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“There are two species of lions: The Bhubesi and the llawu.
Bhubesis are the big ones, with big manes. You don’t need to worry
about them. The llawus are the small ones, with little manes. These

ones are too cheeky and will kill your livestock”.

- Paraphrased from a conversation with Miti

Many Ndebele people believe that there are two types of lions. The Bhubesi,
despite being big and powerful is not to be feared, for he will rarely attack either man or
livestock. The Illawu is small, with little mane. He is the one that people fear because he is
“too cheeky”. That the Ilawu grows up to become a Bhubesi is not recognised, simply
because the Ilawu is bad and cannot change. Generations of livestock herders have realised
that it is the Illawus, the young lions, the dispersers, that cause problems and Kill their
livestock and thus two different types of lions are engrained in the culture. People living
with wildlife often have an intrinsic awareness of ecological systems that academics ignore

at their peril.
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Abstract

As ecosystems become increasingly fragmented, there has been a proliferation of
research into fields such as resource use, movement ecology and habitat connectivity. To
understand how species may adapt to threats associated with habitat fragmentation it is
necessary to study these processes in dispersing individuals. However, this is seldom done.
Dispersal is one of the most important life-history traits involved in species persistence and
evolution, but the consequences of dispersal are determined primarily by those that survive
to reproduce. Although dispersal is most effectively studied as a three-stage process
(departure, transience and settlement), empirical studies rarely do so and an investigation
into the entire process has probably never been carried out on any one species. Here |
investigate the survival, resource use, movement ecology and connectivity of African lions
(Panthera leo) in all three dispersal phases in addition to adulthood. I make use of a long-
term dataset incorporating radio-telemetry and observational data from lions in Hwange
National Park, Zimbabwe. Dispersal is inherently risky and my results show that male
lions that disperse while young suffer high mortality, young dispersal being brought about
by high off-take of territorial males. Dispersing males may be aware of risks associated
with territorial adults as they position themselves far from them and utilise habitats and
resources differently. However, dispersers, compared to adult males and females, are far
less averse of risky, anthropogenic landscapes, suggesting they are the demographic most
prone to human-lion conflict. The ontogenetic movement behaviour of lions reflects a
transition from directional movement during transience, suggestive of sequential search
strategies, to random or periodic use of a fixed territory after settlement. In terms of habitat
connectivity, | show that radically different conclusions emerge depending on which
demographic is used to parameterise connectivity models. Understanding the shifting
mechanisms that species adopt throughout ontogeny is critical to their conservation in an

increasingly fragmented world.



Acknowledgements

From my first visit to WildCRU in 2007 Prof. David Macdonald and Dr. Andrew
Loveridge encouraged my participation in the Hwange Lion Research project. |1 would like
to thank both of them for having faith in me and giving me the opportunity to spend five
amazing years in Hwange, working and conducting research on the project. Huge thanks to
both for the support and facilitation of this project. The Hwange project is a remarkable
triumph in a country that is often difficult to work in, made possible by the efforts of both
Dr. Loveridge and Prof. Macdonald and the many people who have been involved on the
ground in Hwange. | am extremely grateful to Dr. Sam Cushman. | thank Dr. Cushman for
his enormous contributions that ranged from ideas to modelling techniques, and for his
endless patience and dedication. His enthusiasm and insight are an inspiration and | am
privileged to have spent so much time discussing ideas, work and life with him. I’d like to
offer many thanks to Dr. Marion Valeix who was always ready to listen, read and offer
advice on ideas and manuscripts. Dr. Valeix was my ‘mentor’ at WildCRU and was a great
support in terms of ideas, analysis and critical enquiry.

There are many people who | am indebted to in Hwange National Park where |
spent five years conducting research. The first | would like to thank is Dr. Zeke Davidson.
Through his DPhil research | was able to go to Hwange and get started with the project and
develop ideas. He helped me find my feet both in Hwange and later (with his wife Kate) in
Oxford. Both are extremely welcoming and generous and always offered me a bed, good
food, wine and conversation.

On the project there are many people without whom this work would not have been
possible and my biggest thanks go to all of them. Lowani Mpofu, the veteran of Hwange

Lion Research has been a great friend and companion. His assistance in all things as well



as his smile keep all of us going, not to mention his choice of words and unique insight
into things. Never have | met a man more willing to help and always with a smile. Mr.
Mpofu, you are a great man. Thanks to ‘Jungle’ Jane Hunt — for all the time spent in the
bush looking for elusive lions, for all you taught me, for all the lions we did find and for
all those that we didn’t. I have many fond memories of trundling around “out the back” in
the bush on our endless quests, of sitting around a fire at Sitchetche on our lounge sweet,
even of “dawn raids”! Your methodical nature has saved me in many ways! Thanks to
Mlamuleli Mhlanga and Lovemore Sibanda. Lovemore you perform an extremely difficult
job day after day always in good spirits, always professionally and with great proficiency.
Matt Wijers, your efforts on the project were immense and your skill and ethic far
exceeded your years. Thanks also to Harley Peacock for his unique approach to life and
work. Huge thanks to Mrs Ncube who helped in many different ways and is another
stalwart of the project. Thanks also to Jean Purdon and Justin Seymore-Smith. To the
‘scatologist’, Jaelle Claypole for all her work and friendship both on the project and later
as a Wilderness Safaris ecologist. Thanks for helping me catch Shambok! Thanks to Gary
Cantle for the work he does both in the park and the assistance he gives the project.
Thanks also to Brian Courtenay for his dedication, support and enthusiasm — for seeing
and believing in the potential of the project. Thanks to the ‘cracker’, Rick Hurlbatt for
friendship and lots of mechanical work.

A very big thank-you not only for this thesis and the work it involved, but also for
the friendship, the highs and the lows that make us love and hate Hwange go to Laurie,
Brent and their son Oly. You welcomed me into your family and made my life in Hwange
worthwhile. We shared so many amazing adventures and it is my greatest hope that we

will continue to do so.



During my time in Hwange so many people helped in so many different ways,
most of them employees of Zimbabwe Parks and Wildlife Management Authority. It
would be impossible to thank them all individually, so | thank them collectively and only
mention those with whom | worked closely. | would like to express deepest thanks to
Hwange National Park’s Senior Ecologist, Godfrey Mtare. We worked together closely
over the years and shared many experiences. Thank you for helping whenever you could,
and often when resources and manpower meant that it was almost impossible to do so.
Your support and friendship have been invaluable. A very big thank you to the Area
Managers: first Arthur Musakwa and later, Trumber Jura. Both men were a pleasure to
work with. Thanks to Edwin Makuwe for all your help and support over the years. A huge
thank you to Simeon Mudimba, Philani Dhladhla and Juliet Banda: often the work we did
together was long and hard, thank you for putting up with me and helping so much.
Thanks also to Bloomer Mafuwa, Bongani Ndlovu, Masimba Nyoni, and Nick Long.
Thanks also go to Senior Ecologist Roseline Mandisodza. An enormous thank you goes to
Owen Mangwana. He plays a pivotal role in sustaining Hwange’s wildlife against all odds.
His work is tireless and he is a hero of the park. On a personal note | thank him for his
friendship, conversations, dinners and soul nourishment. Thanks also for your endless
efforts to keep our vehicles going. Without you our cruisers would be sitting on bricks
instead of sitting on bush.

Other people in Hwange do equally valuable work and deserve recognition and
thanks. A very big thank you to Stéphanie Périquet: your friendship over the years means a
lot to me as does all the help you have given me. Thanks also to Herve Fritz, Patrick
Duncan, Martin Mzomba, Honestly Ndlovu and all those involved in the CNRS-CIRAD
HERD programme. Thanks also to the Dutch contingent: Martin Steimer, Esther Van der

Meer, Hans van der Klomp who all do wonderful work in a land to which they owe



nothing but dedicate their lives. Thanks to Sharon Pincott. Big thanks to Roger Parry and
Jess Dawson for all they have done for the project over the years. Thanks too to Pam Birch
and Colin Gillies. Thanks also to Netty and Duncan Purchase.

I’d like to thank the many camps and safari operators in and around Hwange
National Park. Specifically, thanks to all the people at ‘The Hide’, lan, Barry, Cher, Daffy,
Nicholas, Shepherd and more recently, Jean. Many thanks to all those associated with
‘Wilderness Safaris” in Hwange, Ron Goatley, Courteney Johnson, Willem and Trish,
Theunis and Belinda, Sibahle ‘Sibs’ Sibanda, Charles Ndlovu, Shayne Templer, Katt Fenn
and especially Lewis and Laurence. Thanks to Dave Dell. Thanks also to Ivory Lodge,
Touch the Wild, African Sun, African Bush Camps, Miombo Lodge, Camp Hwange, Dave
Carsons, Nehimba Lodge, Martin Peters, the Wildlife Environment of Zimbabwe (WEZ).
The Professional hunters and concessionaires of the Matetsi Safari Area. Many thanks to
Peter Blinstone, ‘Foggy’ and all the members of the Painted Dog Conservation Project.

For assistance along the way | would like to thank Shaun Struwig and Craig Beech
of the Peace Parks Foundation for providing me with GIS layers. Thanks to all those
involved in different ways with the genetics work: Albun Gundu, Dr. Chris Foggin,
Rosemary Groom, Margie Peacock, Jacob Hoglund, Claire Morandin and Goran Spong.
Thanks also to Dr. Kevin McGarigal and Dr. Kathy Zeller for their assistance.

I received support from the WildCRU as a whole and thank you all. Specifically |
am grateful to Dr. Paul Johnson for always getting back to me on statistical queries and to
Dr. Thomas Merckx for his extensive assistance during my upgrade. Many thanks to Dr.

Dawn Burnham, Lynne Larkman and Jennifer Lynch for all their administrative support.

Many individuals and organisations have helped fund this work. I’d like to thank
the following: Eppley Foundation, the Darwin Initiative for Biodiversity Grant, the Lillian

Jean Kaplan Foundation, the RG Frankenberg Foundation, the Rufford Foundation, the


http://www.wildcru.org/members/member-detail/?member_id=146
http://www.wildcru.org/members/member-detail/?member_id=161

Boesak-Kruger Foundation, the Disney Foundation and the very kind generosity of Jon
Cummings and family, Sandi Tollman and Adrian Gardiner.

A very big thank-you to my family for their support throughout this undertaking.
My parents, Elizabeth and Bryant, have always encouraged me to follow my dreams and
supported me at every turn. Thank you for fostering an interest in wildlife in me from a
young age and for everything you have done for me over the years. Thanks to my sister,
Caroline, for always being there and prepared to listen and offer good advice. Thanks to
my brother, Andrew, his wife, Maria and their two daughters, Christina and Mary. You
have all helped me in so many ways and | thank you. At different times all of you came to
Hwange and | am very pleased | could share that part of my life with you. Thank you for
always making the effort and for caring so much. I’d also like to thank a few close friends
for their support: Loic, thanks for coming out — always a pleasure to spend time with you;
Laurence it’s been great to be in the same city again; Shelley, thanks for your support and
friendship over the years; Kate, thanks for always having a smile and listening; Blair and
Chantal, thanks for your understanding and generosity; Metes, sorry | missed the big day
to get this done.

Finally, I"d like to say an enormous thank-you to Femkee: you’ve helped so much
and in so many different ways that without you I doubt I would have managed to complete
this thesis. You’ve always made the time to offer both academic and emotional support
and | am extremely grateful to you. It’s been amazing having you in my life and sharing
this time in Oxford together — I can’t wait for the next chapter and our new adventure!

Last of all I would like to thank and dedicate this thesis to Elias Banda. Elias
served National Parks for 30 years and sadly died in 2012. He was a man who reminded us
daily why we love to do the work we do, simply because he did it for nothing in return.

Elias had a love of the bush and nature that was an inspiration to us all. I had the privilege

Vi



of spending many days with him in the bush. There he taught me many things from birds
to grasses to how to make his legendary bangles. | will cherish those memories and thank

him for all the time we shared.

Vil



Glossary

DISPERSAL

Natal dispersal:

An active or passive attempt to move
from a natal site to a breeding site
(Clobert et al. 2009)

Breeding dispersal:
The movement between two successive
breeding areas (Clobert et al. 2001)

Philopatry:

Residence in the natal home range
beyond the age of independence (Waser
and Jones 1983)

Dispersal rate:
The rate of individuals leaving a habitat
patch (Ronce 2007)

Dispersal kernel:

A function that describes the probability
of dispersing different distances (Nathan
2006)

Local adaptation:

The higher fitness of residents in their
native environment compared to
immigrants in the same environment
(Ronce 2007)

Kin competition:
Competition between individuals with the

same allele (Ronce 2007)

Condition dependence:

The relationship between internal and
external factors and behaviour at each
dispersal stage (Bowler and Benton 2005,
Clobert et al. 2009)

Phenotype dependence:

The observed correlation between
morphological, behavioural and life-
history traits with dispersal behaviour at
each stage (Clobert et al. 2009)

Dispersal syndrome:

A suite of characters related to dispersal
behaviour. For example, phenotypic
attributes of a disperser may be different
to those of a resident (Clobert et al. 2009)

Informed dispersal:

A dispersal decision based on social or
non-social cues (Clobert et al. 2009).

viii



Density-dependent dispersal:

The production of dispersing forms or
increased dispersal rates brought about
by crowded conditions (Lambin et al.
2001, Matthysen 2005)

Habitat selection:

Behavioural processes that result in a
biased selection of specific habitats and
occurs during all dispersal stages
(Clobert et al. 2009, Stamps et al. 2009)

Dispersal-distance function:

Explains the majority of dispersal
distances for a particular species, sex and
environment (Wiens 2001)

Perceptual range:

The distances at which animals can
perceive cues in the environment (Stamps
2001)

Conspecific attraction:

The presence of conspecifics in a patch
increases the probability that transient
individuals will settle in that patch
(Stamps 1988)

Natal habitat preference induction
(NHPI):

Experience of a natal habitat increases
the preference for a settlement habitat
similar to the natal habitat (Davis and
Stamps 2004)

Habitat training:

Experience in a type of habitat prior to
dispersal improves performance in a
settlement habitat if the habitat is similar
(Stamps 2001)

DISPERSAL COSTS
Dispersal costs may be incurred directly

or differed during all dispersal stages

Energetic costs:

Includes lost metabolic energy due to
movement and costs related to
development of dispersal morphology
(e.g. wings) (Bonte et al. 2012)

Time costs:

Relate to time that cannot be invested in
other activities since it is invested in
dispersal (Bonte et al. 2012)

Risk costs:

Direct costs that include mortality risk
(e.g. increased predation) and deferred
costs through damage (e.g. wounding)
(Bonte et al. 2012)

Opportunity costs:
Costs incurred by giving up prior
residence advantages or advantages from

being locally adapted (Bonte et al. 2012)



CONNECTIVITY

Metapopulation:

Discrete populations connected by
dispersal (Kokko and Lépez-Sepulcre
2006, Ronce 2007)

Habitat fragmentation:

A landscape-scale process involving
habitat loss and break-up of habitat
(Fahrig 2003)

Wildlife corridor:

Areas in a landscape that facilitate the
movement of organisms (Chetkiewicz et
al. 2006)

Resistance surface:

Indicate the cost of movement as a
function of landscape features.
Resistance surfaces are the foundation of
most modern connectivity models (Zeller
etal. 2012)

Functional connectivity:

The extent to which a landscape
facilitates movement among habitat
patches (Chetkiewicz et al. 2006)

Scale: The spatial or temporal dimension
of a process, characterised by grain
(resolution) and extent (Chetkiewicz et
al. 2006)

Resistant kernel:

The expected density of transient
organisms at any location in a landscape
(Cushman et al. 2013)

Least cost path:

A prediction of the location of movement
routes of minimum cumulative cost value
between source and target cells
(Cushman et al. 2013).

