15:49+1:44 23:49+2:49 298 4
summer 20123 drought 882.9+899.8 294+11.3 82+19 29.6+8.8 16:37+2:24 0056+ 3:05 224 3
autumn 2013 drought 712.1+557.1 21.2+24 7.6+19 50.0+0.0 12:20+0:52 19:58+ 1:55 30 2
winter 2013 drought 969.7 +340.0 35.0+£11.7 6.1+1.8 53.9+25.0 14:32+2:05 20:45+2:04 208 4
spring 2013 drought 1295.3+301.1 384125 8.3%1.8 25+83 19:10+1:05 03:32+2:05 273 3
summer 20134 normal 1155.3+374.C 429+20.1 83+20 0.1+0.4 20:24+ 1:14 04:42+ 1:46 270 3
autumn 2014 normal 1147.4+272.4 38.7+152 8.7+1.8 0.8+5.7 19:10+1:32 03:52+2:34 276 3
winter 2014 normal 995.6 +303.1 35.7+16.9 6.3+x19 7.6+16.8 17:44+1:55 00:04+2:55 278 4
spring 2014 normal 1371.5+286.1 43.6 £19.3 86=*1.5 0.1+0.9 19:33+0:45 04:10+ 1:25 242 3
summer 20145 drought 11475+ 336.1 39.0+16.8 8315 1.1+7.4 20:51+2:47 05:24+2:08 180 2
autumn 2015 normal 13149+ 275t 37.8+94 9.1+13 0.0£0.2 19:51+1:11 04:55+1:44 144 2
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4.3.3Timing of the active phase

Locomotor activity of aardvarks over-2vperiods was monophasic and aardvar&sew

active throughout the entire active phase, although their activity at a resolutien of 5
minute intervals was interspersed with brief inactive bouts, and inactive phases were
interspersed with brief active bouts (as shown for aardvafig@yre 4.2). Aardvark
locomotor activity was usually restricted to nigime. During warm seasons, the onset

of locomotor activity closely tracked the time of sunset and activity ceased around
sunrise. However, during winters, locomotor acyighifted to earlier times of the day

and occasionally began before sunset and ended up to several hours before sunrise.
These shifts of the times of start and end of activity were not synchronised, as the start
time became earlier sooner during the colsiesison than did the end of the active
phase, resulting in a shortening of the active phase combined with a shift to diurnal
activity (Figure4.2). Generally, in winter, aardvarks became diurnal for brief periods
only. However, aistinct shift to increased diurnal activity occurred in winter 2013
following the summer drought, with pronounced daytime activity from early July to

late September.

Times of emergence and return derived from median locomotor activity over 65
minutes cofirm the pattern of the -ninute interval data that aardvarks generally
emerged around sunset, and returned to their burrows shortly before shigise (

4.3). Times of emergence and return shifted to earlier times during winttr
aardvarks occasionally emerging in the late afternoon, and returning several hours
before sunriseHigure4.3). Aardvarks emerged before sunset more often, and earlier,
during a drought year (20113) than during a normaksar (2014).
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Figure 4.2 Actogram showing locomotor activity of aardvark 9 as a representative for all study aardvarks at

Tswalu, freeranging in its natural environment, for the period July 2013 to May 2015 = 675 consecutive

days). Days are stacked vertically, data are displayed in-finute intervals. Black bars represent periods

when the aardvark was active (O 5 % of maximum activity)
was inactive (< 5 % ofmaximum activity); dark grey line is the time of sunset; light grey line is the time of

sunrise. For better visualisation of seasonal shifts in nychthemeral rhythms, activity is plotted over 48 hours,

with two consecutive 24h periods displayed beside eacbther. . Note that data from aardvark 9 were selected

for display because this dataset is the longest continuous record of activity.
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Figure 4.3 Daily activity patterns of all study aardvarks in relation to photoperiod between July 2012 and May 2015. Filled grey dotdime of emergence of aardvarks from a
burrow, hollow circles - time of return to a burrow. Values are averages for all aardvarks per day (N = 1032). Dargrey line - sunset, lightgrey line - sunrise. Time-axis ranges
from 10:00 in the morning until 10:00 the following morning. No data were available between March and July 2013, becausesalidy aardvarks but one had died in March, and

the logger in the only surviving aardvark stopped recorihg.
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4.3.4Seasonal 24 locomotor activity patterns

Mean seasonal 24 activity rhythms of aardvarks reveal several distinct patterns
(Figure 4.4). In normal / good years, aardvarks were usually nocturnal during
spring, summer and autn, with activity between 18:00 and 06:00 in spring and
autumn, and from 20:00 to 06:00 in summer but shifted their activity to earlier hours
of the day in winterKigure4.4). The occurrence of diurnal activity in winter varied
between years, with little diurnal activity in the winter of a productive year (2012,
2014), but pronounced diurnal activity in the winter of a drought year (2013).
Moreover, an almost complete shift to diurnal activity occurred during the summer
drought ¢ 201213, with activity occurring during all hours of the daytime and
peaking during midlay. In the following autumn 2013, aardvark activity was
greatest between morning and rdiay, with inactivity during the afternoon and

little activity between sunseind sunrise.

Patterns of 24 activity differed between individuals in response to drought.
During normal, nordrought seasons, variation between individuals (as indicated
by standard deviation) was small, but large imelividual variation (large SD)fo
activity existed during the summer drought 2d®2and the subsequent autumn
2013 Figure4.4). This variation was largely a result of some aardvarks becoming
active in the daytime during the summer drought 2032notably Jarary to

March 2013, when they would experience high daytime heat loads, while one
remained nocturnal. In this case, the aardvarks that were diurnal during summer
died in late March 2013 at the end of the drought, whereas the one that remained
nocturnal thraghout the summer drought survived. No activity data exist for the
period after the drought summer, because most study aardvarks had died during the
drought summer, and no data after the drought were available from the one survivor
(aardvark 7). HoweverpW interindividual variation in activity (low SD) during

the winter after the drought confirms the observation that all study aardvarks
showed diurnal activity during the winter after the drou§ingre4.4).
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Figure 4.4 Mean seasonal 24 activity patterns of all study aardvarks over 3month-seasons at Tswalu between July 2012 and May 2015, based on data from activity biologgers.
Each row is one year of the study; seasons are skad vertically in columns; orange backgrounds indicate drought periods, green backgrounds indicate normal productivity;
red dotted lines indicate 5% threshold for activity, grey boxes indicate nighttime, error bars represent SD between individuals.
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