Factorial least cost path:

Calculates a vast number of least cost
paths to show synoptic connectivity
across large and complex landscapes
(Cushman et al. 2013)

Landscape genetics:

The extent to which landscape features
affect the spatial genetic structure of a
population (Manel et al. 2003)



Authors Affiliations

Nicholas B. Elliot, Andrew J. Loveridge, David W. Macdonald, Moreangels Mbizah:
Wildlife Conservation Research Unit, Department of Zoology, University of Oxford,
Recanati-Kaplan Centre, Tubney House, Abingdon Road, Tubney, Oxfordshire OX13

5QL, UK

Samuel A. Cushman: USDA Forest Service, Rocky Mountain Research Station, 2500 S

Pine Knoll Dr., Flagstaff, AZ 86001, USA

Marion Valeix, Stéphanie Périquet: Laboratoire de Biométrie et Biologie Evolutive,
Centre National de la Recherche Scientifique (CNRS), Unité Mixte de Recherche (UMR)
5558, Université Claude Bernard—Lyon 1, Batiment Gregor Mendel, 43 boulevard du 11

novembre 1918, 69622, Villeurbanne, Cedex, France

Godfrey Mtare, Simeone Mudimba: Zimbabwe Parks and Wildlife Management

Authority, PO Box CY 140, Causeway, Harare, Zimbabwe



Chapter 1

General Introduction



General introduction

What is Dispersal?

Every living organism occupies the space it does because it has moved or been
moved there (Begon et al. 2006). Indeed, the distribution of all species observed today
reflects age-old patterns of dispersal and isolation (Kokko and Lopez-Sepulcre 2006). The
term dispersal then encompasses all such movements of individuals or propagules that may
have consequences on gene flow across space (Ronce 2007). Such broad terminology leads
to the word ‘dispersal’ being used to describe other processes such as foraging or
migration which has been bemoaned in recent reviews of dispersal since it hinders the
formulation of general conclusions relating to patterns and processes of dispersal ecology
(Bowler and Benton 2005, Ronce 2007). It is therefore useful to distinguish between two
broad types of dispersal: breeding dispersal and natal dispersal. Breeding dispersal is the
movement between two successive breeding areas (Clobert et al. 2001) while natal
dispersal is an active or passive attempt to move from a natal site to a breeding site
(Clobert et al. 2009). Three separate stages of natal dispersal are recognised: Departure
(initiation of the eventual departure from a natal site), transience (the transfer phase) and
settlement (the selection of a new breeding habitat; Ims and Yoccoz 1997, Clobert et al.
2001, Bonte et al. 2012). Recent studies show that it is important to investigate the
dispersal process in the context of these stages rather than as a single parameter as each
stage may reveal behavioural variation and condition dependencies (Bowler and Benton
2005, Baguette and Van Dyck 2007). Natal dispersal is the focus of this thesis and while
much of this introduction applies to both breeding and natal dispersal, the subsequent
chapters pertain solely to natal dispersal.

The importance of dispersal
Dispersal is probably the most important life-history trait involved in both species

persistence and evolution (Clobert et al. 2001), having implications in population biology,



General introduction

behavioural ecology and conservation (Ronce 2007). Dispersal plays a crucial role in the
maintenance of social systems having consequences not only for the individual, but also
for population dynamics (Macdonald and Johnson 2001) as it affects distribution,
abundance and gene flow (Barton 2001). Through dispersal, species may continue to
persist despite local extinctions (Ronce 2007). From a perspective of genetic diversity,
dispersal can affect the proportion of diversity contained within a population (Wright
1969) thereby mitigating the effect of drift through genetic rescue and reducing the risk of
extinction (reviewed in Tallmon et al. 2004). In terms of evolution, dispersal affects
speciation and can both aid and hinder local adaptation (Barton 2001, Ronce 2007). Thus,
there are important genetic and evolutionary consequences of dispersal which may drive
patterns of dispersal or even the tendency to disperse at all (Begon et al. 2006). Dispersal
also plays a central role in many aspects of applied ecology, such as re-establishment in
recovery programmes, colonisation of new habitats and species response to habitat
fragmentation and climate change (Bullock et al. 2002, Berg et al. 2010).

It is important to note however, as did Macdonald and Johnson (2001), that
although dispersal can positively influence populations in a multitude of ways, under
certain conditions, particularly in fragmented populations or those with anthropogenic
interference, dispersal may have adverse consequences and even help to drive a species to
extinction. For example, dispersing individuals may carry pathogens to non-resistant
populations which may be more detrimental to small populations (Castillo-Chavez and
Yakubu 2001, Macdonald and Johnson 2001, McCallum and Dobson 2002). Alternatively,
alien species may evolve rapidly to colonise new areas, the best known example being
cane toads (Bufo marinus), which are invading Australia at a rapid rate, aided by
adaptation that has produced longer-legged individuals at the invasion front (Phillips et al.

2006). A high dispersal rate may also cause synchronous local population fluctuations,



General introduction

thereby increasing the extinction probability of the whole metapopulation (Macdonald and
Johnson 2001). Where anthropogenic alteration of the environment has occurred,
dispersers may be misled as to habitat quality. For example, dragonflies are drawn to open
surfaces of crude oil and tarmac rather than rivers (Horvath et al. 1998). Dispersal
processes can also lead to the evolutionary suicide of a species (for theoretical examples
see Gyllenberg et al. 2002) as was reported for a rare endemic plant (Centaurea
corymbosa), which counter-selected for long distance dispersal due to high risk and thus is
unable to exchange or form new populations (Colas et al. 1997).

Understanding the causes and consequences of dispersal is therefore crucial to our
understanding of ecology and to improving the management of populations and predicting
how they will respond to increased fragmentation and climate change (Bowler and Benton
2005, Kokko and Lépez-Sepulcre 2006, Ronce 2007). For example, changes to climate
may result in species’ range shift from trees in Sweden (Kullman 2001) to coral in the Gulf
of Mexico (Precht and Aronson 2004), from birds in the United States (Hill et al. 1998) to
dragonflies and damselflies in the United Kingdom (Hickling et al. 2005). However, if
changes occur such that favourable habitats are beyond the dispersal capabilities of a
population or species it may become extinct (Walther et al. 2002). Throughout history
organisms have faced changes to their environment and evolved ways of adapting to them,
including local adaptation, selection and phenotypic plasticity (Clobert et al. 2012). Such
processes however, are relatively slow, especially when compared to the current rapid rate
of climatic change and habitat fragmentation (Kokko and Lopez-Sepulcre 2006). Indeed,
as ecosystems become more fragmented the importance of dispersal is increasingly
apparent as it is often the only mechanism by which organisms move between populations,
thus maintaining population viability and genetic diversity (Clobert et al. 2012). As a

result, habitat connectivity has become a cornerstone of modern conservation (Chetkiewicz
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et al. 2006), resulting in an increased interest in identifying and creating corridors to
facilitate inter-patch movement (for reviews see Sawyer et al. 2011, Zeller et al. 2012,
Cushman et al. 2013).

In light of this it is not surprising that the literature abounds with theoretical and
empirical studies of this crucial life-history trait, resulting in numerous reviews (Waser and
Jones 1983, Hansson 1991, Levin et al. 2003, Clobert et al. 2004, Bowler and Benton
2005, Ronce 2007, Benard and McCauley 2008, Bonte et al. 2012), a special issue in
Science (2006, Volume 313, issue 5788) and entire volumes devoted to the subject of
dispersal (Dingle 1996, Clobert et al. 2001, Bullock et al. 2002, Clobert et al. 2012).
Simply put, understanding dispersal is critical to understanding population persistence in
the modern world. However, despite its importance and increasing interest in dispersal,
this complex ecological process is understudied with respect to its overall significance in
ecology and still represents a substantial knowledge gap since it is poorly understood for
many taxa (Delgado et al. 2010, Clobert et al. 2012). This is largely due to a lack of
empirical data, the intrinsic complexity of dispersal and great variation among species.
Dispersal mechanisms

It is now widely recognised that individuals that disperse are not a random subset
of the population as they frequently have behavioural, physiological and morphological
attributes to make them more efficient at colonising or integrating into existing populations
(Clobert et al. 2001, Bowler and Benton 2005, Ronce 2007). Dispersers therefore may
develop a suite of characters related to dispersal (‘dispersal syndromes’; Clobert et al.
2009).

Organisms can disperse either passively or actively. In plants and most sessile
organisms, dispersal is generally passive. Seeds and other dispersal units (diaspores),

which are unable to move themselves, rely on dispersal vectors. These units, or diaspores,
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are often adapted for dispersal by specific agents such as wind, or another animal that will
transport the diaspores to a new habitat. Organisms which are passively dispersed
generally do not have the capacity to choose their destination site (Murren et al. 2001) but
are very important in colonisation processes such as of islands, a good example being the
sea sandwort (Honckenya peploides), which was dispersed by ocean currents and
colonised a volcanic island 4.8 km from the nearest land mass (Nathan 2006). Wind is a
prolific dispersal agent and atmospheric dust usually consists of between a quarter and a
third organic matter (Maguire 1963) carrying a variety of organisms from pollen to
freshwater invertebrates (Vanschoenwinkel et al. 2008).

Active dispersal involves the dispersing organism moving through its own ability,
and may also involve adaptations to better enable dispersal. Many insects, such as the
parasitoid wasp (Melittobia australica), have a dispersal dimorphism wherein individuals
which disperse have longer wings than those that do not. Similar dimorphism is seen in
water striders (Hemiptera gerridae; Andersen 1993, Andersen 2000), whereas in
Cardiocondyla ant colonies only dispersing males grow wings (Cremer and Heinze 2003).
Some mammals too display a dispersal dimorphism, such as the naked mole-rat
(Heterocephalm glaber), where on rare occasions dispersing individuals emerge with
distinct morphology, physiology and behaviour from their colony members (O'Riain et al.
1996).

In some cases, passive and active dispersal can be mixed. For example, Delgado et
al. (2010) found that the movement of dispersing eagle owls (Bubo bubo) had a marked
directionality, which was largely influenced by dominant winds. Ferrer (1993) reported
similar findings in dispersing Spanish imperial eagles (Aquila adalberti) while Walls et al.

(2005) showed that fledgling common buzzards (Buteo buteo) were more likely to disperse
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when the wind changed to a southerly direction and when minimum temperatures were

lower.

Sex-biased dispersal

In many species one sex will disperse while the other tends to be philopatric: in
birds, it is usually females that disperse, whereas in mammals males are typically the
dispersing sex (Greenwood 1980). Male-biased dispersal is especially prevalent in
polygynous mammals where males are more prone to mortality, particularly with sexually
dimorphic species as there may be intense competition by males for territory and mating
opportunities (Clutton-Brock and lason 1986). What causes one sex to disperse and the
other to remain is still debated; one view is that sex-biased dispersal evolved as a
mechanism to avoid inbreeding — if one sex disperses the chances of inbreeding are
reduced, and in those species where both sexes disperse, one sex will usually disperse
further than the other, again reducing the chances of inbreeding (Packer 1979, Greenwood
1980, Pusey and Packer 1987, Begon et al. 2006, Costello et al. 2008, Lebigre et al. 2010).

The second view is that sex-biased dispersal arises out of intrasexual competition
and that the pattern is explained by the balance between philopatric benefits and
intrasexual competition (Moore and Ali 1984). The social system of a species is therefore
important in determining which sex disperses (Lawson Handley and Perrin 2007). In
polygamous mammals, males compete for mates and therefore will gain from dispersing to
an area with a large number of females. While in birds, males typically compete for
territories and so if they remain philopatric they benefit from being familiar with the natal
area (Begon et al. 2006). Both sexes will usually disperse in solitary animals (but not
always; Waser and Jones 1983) and also among monogamous or cooperatively breeding

mammals. Thus in most canids, mongooses and some primates, both sexes disperse (Smale
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et al. 1997). However, even when a strong sex bias exists, typically philopatric individuals
may occasionally disperse (Smale et al. 1997).
The dispersal process

Dispersal has traditionally been considered from a perspective of population
dynamics at the level of the population. However, the dispersal process is best
conceptualised at an individual level and studied as a multi-stage process involving
departure (instigation of leaving the natal habitat), transience (the movement phase), and
settlement (selection of a settlement site; Clobert et al. 2009, Bonte et al. 2012).

Departure
Ultimate causes

When closely related individuals breed, their offspring often suffer from inbreeding
depression resulting in decreased fitness (Charlesworth and Charlesworth 1987). Dispersal
can help to prevent these negative effects and can be triggered as a response to inbreeding
avoidance. For example, when meadow voles (Microtus pennsylvanicus) were released
into plots, Bollinger et al. (1993) found that individuals were more likely to disperse if the
plot was occupied by siblings than from plots occupied by non-siblings. Similarly, in wild
populations, dispersal has been suggested to introduce genetic variation and reduce
inbreeding in a variety of species (for examples see Wolff et al. 1988, Clutton-Brock 1989,
Girman et al. 1997, Sterck et al. 2005, Costello et al. 2008, Szulkin and Sheldon 2008).

Whether dispersal is driven by inbreeding avoidance and evolved as a direct
consequence is highly contentious (Perrin and Goudet 2001). While reduced fitness may
occur as a result of inbreeding, the negative effects of inbreeding may be outweighed by
the benefits of philopatry such that dispersal patterns may not be influenced (Bollinger et
al. 1993). For inbreeding to occur a structure of kin co-habitation occurs, however, if

resources become limiting, dispersal may be triggered in response to kin competition
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avoidance and where competition occurs as a result of crowded conditions, dispersal may
be density dependent. It is difficult to discern competition avoidance from inbreeding
avoidance since the result in both cases is the same: close kin avoiding one another. The
costs of dispersal may not be adequately compensated for by a lower level of competition.
Therefore in terms of individual fitness, dispersal can be detrimental, but somewnhat
altruistic since relatives may benefit from the release of competition (Perrin and Goudet
2001).

While it is difficult to decipher whether kin competition can be a sole driver of
dispersal, Léna et al. (1998) found that in common lizards (Lacerta vivipara), kin
competition in combination with female density was a major factor promoting dispersal.
Perhaps the most compelling evidence of kin-induced dispersal is found in grey jays
(Perisoreus canadiensis) where independent individuals are evicted by their siblings until
only one offspring remains (Strickland 1991). Relationships between litter size and
dispersal rates have provided evidence that larger litters of red foxes (Vulpes vulpes)
trigger more frequent dispersal (Harris and Trewhella 1988) and dispersal over short
distances when living at higher densities (Lloyd 1980). In the parasitoid wasp it was
shown that increased competition for resources resulted in an increased production of
females with dispersal dimorphism (dispersing individuals have larger wings) but
interestingly found no evidence that high relatedness increases the production of dispersing
females (Innocent et al. 2010).

Whether any of the above factors alone explains the evolution of dispersal is
unclear, and it is possibly more likely that they act together and that this combination of
dispersal driving situations is more common than one factor working on its own (Dobson

and Jones 1985, Clobert et al. 1994, Gandon and Michalakis 2001, Long et al. 2008).
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Proximate causes

Natal and breeding dispersal have a multitude of proximate causes and may include
competition for resources, habitat degradation, competition for mates, predators, parasites
or a combination of these factors (Ronce et al. 2001). Over the last decade, research has
highlighted the implications of climate change on dispersal patterns. For example, under a
positive North Atlantic Oscillation (NAO) index, female European shags (Phalacrocorax
aristotelis) disperse longer distances while in NAO negative years, more male shags
disperse (Barros et al. 2013). This study suggests that if climate change were to result in
long periods of either NAO positive or negative years, long-term maladaptive effects may
occur in European shags (Barros et al. 2013).

Condition-dependent dispersal
Dispersal strategies are frequently condition-dependant, due to both environmental
conditions (e.g. population density, habitat quality, season) and the individual’s phenotype
(e.g. body size, fat reserves; Ims and Hjermann 2001). It is expected that condition-
dependent strategies are generally superior to unconditional or fixed strategies since plastic
dispersal can result in the transience phase ensuing when an individual is most suited to
doing so (Bowler and Benton 2005). Numerous studies have reported that individuals in
good condition depart earlier, disperse over longer distances or disperse at higher rates
(Benard and McCauley 2008, Bonte and de la Pena 2009, Delgado et al. 2010, Clobert et
al. 2012). For instance, heavier European roe deer (Capreolus capreolus) were reported to
disperse earlier than lighter individuals (Debeffe et al. 2012) and post-fledgling flamingos
(Phoenicopterus ruber roseus) in good body condition had a higher movement probability
and dispersed over longer distances than those in poorer condition (Barbraud et al. 2003).
However, in some cases, good body condition may result in individuals being more likely

to stay within the natal area (the so-called ‘silver spoon effect’) as a result of high
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competitive ability and a decision to stay in a patch that has favourable conditions (Stamps
2006). This scenario would entail smaller and weaker individuals being forced to emigrate
by larger, competitively superior individuals (for example, the common shrew Sorex
araneus; Hanski et al. 1991). It can be reasonably assumed that individuals that are forced
to disperse prior to attaining a robust physical condition may incur increased costs, but the
evidence of this is scarce (Dufty and Belthoff 2001). These inconsistencies in condition
dependence are not surprising given the opposing forces acting on dispersal (Gyllenberg et
al. 2008).

Transience

During transience, organisms use environmental cues to assess the quality of a
patch prior to settling in it. These may be assessed by, for example, olfaction or vision and
are influenced by food availability and quality, the presence of conspecifics and potential
mates (Bowler and Benton 2005). For instance, a disperser may wish to avoid adult
conspecifics as shown with dispersing coyotes (Canis latrans) that did not howl (Gese
1998) and rarely scent marked, thus maintaining a low profile so as not to attract attention
from residents (Gese and Ruff 1997). On the other hand, transient individuals may be
attracted to areas with conspecifics (‘conspecific attraction’) as their presence provides an
indicator of habitat quality (Stamps 2001). The ability to perceive cues (ie. the perceptual
range) varies among species and individuals and remains an area of research that is largely
unexplored in most taxa (Lima and Zollner 1996, Bowler and Benton 2005). This is one of
the main reasons why the literature pertaining to search strategies is largely the realm of
simulation models and theory (e.g. Zollner and Lima 1999, Conradt et al. 2003; for a

review see, Van Dyck and Baguette 2005).
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Search strategies

The importance of search strategies during dispersal lie in their impact upon
mortality rates, distances travelled and selection of settlement sites (Conradt et al. 2003,
Doerr and Doerr 2004, Conradt and Roper 2006). While most simulation approaches
model dispersal movement as a random walk or correlated random walk (e.g. Kareiva and
Shigesada 1983, Byers 2001), frequently search strategies do not follow this approach as
organisms are drawn to and repelled by certain cues in the environment (Bowler and
Benton 2005). Non-random search strategies include ‘foray search’ where an individual
searches the environment in loops, returning to a central and favourable habitat before
exploring in another loop (Conradt et al. 2003). Zollner and Lima (1999) used simulation
models to contrast the effectiveness of various dispersal search strategies and found that
straighter paths vastly improved the probability of survival and that this type of movement
was the most effective search rule as straighter paths avoid redundant search and improve
the likelihood of finding a vacant patch quickly. This is similar to what Stamps (2006)
termed ‘sequential search’ strategies whereby individuals either accept or reject patches
they encounter; if rejected they continue the search in a directional manner. ‘Comparative
search’ strategies on the other hand involve organisms visiting a number of patches before
eventually selecting one from among their sample (Stamps 2006). Meanwhile, Zollner and
Lima’s (2005) simulations demonstrated that transient individuals can benefit from
moving at slower speeds thereby engaging in more effective anti-predator behaviour. This
is seemingly at odds with a study on eagle owls which reported that transient owls moved
faster than residents (Delgado et al. 2009) but their findings did concur with the straighter
paths prediction of Zollner and Lima (1999). More generally, Van Dyck and Baguette
(2005) argue that dispersal movement can be described by two classes of movement:

routine movements which are associated with resource exploitation and are characterised
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by returning to a location, and special movements which are generally fast and direct,
designed for displacement.

Of all three phases, the transience phase is the least documented as there is a
paucity of data on dispersal movement stemming from the difficulties associated with
tracking organisms during this period (reviewed in Nathan et al. 2003, Jacobson and Peres-
Neto 2010). This has resulted in most population and evolution models assuming that
individuals move at random in heterogeneous environments (for a review see Patterson et
al. 2008). However, unrealistic representations of dispersal are likely to yield inaccurate
predictions regarding dispersal behaviour and processes (Bowler and Benton 2005). A
thorough assessment of the ecological and evolutionary implications of dispersal therefore
requires robust empirical studies which have been lacking and widely called for by recent
reviews (Jacobson and Peres-Neto 2010, Clobert et al. 2012, Baguette et al. 2013). Such
studies will inform conservation strategies (Macdonald and Rushton 2003) and improve
the way dispersal is represented in simulation models (Zollner and Lima 2005) and
connectivity studies (Schwartz et al. 2009).

Settlement

Settlement occurs once an individual has moved into and remains within a patch.
The size of a suitable patch is expected to influence the probability that it will be detected
and settled in by transient individuals since larger patches are more likely to be found.
Patches isolated by long distances are likely to receive few settlers since patch colonisation
is often a function of patch isolation (reviewed in Bowler and Benton 2005).

Habitats

Once settlement has occurred, an individual’s fitness is expected to vary depending

on habitat quality, conspecifics and heterospecifics (Stamps 2001). Conspecific attraction

is thought to be a major driver of settlement site selection and occurs when the presence of
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conspecifics attracts transient individuals to a patch (Stamps 1988). Empirical studies
suggest that residents occurring at low densities are more likely to attract newcomers,
whereas at high densities this is less likely (Stamps 2001). More recently the theory of
natal habitat preference induction (NHPI) has gained prominence (Davis and Stamps 2004,
Benard and McCauley 2008, Mabry and Stamps 2008, Stamps et al. 2009). NHPI assumes
that experience in the natal habitat will shape the selection of a settlement habitat with
individuals more likely to settle in habitats similar to the natal one (Davis and Stamps
2004). While this syndrome has long been assumed (Immelmann 1975), only recently did
Mabry and Stamps (2008) find empirical evidence for it, in dispersing brush mice
(Peromyscus boylii). Finally the silver spoon effect assumes that transient individuals in
good condition are more likely to settle in high quality habitats than those in poor
condition (Stamps 2006). Thus there are multiple criteria affecting settlement decisions
and the decision to settle is often condition-dependent as individuals adjust their dispersal
tactics according to external cues (Clobert et al. 2009).

Despite the fact that the dispersal process consists of three distinct phases:
departure, transience and settlement, the majority of dispersal literature focuses on the first
and last phase, departure and settlement, mainly due to the difficulties associated with
obtaining data on dispersing individuals as they move, often over long distances, through
diverse habitats (Bowler and Benton 2005). However, when only the start and end points
of dispersal are known, it appears that the transience phase is a linear process which is
seldom the case (Wiens 2001). In addition the spatio-temporal matrix between departure
and settlement is not featureless and research should take into account how an animal
moves and the landscape through which it is moving (Wiens 2001). Indeed, there is
accumulating evidence that dispersing individuals move in a non-random, exploratory

manner, visiting several areas and transferring information before returning to a favoured
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habitat (Begon et al. 2006, Clobert et al. 2009). While most authorities on dispersal argue
that the dispersal process should be split into three stages (departure, transience and
settlement), this is rarely taken into account in empirical studies and an investigation into
the whole process has probably never been carried out on any one species (Bowler and
Benton 2005).

Costs of dispersal

Dispersal is an inherently risky process and may entail a variety of costs such as
increased predation, aggression from conspecifics, starvation and reduced breeding
opportunities (reviewed in Bonte et al. 2012). Thus the costs of dispersal may be direct or
deferred and can be levied during departure, transience and settlement. There are four main
cost classes: (1) energetic costs refer to lost metabolic energy due to movement and costs
associated with the development of dispersal machinery (e.g. wings); (2) time costs relate
to time lost during dispersal that could have been invested in other activities; (3) risk costs
include mortality risk and deferred costs such as wounding; (4) opportunity costs are
incurred by giving up advantages associated with residency or being locally adapted
(Bonte et al. 2012).

The overall costs of dispersal are difficult to quantify and disentangle, resulting in a
paucity of reliable data on the cost of dispersal over philopatry. For example, Bonte et al.
(2012) pointed out that while many studies have compared fitness-related parameters of
philopatric and dispersing individuals in order to infer dispersal costs (e.g. Bélichon et al.
1996) only a few explicitly demonstrate mortality during dispersal (e.g. Soulsbury et al.
2008). However, since the costs of dispersal will ultimately determine the performance of
dispersing individuals and shape the evolution of dispersal it is important to understand
dispersal costs. More specifically, survival during dispersal is a critical component for the

long-term survival of populations since they depend on having a sufficient number of
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individuals that successfully disperse and reproduce (Kokko and Lépez-Sepulcre 2006).
Indeed the impact of dispersal on the processes described above (see pg. 2, ‘The
importance of dispersal’) are determined by the survival and fitness of those dispersers
(Gillis and Krebs 2000).
Quantifying dispersal

The difficulties associated with quantifying dispersal are well documented (for
reviews see Nathan et al. 2003, Jacobson and Peres-Neto 2010). Both indirect and direct
approaches can be used for investigating dispersal. Indirect measures do not necessarily
involve direct observation of dispersal, but inferences can be made by measuring gene
flow. For example, examining allele frequency differences can reveal levels of dispersal
(Sahlsten et al. 2008) and dispersal distances (Spong and Creel 2001). Models can also
provide a useful tool to aid our understanding of dispersal, and as a result many have been
used to investigate various processes involved in the evolution of dispersal and the
different stages (for recent examples see Chaianunporn and Hovestadt 2012, Kuijper and
Johnstone 2012, Travis et al. 2012, Chaine et al. 2013, Imbach et al. 2013, Lam and Lou
2013, Lewis et al. 2013, Stevens et al. 2013). Models are particularly useful since there is
a lack of empirical data to answer many dispersal related questions (Macdonald and
Johnson 2001) but this lack of data can lead to misrepresentations of dispersal leading to
inaccurate and costly predictions (Bowler and Benton 2005).

Direct approaches generally consist of mark-recapture methods (e.g. Moerkens et
al. 2010) and/or the use of telemetry devices (e.g. Yoder et al. 2004). Tracking devices are
becoming more advanced and therefore more suitable to study dispersal movements. Thus,
the use of direct methods enables researchers to monitor the entire dispersal event,
allowing researchers to answer fine-scale questions on the movement and life history

characteristics of dispersers (Jacobson and Peres-Neto 2010). Even with these advances in
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technology it is difficult to quantify dispersal movement and behaviour, especially for
cryptic species that live at low densities. However, as landscapes become more
fragmented, it is becoming increasingly important to understand large-scale animal
movement and particularly dispersal in order to inform conservation and management
policies.

A recent paper by Packer et al. (2013) illustrates the point: the authors conducted a
meta-analysis across 42 lion (Panthera leo) populations and related lion density to
management practices. Their findings revealed that in fenced reserves lions are closer to
their carrying capacities and cost less to manage compared to unfenced reserves. This led
the authors to conclude that “physical separation is highly effective for conserving African
lions” (Packer et al. 2013). However, if the management implications of this study were
upheld and lion populations fenced, this would drastically increase habitat fragmentation
and eradicate all existing connectivity and dispersal between sub-populations leaving lions,
and other species, in genetic isolation. Indeed, a population genetics model predicted that
the long-term genetic diversity of lions requires a minimum of 50-100 prides with no
limits to dispersal (Bjorklund 2003). It is therefore crucial that more information on lion
dispersal and movement during transience is gathered before conclusions and
recommendations such as those in Packer et al. (2013) are implemented.

The case of the African lion

Current status

The African lion population has almost halved in the last three decades and
continued declines have led to their classification as Vulnerable on the IJUCN Red List
(Bauer et al. 2012). In 1980 there were an estimated 75,000 lions (Ferreras and Cousins
1996), while today it is likely that a maximum of 35,000 free ranging lions remain (Riggio

et al. 2013). It is thought that the causes of their decline are largely anthropogenic (Bauer
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et al. 2012). For instance, a rapidly growing human population has brought lions into
closer proximity with humans resulting in high rates of livestock depredation and
subsequent retaliatory and preventative killings of lions (Woodroffe and Frank 2005,
Kissui 2008). As human populations grow, so too does their demand for land, resulting in
another, related cause of decline: increased fragmentation of lion populations (Bauer et al.
2012). In the last 100 years lions have lost 75% of their former range (Figure 1.1a),
resulting in high levels of habitat fragmentation (Riggio et al. 2013). The declines of both
lion numbers and habitats has led to numerous range-wide priority setting exercises aimed
at identifying ‘Lion Conservation Units’ (Figure 1.1b; IUCN 2006), sub-populations
(Figure 1.1c; Chardonnet 2002) and ‘strongholds’ (Figure 1.1d; Riggio et al. 2013). The
evidence suggests that lion populations are becoming more fragmented, and hence it is
critical to understand the consequences of increased isolation. As mentioned above, a
population model genetics model suggested that a minimum of 50-100 prides are needed to
maintain genetic diversity and avoid the damaging effects of inbreeding (Bjorklund 2003).
These conditions are met in only a few populations, increasing the threat of decreased
genetic diversity which can increase sperm abnormality and decrease reproductive
performance (Packer et al. 1991). However, it is unclear whether sub-populations across
the African continent are isolated or whether there are certain factors or wildlife corridors

that may facilitate dispersal and gene flow between them.
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Figure 1.1: Range-wide priority setting exercises for the lion in Africa. The figures
show (a) the historic and current range of lions (Panthera 2013), (b) lion conservation
units (IUCN 2006), (c) possible sub-populations in Southern Africa (Chardonnet
2002) and (d) the potential ‘strongholds’ among lion populations. All figures suggest
the extent to which lion populations may be isolated but no empirical data supports
which populations might be connected.
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Lions in the literature

Despite the fact that lions have been a focus of scientific research since the 1960’s,
there are surprisingly few detailed studies on large-scale lion movement and none on the
movement or ecology of dispersing lions. In order to quantify this, | conducted a literature
search of peer-reviewed publications that focus on basic ecological variables and noted the
demographic categories that were studied. | searched for papers using the Web of
Knowledge (Thomson Reuters 2013) with the following search criteria: Topic = Panthera
leo AND habitat OR space OR home-range OR connectivity OR movement. The search
was thereafter refined to exclude any papers on the Asiatic lion (P. leo persica) and any
studies that focused on pride composition, genetics or disease. This resulted in a final
selection of 26 papers. I classified each article according to which search term it fell under,
the demographic group that was used for analysis and method of data collection. The

summary of this data is depicted in Figure 1.2.
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Figure 1.2: Mosaic plot depicting a literature search of papers pertaining to lion
movement, habitat, space-use, home range and connectivity. The columns are split
according to the demographic category of lions studied. The width of the columns is
proportional to the amount of papers found (total N = 26 papers). Space-use and home
range papers have been combined in this figure. No peer-reviewed papers we found

that dealt with lion connectivity.

The majority of papers were based on data from adult females (20/26) and adult
males (24/26) whereas only three papers mentioned sub-adult lions but did not provide
detailed ecological data. For example, Funston (2011) used data on adult males and
females to calculate spatial distribution in the form of home-ranges. He also monitored
sub-adults but provided no ecological information on the sub-adults and in particular on
dispersing individuals. VHF or GPS collars were used to collect data in 22 studies and
more often than not were deployed on pride females. No studies were found where sub-
adults were collared. Given that habitat fragmentation is a key cause of the decline in lions

(Bauer et al. 2012) it is surprising that no papers were found that dealt with lion
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connectivity. Habitat and space-use dominated the research on lions and only two papers
detailed movement. None of the papers found compared any of these search terms between
adults and dispersers. Thus sub-adults and dispersal in particular is under-studied in lions
and subsequently there is little knowledge on this crucial life-history stage.

Dispersal in lions

Lions are the most social of all the felids and live in fission-fusion groups, the
foundation of which is a group of related females and their offspring (Packer et al. 1990).
Male lions are transient to the pride and often form single sex coalitions of related males
during sub-adulthood and adulthood (Schaller 1972). In general, coalitions do not tolerate
the presence of non-coalition members in their territories and encroachment usually results
in conflict (Grinnell et al. 1995, Packer 2001). Smuts (1982) found that in Kruger National
Park, South Africa, male lions become sexually mature at 26 months, but did not mate
until they were about five years old.

Apart from the importance of studying dispersal in lions, they are an ideal species
to study dispersal for a number of reasons: they are one of the most studied large
carnivores and so there is a vast literature pertaining to their social structures and ecology;
they are relatively conspicuous compared to other carnivores; their dispersal phase is
relatively long (Pusey and Packer 1987), making it possible to acquire large amounts of
data; advances in satellite technology enables the collection of data over vast distances.
Consistent with recommendations by Clobert et al. (2009) and Bonte et al. (2012) |
consider the dispersal of lions as a three stage process.

Departure

Lions display male-biased dispersal, but some females do disperse (Pusey and
Packer 1987), prompting research into why some females disperse and others are

philopatric. For instance, VanderWaal et al. (2009) reported that in the Serengeti National
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Park, 50% of female cohorts dispersed when potential pride size exceeded the habitat
optimum. While dispersal occurs at a specific age in many taxa (Matthysen 2012), there is
no standard age that lions leave their natal pride and this varies within and between
populations; 20 to 65 months in Serengeti National Park and the Ngorongoro Crater,
Tanzania (Hanby and Bygott 1987), 36 to 60 months in Kruger National Park, South
Africa (Funston et al. 2003). In a seminal study on lion dispersal in the Ngorongoro Crater
and Serengeti National Park, Hanby and Bygott (1987) sought to establish the reasons that
some lions emigrate while others remain philopatric. Many of their results are pertinent to
the current study: (1) the authors reported that the emigration of sub-adults was most
highly correlated with unfamiliar males entering the pride. Emigration was due to
intolerance of the sub-adults by incoming adult males, which effectively evicted all sub-
adult males and those sub-adult females which were too young to breed; (2) their results
confirmed earlier reports that lions display sex-biased dispersal since all sub-adult male
lions left while most (61%) females were philopatric; (3) in sub-adult males, larger groups
were more likely to disperse when they were older which was assumed to be due to larger
groups being able to better deter eviction. The authors explored other variables in relation
to dispersal propensity including relationship with adult females, food availability, inter-
pride competition, mating opportunities, pride size and population density. Of these, only
population density appeared to have any influence (although it was marginal) over whether
or not sub-adults emigrated (Hanby and Bygott 1987). Thus, processes such as density-
dependent dispersal and condition-dependent dispersal are seemingly outweighed by the
competition posed by incoming adult males. This result is particularly intriguing in lions
since their social systems are highly susceptible to disturbances as adult male lions are
trophy hunted and killed by agro-pastoralist communities (Woodroffe and Frank 2005,

Loveridge et al. 2007c, Loveridge et al. 2010). The vacuum created by the deaths of males
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is then filled by incoming males that kill all cubs and evict all sub-adults irrespective of
their age (Packer 2001). In populations where the male turn-over is high, it can be
reasonably assumed that this has an effect not only on cubs, but also on sub-adults that are
forced to disperse before they have attained a physical condition capable of successful
dispersal. However, this has not been tested.

Transience

Little is known of the transience stage and lion dispersal has usually been viewed
as a linear process. For example Spong and Creel (2001) used genetic data to determine
dispersal distances for lions in the Selous Game Reserve, Tanzania, and reported that sub-
adults dispersed around 1.3 home ranges away. In Kruger National Park it was reported
that lion disperse a small distance of no more than 20km from their natal range (Funston et
al. 2003). However, the number of transient months for lions in the Serengeti ecosystem
was reported to be between 0 and 44 months (Pusey and Packer 1987). Given this, lions
may be in the transience phase for up to four years, yet almost nothing is known of the
distances travelled, the search strategies they employ, the interactions with conspecifics,
the land types they traverse, the habitats they use or the costs they incur.

A number of studies have reported that transient sub-adult lions are potentially the
most prolific livestock killers and that lion carcasses recovered from retaliatory killings
were frequently sub-adults (Stander 1990, Patterson et al. 2003, Patterson et al. 2004).
This is not surprising given the vast distances lions can move, the rarity of finding a vacant
territory, the lack of tolerance by resident males and the increased fragmentation and
human encroachment on their range. However, if dispersing lions are indeed prone to
livestock raiding, this has important implications for potential connectivity management

planning and lion population dynamics.
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Settlement

Transient individuals either settle in a vacant area or challenge resident males for
pride tenure and territory ownership. Male lions continue to grow until seven years of age
but are thought to start to challenge for pride tenure at between four to six years old (Smuts
et al. 1980, Skinner and Smithers 1990). In the Serengeti, Pusey and Packer (1987)
reported that females which dispersed gave birth to surviving cubs later than philopatric
females, while in the Ngorongoro Crater, females that dispersed were less likely to survive
beyond eight years of age. For males, the authors reported that larger coalitions become
resident younger and spent fewer months as transients than those that dispersed in smaller
coalitions (Pusey and Packer 1987).

While there are a few papers that deal with lion dispersal, none have looked
specifically at the transience phase, focussing instead on the multi-causality of dispersal
with particular emphasis on females (Hanby and Bygott 1987, Pusey and Packer 1987,
VanderWaal et al. 2009) and dispersal distances (Spong and Creel 2001, Funston et al.
2003). However, as noted above, the primary reasons for the decline of lions across Africa
are increased conflict with people and habitat fragmentation (Bauer et al. 2012). Lion
dispersal can potentially have a critical role in both of these processes and it is therefore of
utmost importance that a thorough understanding of lion dispersal, particularly transience
and settlement, is achieved. In addition, dispersal is of particular importance in lions for
the following chain of reasons: population size is highly correlated with the number of
prides; pride size is limited by density-dependence. Therefore, the only way lion
populations can increase is by forming new breeding units which will occur through

dispersal (Packer et al. 2005a).
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Study area

Hwange National Park (HNP) is situated in north-western Zimbabwe (19°00'S,
26°30'E) and covers an area of approximately 14,900km? (Figure 1.3). HNP is bordered to
the west by Botswana and to the north by the Matetsi Safari Area (MSA) and the Deka
Safari Area (DSA). The north-eastern border consists of private land and that owned by the
Forestry Commission, making up the Gwai Valley Conservancy (GVC). The south-east
borders with agro-pastoralist human settlements. The area is essentially flat, varying in
altitude from 800 to 1100 m becoming hillier in the northern areas including Matetsi.

Buffer zones, in the form of hunting areas, make up two thirds of the park
boundary separating HNP and areas of human settlement (agro-pastoral/communal lands).
Agro-pastoral lands in the area include Tsholotsho to the southeast with Hwange and
Lupane Communal Lands to the north of GVC. Under the Communal Areas Management
Plan for Indigenous Resources (CAMPFIRE) wildlife can be utilised (i.e. sport hunted) in
these areas. HNP is not fenced and so animals can move freely from the park into the
surrounding hunting and communal areas. The core study area was located in the northern
section of HNP and covers an area of approximately 9000 km? incorporating national park,
hunting areas and communal lands.

Vegetation and soils

The area is characterised by dystrophic savannah with nutrient poor acidic soils.
Deep Aeolian Kalahari sands dominate approximately two-thirds of HNP. Batoka basalts,
Karoo sediments and Pre-Cambrian rocks are the three other major geological types that
occur (Rogers 1993, Potts et al. 1996). The vegetation is primarily woodland and bushland
savannah (64%), interspersed with small patches of grassland. More specifically, the
vegetation communities are dominated by Baikiaea plurijuga, Colophospermum mopane,

Combretum spp., Acacia spp. and Terminalia sericea (Rogers 1993). The density of
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woody vegetation was mapped using the Moderate Resolution Imaging Spectroradiometer
(MODIS) Vegetation Continuous Fields dataset (Hansen et al. 2005), which provides
percentage tree cover at a resolution of 500x500m (Figure 1.4).

Water availability

Surface water is available from seasonal waterholes, although only a few hold
water in the dry season (Haynes 1996), during which time water is artificially supplied to
some (=50) waterholes (Valeix et al. 2010). Figure 1.3 illustrates the pumped and seasonal
waterholes within the study area. There are seasonal rivers in the north of HNP as well as
in GVC and Matetsi. Daily rainfall was recorded at two weather stations within the study
area, approximately 30km apart. These were averaged to give a rainfall profile across the
study area. The long-term mean annual rainfall is 613mm and is highly variable
(CV=26%), generally falling between October and April. Annual rainfall was 870mm in
2008, 785mm in 2009, 877mm in 2010, 569mm in 2011 and 589mm in 2012 which are the
years corresponding to our study (Figure 1.4).

Seasons

We categorised three seasons consistent with previous studies in this area
(Loveridge et al. 2009b): early dry season (March — June), late dry season (July — October)
and wet season (November — February). During a typical early dry season there is a mean
rainfall of 111 + 73mm with a decrease in the amount of surface water and fodder
available. The late dry season has less rainfall (25 £ 27mm) and surface water is restricted
to artificially pumped waterholes and a few natural pans which hold water throughout the
year. The deciduous trees lose their foliage and fodder is at its lowest quality and quantity
compared to the rest of the year. The wet season is characterised by a mean rainfall of 514
+ 160mm and surface water is readily available in the abundant, natural waterholes (Figure

1.3). During the wet season forage is at its highest quality (Holdo 2003, Davidson 2009).
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Human impact

HNP is surrounded by hunting concessions and safari areas where trophy hunting
takes place (Figure 1.3). In addition, in the adjoining communal lands, animals which
either Kill livestock or damage crops are occasionally shot in operations of Problem
Animal Control (PAC). The impacts of trophy hunting on lions have been extensively
documented in this study area, with wide ranging effects including diminished lion
density, increased infanticide and alterations to socio-spatial dynamics of the population
(Loveridge et al. 2007b, Loveridge et al. 2007c, Loveridge et al. 2009a, Loveridge et al.
2009b, Davidson et al. 2011). The communal lands to the south east of the park
(Tsholotsho) and those to the north of GVC utilise wildlife under the CAMPFIRE
programme. Both these areas suffer from crop- and livestock-raiding wildlife and
retaliation is not uncommon (Loveridge et al. 2010).

Prey species

HNP has a sedentary prey base including a variety of herbivore species. Lions in
this study area are known to prey on a wide range of ungulates including buffalo (Syncerus
caffer), giraffe (Giraffa camelopardalis), zebra (Equus burchellii), kudu (Tragelaphus
strepsiceros), sable (Hippotragus niger), roan antelope (H. equinus), impala (Aepyceros
melampus), and warthog (Phacochoerus africanus; Davidson et al. 2012, Davidson et al.
2013). At the height of the dry season, and especially in years of drought, lions will also
prey on elephants (Loxodonta africana), which occur at high densities (Loveridge et al.
2006, Chamaillé-Jammes et al. 2009). Herbivore populations are generally stable with
rainfall and seasonality affecting their dynamics (Valeix et al. 2008, Chamaillé-Jammes et

al. 2009).
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Carnivore community

HNP has a range of large carnivores including lions, spotted hyaenas (Crocuta
crocuta), brown hyaenas (Hyaena brunnea), cheetahs (Acinonyx jubatus), leopards (P.
pardus) and African wild dogs (Lycaon pictus).

The lions of HNP

The lion population of HNP has been intensively studied since 1999 making it the
ideal site to carry out this research since lion social structures are well known. Since 1999,
75 lions (31 adult females, 2 sub-adult females, 29 adult males and 13 sub-adult males)
have been fitted with Global Positioning System (GPS) radio-collars in HNP with around
200 known individuals in 50 prides. In the first few years of the study the sex ratio was
approximately six females to one male, but is now around two females to one male
(Loveridge unplished data, Loveridge et al. 2007c). The family lineage of many of the
known lions has been documented and an extensive whisker spot library (Pennycuick and
Rudnai 1970) is operational allowing for accurate identification of dispersers once they
have left their natal pride.

Lion density in the study area is currently estimated at 3.5 lions/100km?
(Loveridge, unpublished data), a considerable increase from 2007 when the density was
estimated at 2.7 lions/100km? (Loveridge et al. 2007c). The increase in lion density is
largely due to changes in management policies pertaining to trophy hunting. Between 1999
and 2004 annual hunting quotas reached 60 lions per year (Loveridge et al. 2007c). In
2005 the Zimbabwe Parks and Wildlife Management Authority suspended lion trophy
hunting to allow the population to recover (Packer et al. 2006, Davidson et al. 2011). In
2009 trophy hunting was resumed with a much reduced quota of ten adult males per year

in the areas surrounding HNP.
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Figure 1.3: The study area Hwange National Park (HNP) is shown in the centre. HNP is bordered by wildlife management areas (WMA’s) to the West,
forest reserves to the North East and agro-pastoral lands to the South East. Sport hunting of lions is carried out in all forest reserves and WMA’s, but not in
Botswana. Lions which kill livestock in the agro-pastoral lands are occasionally shot as problem animals. Also depicted are waterholes, most of which do
not retain water in the dry season during which time water is artificially pumped to around 50 waterholes.
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Figure 1.4: The density of woody vegetation as depicted by the Moderate Resolution Imaging Spectroradiometer (MODIS) Vegetation Continuous Fields
dataset (Hansen et al. 2005), which provides percentage tree cover at a resolution of 500x500m.
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General methods

This section details the general methods that have been used to obtain the data for
the chapters of this thesis. More detailed methods are provided in each chapter.

Whisker spots

Each individual lion has a unique combination/array of whisker spots that are
commonly used for identification. Lions have long whiskers arranged in parallel rows on
either side of the upper lip. Each whisker arises from a black spot and based on the
patterns of these spots individual lions can be identified (Pennycuick and Rudnai 1970).
This method has been applied in the current study site since 1999 providing an extensive
database that allows for the identification of dispersal events prior to the deployment of the
radio-collars. Based on sighting data and whisker spots the dispersal timing and lineages
have been calculated for 66 individuals.

GPS collars

Lions typically live at low densities and are cryptic, nocturnal animals making
them difficult to study by pure observation. For this reason Global Positioning System
(GPS) collars with satellite communication were deployed for the collection of spatio-
temporal data. The GPS satellite collars automatically collect GPS points during the night
and so data is collected regardless of whether the animal is in an inaccessible area which is
of vital importance in the current study area as it consists of multiple land use policies and
practices. The collars were scheduled to take GPS points at regular intervals allowing for
robust data collection. These points are then transmitted via satellite and stored on a server
enabling the researcher to remotely download the data and follow an animal’s movements
on a daily basis. This also ensures that data loss is minimal as dispersing lions can be

difficult to locate due to the distances they travel.
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A variety of different collars have been used in this study (Table 1.1), with

decisions on type of collar dependent on a variety of factors pertaining to each individual

to be collared. All collars used weigh less than 3% of the animal’s body mass and so are

acceptable to research ethics committees.

Table 1.1. Summary of the collars used in this study. The varying number of fixes per day varied

due to differing costs and battery life calculations

Collar Type Weight (g) Fixes per day = Manufacturer

VHF 875 None Sirtrack Ltd. Havelock North, New Zealand
GPS Simplex 950 12 Followit Holding AB, Lindesberg, Sweden
GPS Iridium 1500 11 Vectronic Aerospace GmbH, Berlin, Germany
GPS Argos 1500 8 Sirtrack Ltd. Havelock North, New Zealand
GPS Iridium 1030 12 African Wildlife Tracking cc, South Africa

Lion immobilisation

Under Zimbabwean law, laypersons possessing a Dangerous Drugs License are

permitted to use drugs in order to immobilise animals. All lion captures were therefore

carried out by qualified personnel. A 2ml dart filled with drugs (Table 1.2) is fired from a

Dan-inject JM Special, CO, dart rifle (Dan-inject RSA, Skukuza, South Africa) from a

distance of 10-30m. While immobilised a collar is fitted and a blood sample taken.

Extreme care is taken to monitor the vital signs of the immobilised animal and recovery

typically occurs after 172 + 64min (Loveridge et al. 2007c).

Table 1.2. Summary of the drugs used to immobilise lions in this study.

Drugs

Standard dosage

Tiletamine hydrocloride/Zolazepam hydrochloride 250mg
(Zoletil; Virbac RSA, Halfway house, RSA)

Xylazine

(Rompun; Bayer, Leverkusen, Germany)

Atipamezole (reversal)

(Antisedan, Farmos, Orion Corp., Finland)

100mg

10mg per 100mg Xylazine

34



General introduction

Thesis overview

Chapter 2: ‘In the name of the father: dispersal mortality reveals a delayed
infanticide in African lions’

In this chapter | investigate the average age at which a lion leaves its natal pride
and how this affects survivorship during dispersal. Lion social systems are particularly
susceptible to anthropogenic perturbations such as trophy hunting and conflict with
pastoralists, both of which afflict the study population. Such perturbations lead to a high
turn-over of territorial males, resulting in increased levels of infanticide. This chapter
explores whether the turn-over of pride males has a knock on effect, as sub-adults are
forced to emigrate regardless of age or condition. Evidence is presented to show that age at
dispersal has a marked bearing on whether or not sub-adult males (but not females) survive
transience. The timing of dispersal was most closely related to the presence of unfamiliar
adult males within the natal pride. This chapter has been submitted to American Naturalist.

Chapter 3: “Differences in rest site selection by dispersers and adults: The case of
the African lion’

Resource selection and space use are frequently studied at a species level, ignoring
individual variation and changing life stages. In this chapter | investigate fine-scale space
use in lions by examining rest site selection of both dispersing males and territorial adult
males. The results suggest that individual needs vary in accordance with life stage and this
may be reflected in space use. This chapter has been submitted to Behavioral Ecology and
Sociobiology.

Chapter 4: ‘Movements vary according to dispersal status, group size and
rainfall: the case of the African lion’

Movement data during dispersal are rare, and even more so in large mammalian

carnivores. | present in-depth analyses of a fine-scale GPS dataset to compare the
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movement ecology of lions during different stages of natal dispersal (departure, transience
and settlement) with that of territorial adults of both sexes and investigate how this varies
in relation to rainfall and group size. The results suggest that movement behaviour reflects
a transition from directional movement during transience to random or periodic use of a
fixed territory after settlement. Thus | highlight the importance of examining the
interaction between environmental conditions and the state of the organism to understand
the drivers of biologically-based transition processes. This chapter has been resubmitted to
Ecology.

Chapter 5: “The devil is in the dispersers: predictions of landscape connectivity
change with demography’

This chapter investigates how connectivity metrics (resistance surfaces) vary
depending on the data from which they are parameterised. Dispersal is recognised as being
the principal natural mechanism for connecting sub-populations, yet most studies that
investigate connectivity rely on data collected from adult individuals. The results
demonstrate that the demographic category used to parameterise resistance surfaces may
lead to radically different results and that a failure to include dispersing individuals when
parameterising resistance surfaces intended for connectivity modelling may lead to
erroneous conclusions and subsequently, unsound management strategies. This chapter has
been resubmitted to Journal of Applied Ecology.

Chapter 6: General discussion

This concluding chapter summarises and discusses the results from the preceding
chapters and puts them into a wider context. In addition, future work and recommendations

are made.
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Appendices

Appendix | - Despite many studies conducted on the effect of predation risk on prey
behaviour, very little is known on how the actual presence of the predator in the vicinity
affect prey vigilance behaviour. We studied how 2 species with different body-size and
ecology, impala and zebra in Hwange National Park, Zimbabwe react to the presence of
lions depending on group size, distance to cover and season. We assessed the presence of
lions using radio-collars. We measured two types of vigilance: routine vigilance can be
conducted while chewing, while intense vigilance is a more acute process forcing the
animal to stop any other activity and is therefore more costly. We expected intense
vigilance to increase in the presence of lions. Indeed, this is what we observed for zebras
but impalas seem to adjust their vigilance to cues less specific, such as group size. Zebras
also react differently to lions depending on the season, showing that the response to
predation risk differs between species and within species. This manuscript has been
published in Behavioral Ecology.

Appendix Il — This study is the first to investigate the genetic diversity of the lion
population in Hwange National Park. Understanding the population genetic diversity of a
species is of crucial importance for managing and protecting biodiversity. The present
study investigates the gene flow and population genetic structure of HNP lions. We
sampled 87 individuals and used the genotypes from 17 microsatellite loci in our analyses.
We present evidence of the presence of 14 immigrants (11 males, 3 females). In addition
we describe a weak genetic structure, high gene flow within HNP and the lack of any
major genetic division. Thus the lion population of HNP is genetically healthy. This

manuscript has been re-submitted to Conservation Genetics.
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Chapter 2. Delayed infanticide in African lions

Abstract

Successful dispersal is a critical parameter for species persistence and evolution. Despite this,
factors determining successful dispersal are poorly understood, particularly in wide-ranging
species. Condition-dependent dispersal strategies tend to be more successful than fixed ones
since they can entail dispersal occurring when an individual is most suited to doing so.
However, the juvenile’s family group or conspecifics may initiate premature dispersal, which
could influence whether or not dispersal is successful. We studied dispersal in African lions
(Panthera leo) and investigated a) whether dispersal age affects dispersal success and b)
factors determining dispersal timing. We found that all males that dispersed before 31 months
died during transience and that dispersal coincided, regardless of age or body condition, with
the arrival of unfamiliar adult males. Whereas a high turn-over of territorial males is known
to result in infanticide and eviction of sub-adults, our results indicate it can also induce a

previously undescribed, ‘delayed infanticide’.
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Introduction

Dispersal, the movement from a natal to a breeding site, is inherently risky
and can entail a variety of costs such as increased predation, aggression from
conspecifics, starvation and reduced breeding opportunities (reviewed in Bonte et al.
2012). Despite this, some individuals do disperse, and those that survive to reproduce
in a new social group influence a range of processes including population dynamics,
gene flow and species distribution (Gillis and Krebs 2000). In light of increased
habitat fragmentation and global warming, the importance of successful dispersal is
increasingly apparent as it is often the primary mechanism by which metapopulations
are sustained and new ones founded (Ronce 2007, Clobert et al. 2012). Successful
dispersal is therefore a critical component for both species persistence and evolution.
Despite its importance, the factors determining whether or not dispersal is successful
are still poorly understood, particularly in large, wide ranging species.

The ultimate causes shaping the evolution of dispersal are thought to involve
inbreeding avoidance, competition (from kin and conspecifics) and habitat variability
(Bowler and Benton 2005). However, the timing of dispersal may be condition-
dependant, triggered by individual phenotype (e.g. body size, fat reserves), or
environmental conditions (e.g. population density, habitat quality, season), or a
combination of both (Ims and Hjermann 2001). Condition-dependent strategies tend
to be more successful than unconditional or fixed strategies since plasticity in
dispersal timing can entail dispersal occurring when an individual is most suited to
doing so (Bowler and Benton 2005). For instance, European roe deer (Capreolus
capreolus) and Belding’s ground squirrels (Spermophilus beldingi) may only initiate
dispersal once a critical mass has been attained (Holekamp 1984, Holekamp 1986,

Debeffe et al. 2012). It follows then that dispersing before attainment of a robust
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physical condition may incur increased costs (Stamps 2006). Indeed there is
considerable literature on body size and its influence on dispersal which points
towards a positive correlation between body size and dispersal ability (reviewed in
Benard and McCauley 2008). In many species, body size is related to age and thus
the age at which an individual disperses may also be a predictor of whether or not
dispersal is successful (e.g. Waser et al. 1994).

If survival probability during dispersal increases with age, juveniles should
delay dispersal (Tarwater and Brawn 2010). However, for this to occur their family
group or conspecifics must allow them to remain (Ekman 2006). Parent-offspring
conflict and kin competition can affect the timing of dispersal, with more intense
competition when resources are limited or when population density reaches a critical
threshold. For instance, kin competition in combination with adult density has been
shown to promote dispersal in common lizards (Lacerta vivipara; Léna et al. 1998).
If density-dependence is a limiting factor, it follows then, that juveniles from large
litters are more likely to disperse (e.g. Harris and Trewhella 1988), and to disperse
young (e.g. Hanby and Bygott 1987). In territorial species, the potential risks
associated with early dispersal may be counter-balanced for bigger groups of
dispersers, since larger groups usually overcome smaller groups, thus enhancing the
likelihood of territory acquisition (Clutton-Brock 2002).

Parent-offspring conflict can entail parents forcing the dispersal of their
offspring even under conditions where dispersal is risky (Johnson and Gaines 1990).
In territorial species, such competition may be manifest with the arrival of unfamiliar
adult males into the family group. For instance, in African lions (Panthera leo), a
male take-over of a pride results in the eviction or death of resident adult males and

the infanticide of cubs (Packer and Pusey 1984, Loveridge et al. 2007c). Incoming
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males will also kill or evict sub-adult males and those females that have not yet
reached sexual maturity (Hanby and Bygott 1987). Indeed, Hanby and Bygott (1987)
found that the arrival of new males was highly correlated with dispersal initiation and
it is likely that the unpredictable timing of pride take-overs resulted in the wide range
of dispersal ages reported (20-65 months). However, the frequency at which pride
take-overs occur could be exacerbated by anthropogenic perturbations such as
conflict with pastoralists and trophy hunting. While high levels of anthropogenic
mortality have been shown to result in increased infanticide (e.g. Swenson et al.
1997), it is plausible that it may also result in young, and therefore risky dispersal.

In this study, we investigated whether the turn-over of territorial male lions
would have a knock on effect, a ‘delayed infanticide’, as sub-adults are forced to
disperse regardless of age or condition, which may compromise their survival during
dispersal. We examined the factors determining successful lion dispersal in Hwange
National Park, Zimbabwe, an ecosystem where the lion population has been
impacted by trophy hunting and is characterised by a high turn-over of territorial
males (Loveridge et al. 2007c, Loveridge et al. 2010, Davidson et al. 2011). The
goals of this study were twofold: first, to assess whether the probability of surviving
dispersal is a function of dispersal age, sex and/or group size; second, to investigate
factors related to the timing of lion dispersal, with a specific focus on the role of
pride males and incoming males.

Methods
Study area and population

The study area (=7,000km?) was located in the northern section of Hwange

National Park (HNP), Zimbabwe (19°00°S, 26°30°E). Vegetation consists primarily

of woodland and bushland savannah (64%) and communities are dominated by
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Baikiaea plurijuga, Colophospermum mopane, Combretum spp., Acacia spp. and
Terminalia sericea. The long-term mean annual rainfall is 613 mm (CV~26%) and
generally falls between October and April. Surface water is available from seasonal
waterholes, although only a few hold water year round. In the dry season water is
artificially supplied to some (=50) waterholes. We categorised three seasons
consistent with previous studies in this area: early dry season (March-June), late dry
season (July-October) and wet season (November-February).

Approximately 6,000 km? of the study area is within HNP with the remainder
in safari areas and agro-pastoral lands (Figure 2.1). There is no restriction of lion
movements between protected areas and agro-pastoral lands as evidenced by the
trajectories of two singleton dispersing sub-adult males shown in Figure 2.1. Trophy
hunting occurs in the surrounding safari areas, with annual quotas reaching 60 lions
between 1999 and 2004 (Loveridge et al. 2007c). In 2005 lion trophy hunting was
suspended to allow population recovery (Davidson et al. 2011). Trophy hunting
resumed in 2009 with annual quotas of around 10 adult male lions. In addition, lions
which kill livestock in the surrounding agro-pastoral lands are occasionally shot in
management operations of Problem Animal Control. Alternatively they may be
snared or poisoned by local agro-pastoralists (Loveridge et al. 2010). The source
population has been monitored without interruption since 1999 and lion density is
estimated around 3.5 lions/100 km?2 (Loveridge, unpublished data). The data used
here were recorded from observations during the period 1999-2012 during which
time 33 females and 43 males were fitted with GPS radio collars (see Loveridge et
al. 2007c for details). Lion prides were regularly sighted and details of group

composition and location recorded. Care was taken to individually identify lions
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during all sightings using whisker vibrissae spots and other distinguishing marks

(Pennycuick and Rudnai 1970).
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Figure 2.1: Map showing Hwange National Park (HNP) and surrounding forest
reserves, wildlife management areas and agro-pastoral lands. The red ellipse indicates
the study area. Controlled lion hunting occurs in forest reserves and wildlife
management areas (but not in Botswana). Lions that venture into agro-pastoral lands
may sometimes be shot by management and frequently poached by communities. The
trajectories detail the movement paths of two dispersing male lions (SPIbM5 and
CATaML1 - both singletons). The letters in the circles denote start (S) and end (E)

points for transience. CATaM1 was still dispersing at the time of writing this article.

Dispersal data
Sub-adults were defined as individuals between 18 and 48 months old

(consistent with Pusey and Packer 1987). The age of sub-adults was based on
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sightings of them soon after birth, enabling accurate estimation of their age (within
one month). A total of 66 sub-adults (33 males and 33 females) in 28 different age-
sets were observed to disperse from their natal pride. Dispersing lions were allocated
a dispersal group identity (N=28), and fifteen of these groups contained at least one
collared individual. In two cases there was only one sub-adult in a pride, while in all
other cases they dispersed together in groups (up to 13 individuals) that broke up,
males and females splitting first, then into smaller groups. Dispersal group identity
and dispersal group size were based on these subsequent splinter groups and not the
original group that dispersed from the natal pride.

Age at dispersal was calculated as the mid-point between the last time a sub-
adult was seen with its natal pride and the first time either was seen alone (mean time
interval £ SD = 1 + 1.5 months). A dispersing individual was deemed to have
established a territory and therefore survived dispersal when it had been observed in
an area for a minimum period of two months and reproduced thereafter.

Adult males

Consistent with Hanby and Bygott (1987) we considered two aspects of adult
males as being important to the timing of sub-adult emigration: the death or
departure of the pride males and the arrival of unfamiliar adult males within the natal
pride. We were interested in investigating whether the protection lost due to the
absence of pride males resulted in sub-adult dispersal or whether this was more likely
to occur once unfamiliar males made contact with the natal pride.

First we calculated the number of months between the death or departure of
the pride male and the dispersal of sub-adults. Where coalitions of multiple pride
males were present and died intermittently we used the timing of the last adult male

to depart or be Killed. In all dispersal groups where dispersal occurred in the absence
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of pride males the last remaining male of the coalition was collared and thus the
accuracy of the date for their death or departure is estimated as (mean + SD =1+ 0.9
month). We use the term ‘pride male’ to refer to territorial males which are presumed
to be the fathers of all sub-adults within the pride, since they had been in attendance
at the time of their birth.

Second we calculated the number of months between when an incoming
male was first seen with adult females of the natal pride and the subsequent
dispersal of sub-adults. We were able to accurately determine when unfamiliar
adult males first came into contact with each natal pride through the use of radio
collars. In all but one instance at least one adult female from the natal pride was
collared in addition to at least one adult male from the incoming coalition. In the case
of one dispersal group, the incoming male was not collared but one of the adult
females from the natal pride was. The use of radio collars enabled frequent sightings
and the pairing of GPS data to establish first contact between the natal pride and
incoming males.

Statistical analyses
Factors affecting survival during dispersal

We performed general linear models with a binomial error structure where
our response variable was survived (1) or died (0). We created ten a priori candidate
models to test whether survival during dispersal was a function of age at dispersal,
sex of disperser, dispersal group size and combinations and interactions therein.
Determinants of dispersal age

We performed linear models with age at dispersal as the response variable.
Our explanatory variables consisted of (1) a class variable for pride male present or

absent at the time of each dispersal event; (2) a class variable for incoming male
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present or absent at the time of each dispersal event; (3) the number of sub-adults in
the natal pride at the time of each dispersal event; (4) sex of dispersers; (5) natal
pride biomass — we used field data for adult weight (Loveridge et al. 2009b) and
growth equations for cub and sub-adult weight (Smuts et al. 1980); (6) the age of
individual sub-adults when new cubs were born. Of the 66 recorded dispersal events,
21 occurred while the pride males were still in attendance and 45 occurred when the
pride males had died or been evicted. Of these 45 events, 40 occurred after an
incoming male had been sighted with the sub-adult’s natal pride. We therefore did
not consider the variables pride male present/absent and new male present/absent as
independent and used new male present/absent in the subsequent analyses. We
created 24 a priori candidate models including each of the main effects and
combinations and interactions therein.

Relative roles of pride males or incoming males

To determine whether dispersal was triggered by the departure of pride
male(s) or the arrival of new males we performed a paired t-test comparing the
number of months between both scenarios and the commencement of dispersal.

For all models, dispersal group identity was used as a blocking factor. To
identify the best model we used model selection based on Akaike Information
Criterion corrected for small sample size (AlICc). Where one model was clearly
superior (w;>0.9) this was used, otherwise we obtained parameter estimates and
unconditional confidence intervals by averaging across the models, correcting for
model weights using R package AlCcmodavg v.1.30 (Burnham and Anderson 2002,
Mazerolle 2013). Finally, we performed separate chi-square tests to determine the
distribution of dispersal timing across seasons. All statistical analyses were

performed in R 2.15.1 (R Core Team 2012).
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Results
Factors affecting survival during dispersal

Of the 66 recorded dispersal events, 49 individuals (28 males, 21 females in
21 age-sets), were recorded from emigration to settlement or death. The remaining
17 individuals (5 males, 12 females in seven age-sets) were observed to emigrate
from their natal prides and disappeared. We therefore could not confirm whether or
not they established a new territory and thus they were not included in this analysis.
Of the 49 individuals that were observed to settlement or death, 65% survived to
establish a territory (17 males, 15 females) while 16% (N=8) were poached and 10%
(N=5) were shot as ‘problem animals’. One dispersing male lion died of natural
causes (probably killed by an adult male) and three deaths were undetermined.

The top model consisted of an interaction between dispersal age and sex,
followed by a model with the same interaction and the additive group size (Table
2.1). Given that both these models had substantial support we averaged across them
to provide estimates and unconditional confidence intervals (Cl). For males,
successful completion of dispersal increased with the individual’s age at dispersal
(estimate + SE = 0.685 £ 0.289; CI = 0.118 — 1.252; Figure 2.2). The age at which
sub-adult females dispersed had no effect on whether or not they survived to
establishment (estimate + SE included 0 and 95% CI included 0). There was a slight
tendency of higher survival probability for dispersers in bigger groups (estimate + SE
= 0.029 + 0.233; CI = -0.428 — 0.486) but since the estimate + SE included 0 and
95% CI included O, we considered the interaction between dispersal age and sex as

the main factor influencing successful dispersal.
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Table 2.1. Summary statistics for models of survival to establishment during dispersal for

African lions in Hwange National Park. Explanatory variables consisted of (1) ‘disp.age’ —

age at dispersal; (2) sex of disperser; (3) ‘G.S.” — number of individuals per dispersing group.

Models in bold indicate the two top models which were averaged correcting for model
weights. Included are the log likelihood, the AlCc differences (Ai), the Akaike weights (w;)

and the number of parameters (K).

vl Rank  Model halinod  AICC AT wi K
Survived 1 disp.age * sex 1991  51.21 0 077 5
dispersal (1) vs 2 disp.age * sex + G.S. 1990 5380 259 021 6
died during 3 disp.age + G.S. -26.35 61.61 1040 0.00 4
dispersal (0) 4 disp.age -28.11 6276 11.54 0.00 3
5 G.S. -28.39 6332 1211 0.00 3
6 disp.age + sex -27.28 6347 1226 0.00 4
7 disp.age +sex + G.S. -26.27 6393 1272 0.00 5
8 sex 2891 6436 13.15 0.00 3
9 Null -31.63 65.35 1414 0.00 1
10 sex +G.S. -28.39 6570 1448 0.00 4

Figure 2.2: Logistic regression curve showing the effect of dispersal age on the
probability of surviving to establish a territory for both male and female sub-

adult lions in Hwange National Park, Zimbabwe.
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Determinants of dispersal age

The variables that were most influential in determining the timing of dispersal
included the sex of sub-adult, presence of new males, and pride biomass (Appendix
2.1). Overall there was a wide distribution of dispersal ages spanning over two years
with sub-adult males dispersing when they were older (mean + SD = 34.1 + 7.4
months, range = 20-45, Figure 2.3) compared to sub-adult females (mean + SD =
30.2 £ 6.5 months, range = 18-45, Figure 2.3; estimate + SE = 3.001 = 1.291; 95%
Cl =0.471 — 5.532). Sub-adult males dispersed in smaller groups (mean £ SD = 2.6
+ 1.1, range = 1-6) compared to females (mean + SD = 4.5 + 2.6, range = 1-8) but

neither group size, nor the birth of new cubs, had a bearing on the timing of

dispersal.
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Figure 2.3: Dispersal ages for male and female sub-adult lions in Hwange
National Park, Zimbabwe. The dashed line indicates the mean dispersal age for

each sex.
Sub-adults dispersed earlier if incoming males were present (mean £ SD =
28.6 = 6.1 months) compared to when no new male was present (mean £ SD = 37.6 +
5.2 months; estimate £ SE = -4.554 + 1.737; Cl = -7.959 — -1.150; Figure 2.4). Pride
biomass appeared in the top model, revealing a tendency for lower dispersal age with

increased pride biomass (estimate £ SE = 0.003 + 0.002; 95% CI = -0.8.35E-05 —
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0.007). However the estimate + SE included 0 as did the 95% CI; thus we considered
the arrival of immigrant males as the main factor influencing dispersal age.

A separate chi-squared test revealed that dispersal was markedly seasonal
with more emigration occurring during the wet season than in either the early dry or
the late dry season (x*=7.363, d.f.=2, p=0.025). Sub-adults of both sexes dispersed
younger during the wet season (mean + SD = 29 + 5.8 months) compared to the early
dry season (mean + SD = 36 + 4.6 months) or late dry season (mean + SD =34 + 8.5

months).
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Figure 2.4: The age at which lions dispersed relative to the presence or absence
of incoming males. Boxes show medians, 25% and 75% quartiles. Triangles
indicate means. Whiskers indicate 10-90 percentiles. Dots represent the raw
data.

Relative roles of pride males or incoming males
In the case of 34 dispersers, pride males were trophy hunted, and for 11
dispersers, pride males were evicted by incoming males (always when the coalition

had been weakened either through trophy hunting or illegal killings). Sub-adult age
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at the time of pride male’s death or eviction ranged from 1 to 37 months (mean + SD
= 15 £ 10.2 months). In order to determine whether new males encountering the
pride or the death or emigration of the pride males was more likely to determine the
timing of dispersal we analysed the subset of individuals which dispersed after the
pride male died and new males were seen with the natal pride (N=40). The number
of months between the death or eviction of resident males and new males being
sighted with the natal pride ranged from 0 to 19 months (mean £ SD = 12 = 8
months). A paired-samples t-test showed that there was a significant difference
between the number of months to dispersal after the pride males had died or
emigrated and after a new male was seen with the natal pride (t;39=8.97; p<0.001,
Figure 2.5). Once the pride males had died or been evicted the time to dispersal for
the sub-adults was highly variable (mean + SD = 14.6 + 8.9 months, range: 2-40
months) while dispersal occurred far sooner after a new male was first seen with
their natal pride (mean + SD = 1.6 £ 3.2; range: 0-10 months). In fact, 63% (N=25)
dispersed within the same month that incoming males were first seen, and 26%
(N=9) dispersed a month later. Finally, a chi-squared test showed that the season
during which dispersal most frequently occurred shifted from the late dry season
when incoming males were absent to the wet season when incoming males were

present (x*=17.271, d.f.=2, p<0.001).

52



Chapter 2. Delayed infanticide in African lions

B
o
.

w
(6]

w
o

N
()]

>
[>e

-
o

Number of months to emigration
N
(=)

|
:

|
|
[%

Father absent New male present

Figure 2.5: The number of months to emigration for sub-adult lions after the
death/departure of the pride males and after a new male was first seen with their
natal pride. Boxes show medians, 25% and 75% quartiles. Triangles indicate

means. Whiskers indicate 10-90 percentiles. Dots represent the raw data.

Discussion

Our results show that for sub-adult male lions the probability of successful
dispersal increases with dispersal age as those that dispersed young generally did not
survive. Males dispersed between 20 and 42 months of age, but all those that
dispersed under 31 months of age died during dispersal. Interestingly, the regression
curve linking survival probability with dispersal age was very steep indicating that
dispersal delayed by even a few months can drastically increase survival probability.
In contrast, the age at which female sub-adults dispersed had no bearing on whether
or not they survived dispersal.

That sub-adult males suffered high mortality if they dispersed when young is
most likely due to their relatively small body size and inexperience. Lion body mass

for males and females has a strong linear relationship with age (r2 = 0.98 and 0.99

53



Chapter 2. Delayed infanticide in African lions

respectively) up until 36 months (Smuts et al. 1980). Thus lions that disperse when
they are relatively young are at a competitive disadvantage and are likely unable to
compete for territory with older, larger males. This may prolong the amount of time
and increase the distance travelled as vulnerable transients which in itself could
escalate mortality risk as reported for American martens (Martes americana,;
Johnson et al. 2009). Since not all dispersing lions were collared, we could not
accurately determine the date of establishment for all individuals and thus did not
analyse the time length of dispersal. However, our data provide some support for this
hypothesis: for instance, a lone male lion that dispersed at the age of 27 months was
transient for 848 days and travelled some 4,223 kilometres during the 16 months he
was radio collared (Figure 2.1). During his transience phase he spent considerable
time outside the protected area and was subsequently shot for raiding livestock. A
similar fate was recorded for 27% (N=9) of our dispersing male study animals which
were either shot as problem animals or subject to retaliatory killings. Thus our results
are typical of a system impacted by trophy hunting and retaliatory killing, and hence
characteristic of a population under anthropogenic pressure (Loveridge et al. 2010).
In addition, increasing energy demands, coupled with hunting inefficiency and
inability to compete for occupied territories, may result in dispersing lions taking
more risks than do adults. Indeed, studies in Namibia and Kenya have reported that
dispersing sub-adult lions are more prone to stock-raiding than adults (Stander 1990,
Patterson et al. 2003, Patterson et al. 2004). Furthermore, studies that have reported
mortalities during dispersal in other species frequently note that the cause is
anthropogenic (e.g. Kenward et al. 1999, Real and Mafiosa 2001, Klar et al. 2009,

Smallwood et al. 2009).
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Our findings are consistent with studies in other taxa that reported increased
costs among young male dispersers (Waser et al. 1994, Ekman et al. 1999, Tarwater
and Brawn 2010, Sparkman et al. 2011). For instance, Waser et al. (1994) reported
that the survival rate of dispersing male dwarf mongooses (Helogale parvula)
increased with age. While mongooses of both sex dispersed, only males had
increased survival with dispersal age. Indeed, the costs of dispersal are expected to
vary at an individual level according to sex (Bowler and Benton 2005). It is likely
that female lions dispersed younger than males since sexually mature females are
likely to remain and mate with immigrant males (Hanby and Bygott 1987). That
female dispersal age had no bearing on their survival is typical of polygynous
mammals, where females are less prone to mortality, particularly in sexually
dimorphic species (Clutton-Brock and lason 1986).

The range of male dispersal ages (20-45 months) was similar to that reported
in the Serengeti National Park and the Ngorongoro Crater, Tanzania (20-65 months;
Hanby and Bygott 1987), whereas in Kruger National Park, South Africa, sub-adults
tended to disperse older (36-60 months) which may have improved their survival
(Funston et al. 2003). The timing of dispersal for both sexes was most highly related
to the take-over of the natal pride by unfamiliar adult males. This finding is
consistent with that of Hanby and Bygott (1987) and behavioural data collected
during their study showed that incoming males were intolerant of all lions except
females that were sexually receptive and effectively evicted all other sub-adults. This
is in line with our field observations and it is likely that a similar mechanism was
occurring. Similarly, the role of parental tolerance in delaying dispersal was
experimentally shown in Siberian jays (Perisoreus infaustus) where the removal of

fathers resulted in the dispersal of offspring, particularly when they were replaced by
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despotic immigrant males (Ekman and Griesser 2002). Our study takes such findings
one step further to show that age at dispersal has significant implications for survival,
which may be particularly pronounced in ecosystems and species affected by a high
off-take of adult males.

We had expected that the benefits of group size (Clutton-Brock 2002) would
translate into increased dispersal success for larger groups. While there was a
tendency of support for this hypothesis, the relationship between dispersal age and
dispersal success had far greater explanatory power. Indeed, as Funston et al. (2003)
noted, fully mature males can resist younger males, even when outnumbered.
Similarly, we had anticipated that dispersal timing may be density-dependent.
However, neither the age of sub-adults when new cubs were born nor the number of
sub-adults in an age set appeared to influence dispersal timing. Pride biomass did
appear in our top candidate models indicating that in the absence of incoming adult
males, this variable may have more influence.

While many mammals disperse seasonally, for example the Eurasian badger
(Meles meles; Macdonald et al. 2008), lions dispersed throughout the year and the
relationship between season and dispersal timing was not straightforward. Overall,
dispersal occurred most frequently in the wet season but this was largely the period
when incoming males were present; dispersal most frequently occurred in the late
dry season if incoming males were not present. Between 1999 and 2012 we recorded
77 anthropogenically caused adult male mortalities. Of these, 56% occurred during
the late dry season (which is typically the trophy hunting season), 29% in the early
dry season and 16% in the wet season (Loveridge, unpublished data). It follows then
that territorial males killed in the late dry season were frequently replaced in the wet

season and dispersal was triggered.
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Sub-adults that dispersed in the early and late dry seasons tended to be older
than those that dispersed in the wet season, leading us to tentatively propose that the
dry season is an optimal dispersal time. In the semi-arid savannah of Hwange, the
ecology of lions is heavily influenced by artificial waterholes, particularly in the dry
season when lions thrive as prey animals are generally more vulnerable and their
distribution more predictable (Valeix et al. 2010). It is therefore unlikely that
increased competition is driving dispersal in the dry season, but rather it represents
an optimal dispersal window.

Free-ranging populations that suffer high levels of anthropogenic mortality,
such as our study population (Loveridge et al. 2010), experience an increased rate of
male turnover, often resulting in infanticide (Swenson et al. 1997, Loveridge et al.
2007c¢). Our study reveals a previously undescribed, secondary ‘delayed infanticide’
that may be amplified in populations that experience a high off-take of resident adult
males. In summary, it appears that the timing of lion dispersal is highly related to the
presence of incoming males, leading to an increased mortality rate for male lions that
disperse younger than 31 months of age. It is plausible then, that in ecosystems with
minimal off-take of adult males, dispersal would occur later and be more successful.
These results have implications for the management of lions and should be
considered in the same way as infanticide when setting hunting quotas for lions (e.g.

Whitman et al. 2004).
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Appendix

Appendix 2.1: Summary of model selection statistics for linear models investigating the
timing of dispersal for lions in Hwange National Park. Our explanatory variables consisted
of (1) ‘new_males’ — a class variable for incoming male present or absent at the time of
each dispersal event; (2) ‘N.S” — the number of sub-adults over 18 months in the natal
pride at the time of each dispersal event; (3) ‘sex’ — sex of dispersers; (4) ‘P.B.” — pride
biomass; (5) ‘ASWCB’ — the age of individual sub-adults when new cubs were born.
Models were ranked according to Akaike weights (w;) based on the Akaike Information
Criterion for small sample size (AlCc). Models in bold indicate the two top models which
were averaged correcting for model weights. In all models group identity was entered as a
blocking factor. Included are the log likelihood, the AICc differences (Ai) and the number
of parameters (K).

Vbt Rank  Model :iolgelihood AlCc Al w - K
Age at 1 new males + sex + P.B. -197.97 409.37 0.00 040 6
dispersal 2 new males + sex -199.89 410.78 141 020 5
(months) 3 new males + sex + ASWCB -199.09 41160 223 013 6
4 new males * sex -199.89 41320 3.82 0.06 6

5 new males + N.S. + sex -199.89 41321 3.84 006 6

6 sex+ ASWCB -201.26 41351 414 0.05 5

new males + N.S. + sex +

7 ASWCB -199.06 414.05 4.68 0.04 7

8 N.S. +sex+ ASWCB -200.71 41483 546 0.03 6

9 sex+P.B.+ ASWCB -201.12 41566 6.29 002 6

10 sex -203.96 416,57 7.20 0.01 4

11 P.B. +sex -203.37 41773 8.36 001 5

12 N.S. +sex -203.48 41795 858 001 5

13 new males -206.08 420.82 11.44 0.00 4

14 new males + P.B. -205.19 421.37 12.00 000 5

15 new males + N.S. -205.59 422.18 1281 0.00 5

16 new males + ASWCB -205.66 422.33 1296 000 5

17 new males + N.S. + ASWCB -204.92 42327 1390 000 6

18 new males + P.B. + ASWCB -205.11 423.65 1428 0.00 6

19 N.S.+ ASWCB -206.41 423.82 14.45 0.00 5

20 ASwWCB -208.59 425.84 16.46 0.00 4

21 N.S. -208.76 426.18 16.81 0.00 4

22 P.B.+ASWCB -208.58 428.17 18.79 0.00 5

23 P.B. -210.66 429.98 20.61 0.00 4

24 NULL -223.46 451.10 4173 000 2
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Chapter 3. Rest site selection

Abstract

Resource selection is frequently studied at a species level, ignoring individual variation
and changing life stages. However, individual needs vary throughout ontogeny and this
may be reflected in space use. We investigated fine-scale space use in lions by examining
rest site selection of both dispersing males and territorial adult males. We visited 104 rest
sites and 69 random points in order to examine the effects of habitat, visibility, distance to
water, distance to road and distance to territorial males on rest site selection. The primary
factor influencing rest site selection for dispersing males was that they be far from
territorial males. Their rest sites were randomly selected based on their visibility, distance
to roads and water, but they did select for bushed grasslands. The rest sites of territorial
males were characterised by high visibility, bushed grassland habitat and close proximity
to roads and waterholes. We suggest that these results highlight divergent strategies as
dispersers are subordinate to territorial males and thus seek to avoid them. In addition,
territorial males have knowledge of their surroundings and select for specific habitats and

environmental features that allow them to maximise the resources therein.
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Introduction

Resource selection and space use are central themes in ecology, influencing a range
of processes from species coexistence to evolution (Morris 2003, Broekhuis et al. 2013).
Despite its importance, space use is frequently assessed at a species level, under the
assumption that individuals do not differ and that preferences remain constant throughout
ontogeny (Campioni et al. 2012). However, space use may vary intra-specifically, with
differences occurring at an individual level (Boydston et al. 2003), according to
reproductive state (McLoughlin et al. 2002, Mackie and Racey 2007), social rank (Ekman
and Askenmo 1984), sex (Clutton-Brock et al. 1987, McLoughlin et al. 2002, Rodway et
al. 2003) or age (Rodway et al. 2003, Pettorelli et al. 2009).

Space use by adults has been studied for many species, but much less so during
natal dispersal (hereafter dispersal). Consequently, it is still largely unknown for many
mammal species whether dispersers and adults utilise their environment in a similar
manner (Palomares et al. 2000, Selonen and Hanski 2006). Soulé (1991) proposed that
residents use habitats that satisfy all life-history requirements, whereas habitats used
during dispersal only need to provide resources required by individuals moving through
patches. In general, resources in space and time can be utilised more efficiently if an
individual is familiar with its surroundings i.e. has ‘a cognitive map’ (Vuilleumier and
Perrin 2006, Gautestad et al. 2013). While adults may have spatial and temporal
knowledge of their surroundings, natal dispersers moving through novel environments
may not (Campioni et al. 2010). This may be particularly pronounced in territorial species
for which the priorities of residents and dispersers are likely different (Delgado et al.
2009). Therefore adult space use may not be an accurate predictor of dispersal space use

(Selonen and Hanski 2006).
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We compared the space use of adult and dispersing African lions (Panthera leo).
African lions are a revealing model species to study fine-scale space use during dispersal
as there is an extensive literature on their resource selection, including use of vegetative
cover during hunts (Funston et al. 2001, Hopcraft et al. 2005), reliance on waterholes
(Valeix et al. 2010), preference for Kkilling in thick vegetation (Davidson et al. 2012) and
general habitat selection (Schaller 1972, Davidson et al. 2011, Broekhuis et al. 2013).
Conversely nothing is known of space use by dispersing lions.

Dispersal in lions is sex-biased as sub-adult males always disperse while females
rarely do (Pusey and Packer 1987). Two factors likely to influence space use by male
dispersers are limited knowledge of their surroundings and the avoidance of territorial
adults. Male lions continue to grow until seven years of age and are at their prime between
five and seven years old (Smuts et al. 1980). In Serengeti National Park and the
Ngorongoro Crater, Tanzania sub-adult males had a wide range of dispersal ages (20-65
months; Hanby and Bygott 1987), whereas in Kruger National Park, sub-adults tended to
disperse older (36-60 months; Funston et al. 2003). Since dispersers are younger, they are
morphologically smaller than adult males and thus are at a competitive disadvantage.
Furthermore, territorial males do not tolerate the presence of non-coalition members in
their territories and encroachment may result in physical conflict (Grinnell et al. 1995,
Packer 2001). Due to their limited knowledge of surroundings, inexperience and smaller
size, we expect dispersers to utilise the landscape differently to territorial males.

In order to investigate fine-scale space use, we examined and compared rest site
selection of dispersing males and territorial adult males. Rest sites are important because
lions are opportunist, stalk-and-ambush hunters and may be inactive for up to 20 hours per
day (Schaller 1972). Since lions rely on vegetative cover for concealment (Funston et al.

2001, Hopcraft et al. 2005), we expected that both habitat type and visibility would be
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important factors in rest site selection. In Hwange National Park (HNP), Zimbabwe, where
this study was conducted, prey select areas close to waterholes (Valeix et al. 2009) and
subsequently so do lions (Valeix et al. 2010). We therefore expected that territorial males
would select rest sites in close proximity to waterholes. Roads inside HNP directly connect
perennial waterholes and were historically built along major game trails. Since lions may
rotate between waterholes (Valeix et al. 2011), we expected that territorial lions would use
roads to travel between waterholes and therefore preferentially rest close to them. For
dispersing males, we expected that their space use would reflect a motivation to minimise
encounters with territorial males while maximising hunting success, thereby displaying a
balance between concealment and visibility (Camp et al. 2012). In addition, due to lack of
familiarity with their surroundings we expected dispersing lions not to show strong
environmental selection, consistent with other dispersing predators (Beier 1995, Miller et
al. 1997). More specifically, we hypothesised that they would select rest sites far from
territorial males, in habitats offering concealment and further from waterholes and roads
compared to territorial males.
Methods
Study area

HNP is situated in north-western Zimbabwe (19°00'S, 26°30'E) and covers an area
of approximately 14,900km?. The core study area (~7000km?) included the northern and
central parts of HNP. The vegetation is primarily woodland and bushland savannah,
interspersed with small patches of grassland (Rogers 1993). HNP is semi-arid with a wet
season from October to April and a dry season from May to September. The long term
mean annual precipitation is 613mm, which varies considerably (CV~26%). Surface water

available to animals is primarily from rainwater collected in natural depressions. However,
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most of these do not hold water in the dry season, when water is artificially supplied to
around 50 waterholes (Valeix et al. 2010).
Lion data

Between May and October 2011, eight lions (five territorial males and three
dispersing sub-adult males) were fitted with Global Positioning System (GPS) radio-
collars (see Loveridge et al. 2007c for details of capture and handling). All individuals
were from different social groups and the data used for dispersing males were from the
transience phase of dispersal while individuals were outside their natal range. The
transience phase was deemed to have commenced once the sub-adult had left its natal
pride and did not return thereafter. GPS collars were programmed to take hourly fixes
during the night from 18:00h to 07:00h. Using these GPS data individual rest sites were
defined as a cluster of locations where a minimum of two consecutive GPS fixes were in
the same location. Only night time rest sites were selected as this is when lions are active
and more likely to encounter conspecifics as well as prey. To ensure that rest sites were
accessible for observers to collect environmental data (see below) we visited only those
rest sites within a 1km buffer of any road. It is unlikely this sampling regime caused a bias
as roads did not follow any particular habitat type. In total we visited 157 clusters. On
arrival at a cluster, a detailed inspection of the area was carried out to ensure no feeding
had occurred. Sites where remains of a kill were found (N=53) were excluded from this
analysis, resulting in a total of 104 rest sites, 58 for dispersing males and 46 for territorial
males.

To investigate whether rest site selection was random, we compared actual rest
sites to randomly selected points (used vs. available). Within the 1km buffer zone along
roads, we created 100 random points of which we visited 69. We used the same set of

random points for the analysis of rest site selection of dispersing and territorial males,
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selecting the same number of ‘available’ sites as there were ‘used’ sites for each individual
lion. Since dispersers do not have defined home-ranges, the available points for each
individual were randomly selected from the entire dataset, ensuring that no available point
was used twice. The adult males were territorial, potentially restricting the habitat that is
available to them. Therefore we randomly selected available sites within each adult male’s
home-range. Individual home-ranges were created using all the GPS locations collected
during this six month study period and were calculated based on the 95% isopleth using a
Kernel Density Estimate (KDE) function. Kernel isopleths were calculated using the
reference smoothing factor h.s as recommended by Hemson et al. (2005).

Environmental variables

For each rest site and random point we calculated the distance to the nearest
waterhole, the distance to the nearest road, visibility and habitat type. The distances to the
nearest waterhole and road were calculated in QGIS (Quantum GIS Development Team
2012) whilst data on visibility and habitat were collected in the field. To ensure minimal
vegetation change during the study period no sites were visited after the first rains.

The visibility at each rest site was assessed using two 50cm x 50cm white boards
attached to a pole. The first board was set at 10-60cm and the second was at 100-150cm to
roughly represent the heights of a sitting and a standing lion, respectively. One person
stood at the rest site holding the visibility board while the second person walked away
from it in each of the four cardinal directions. The distance at which each board could no
longer be seen was measured using a handheld GPS device (Garmin eTrex Legend Hcx;
Garmin, Olathe, Kansas, USA) with an accuracy of + 4m. The distances in each cardinal
direction were then averaged to give a mean visibility measure at each site. As there was a

correlation between the mean visibility of the two markers (Pearson: N=104; r=0.96;
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p<0.001) only the mean visibility for the lower marker was used as it better represents a
resting lion.

Habitat type at each rest site was recorded as bushed grassland, bushland,
woodland or wooded bushland. Classification was based on the dominant vegetation
immediately surrounding the visibility board. Full definitions of these habitat types within
HNP can be found in Davidson et al. (2012).

In order to test whether dispersing males chose rest sites based on proximity to
territorial males we calculated the distance of each dispersal rest site and random point to
the nearest territorial male, using contemporaneous GPS data. We included only those
dispersal rest sites (N=51) that fell within the 95% home-ranges of GPS collared territorial
males to ensure that we included only those where the proximity to the nearest territorial
male was known.

Statistical analysis
Characteristics of dispersing and adult male rest sites
Rest site selection was modelled separately for dispersers and territorial males. To
determine the characteristics of disperser and adult male rest sites, lion locations (1) were
compared to random points (0) using generalised linear mixed models (GLMMs) with a
binomial error structure and logit-link function. For dispersing males, we created 31 a
priori candidate models to assess the probability of a site being selected as a function of
visibility, distance to waterholes, distance to roads, habitat type and distance to nearest
adult male. For territorial males we created 15 a priori candidate models to assess the
probability of a site being selected as a function of visibility, distance to waterholes,
distance to roads and habitat type.

To identify the best model we used model selection based on Akaike Information

Criterion corrected for small sample size (AICc). When one model was clearly superior
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(w;>0.9) this was used, otherwise we obtained parameter estimates and unconditional
confidence intervals by averaging across the models, correcting for model weights using R
package AlCcmodavg v.1.30 (Burnham and Anderson 2002, Mazerolle 2013).
Comparison of rest sites between dispersing and adult males

We tested whether the visibility, distance to water and distance to road varied
depending on whether an individual was dispersing or territorial using linear mixed
models. A Chi-square test was used to assess the differences in habitat type at rest sites
between dispersing and territorial males.
In all models, lion identity was entered as a random effect. Statistical analyses were
performed in R 2.15.1 (R Core Team 2012). Models and model comparison statistics for
generalised linear mixed models can be found in Appendix 3.1 and 3.2.
Results
Characteristics of dispersing male rest sites

Dispersing male lions primarily selected rest sites based on their lack of proximity
to territorial males. The probability of selecting a rest site increased with increasing
distance to adult males (estimate + SE = 0.787 = 0.197; ClI = 0.401- 1.172; Figure 3.1).
Dispersing lions also prefered to rest in bushed grassland vegetation compared to bushland
(estimate + SE = -2.236 + 1.052; Cl = -4.297 — -0.175), wooded bushland (estimate + SE =
-3.856 + 1.722; Cl = -7.230 — -0.481) or woodland (estimate + SE =-3.982 + 1.517; Cl = -

6.955- -1.009).
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Figure 3.1: The probability of rest site selection by dispersing male lions as a function
of the distance to the nearest territorial male lion in Hwange National Park,
Zimbabwe.

Characteristics of adult male rest sites

Territorial male lions preferentially rested in areas of higher visibility (estimate +
SE = 0.037 = 0.011; CI = 0.014 — 0.06; Figure 3.2) and selected rest sites closer to
waterholes (estimate + SE =-0.519 £+ 0.186; Cl = -0.884 — -0.155; Figure 3.2) and closer to
roads (estimate = SE = -0.002 + 0.001; Cl = -0.004 — -0.001; Figure 3.2) than expected by
chance. Territorial males prefered to rest in bushed grassland vegetation compared to

wooded bushland (estimate + SE = -2.353 + 1.026; Cl = -4.364 — -0.342).
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Figure 3.2: The probability of rest site selection by territorial male lion rest sites as a

function of mean visibility, distance to water and distance to road
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Comparison of rest sites between dispersing and adult males

Dispersing male lions utilised rest sites with lower visibility (mean £ SD = 50 +
43m) compared to territorial males (mean + SD = 77 + 51m; t=-2.45, d.f.=6, p=0.05;
Figure 3.3a). Rest sites of dispersing males tended to be further from roads (mean + SD =
314 + 338m) than those of territorial males (mean = SD = 179 + 272m, t=2.22, d.f.=6,
p=0.069; Figure 3.3b). On average, dispersing male rest sites were further from waterholes
(mean = SD = 2,237 £ 1,382m) compared to territorial males (mean =+ SD = 1,686 +
1539m) but this was not significant (t=1.92, d.f.=6, p=0.103). Habitat type at rest sites did

not differ between the two statuses (y°=1.124, d.f.=3, p=0.771).
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Figure 3.3: Comparison of rest sites between territorial male lions and dispersing
male lions in terms of their environmental characteristics in Hwange National Park,

Zimbabwe in relation to (a) mean visibility, (b) mean distance to road.

Discussion
Dispersing male lions showed marked differences in their rest site selection
compared to territorial males. Dispersing males selected rest sites that were further from

territorial males than expected by chance, and in areas of bushed grassland. In contrast,
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territorial males selected rest sites in areas of high visibility, in bushed grassland and close
to waterholes, which are known prey hot-spots (Valeix et al. 2010). They also selected rest
sites close to roads which provide direct routes between waterholes. We propose that these
differences reflect divergent strategies as dispersers are subordinate to territorial males and
thus seek to avoid them. In addition, territorial males have spatial and temporal knowledge
of their surroundings and thus select for environmental attributes that allow them to
maximise the resources therein.

In selecting rest sites, dispersers take into account their proximity to adult males.
Indeed only a small proportion (12%, N=6) of disperser rest sites were found within 4km
of the nearest adult male. Territorial lions advertise their presence with long distance calls
or roars and the listener is able to gauge the group size of those calling (McComb and
Packer 1994). Roars also function to intimidate rivals and strengthen bonds within groups
(Grinnell et al. 1995, Grinnell and McComb 1996). It is likely that dispersers were able to
detect their larger territorial counterparts through their roars and avoided resting in close
proximity to them. Similarly, cheetahs (Acinonyx jubatus), which like dispersing lions, are
competitively subordinate to adult lions, positioned themselves further than random from
both lions and spotted hyaenas (Crocuta crocuta; Broekhuis et al. 2013).

Both territorial males and dispersing males preferentially rested in bushed
grassland despite 92.1% of HNP being covered by woody vegetation (Rogers 1993). A
previous study in HNP showed that while adult lions select bushed grassland, their kills
were preferentially made in thicker habitats (Davidson et al. 2012). Therefore the results
from the present study indicate that lions sit and wait in open areas where they can observe
potential prey before moving into thicker habitats where they are more likely to Kill
(Davidson et al. 2012). Open areas have the added advantage of allowing for detection of

conspecifics and competitors. Indeed, territorial males selected rest sites with high
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visibility, vantage points from which they could assess prey and potential competitors.
Dispersing males on the other hand, utilised rest sites with lower visibility compared to
territorial males. The reasons for this could be three-fold: the use of rest sites with lower
visibility provides greater concealment from competitors and prey (Camp et al. 2012)
and/or dispersers are not yet experienced enough to be able to optimise their space use to
the extent that territorial males do. Finally dispersing lions may be out-competed by their
territorial counterparts and forced into suboptimal space use. Interestingly, Funston et al.
(2003) found that in Kruger National Park, sub-adult males dispersed over short distances,
sometimes remaining with the natal area, and attributed this in part to the dense vegetation,
which enabled the dispersing males to conceal themselves.

In HNP, prey select areas close to waterholes (Valeix et al. 2009) and subsequently
so do lions (Valeix et al. 2010). Water sources are also a key determinant of lion space use
in the Serengeti ecosystem (Mosser et al. 2009). We therefore anticipated the result from
our study that territorial males selected rest sites close to water. In fact 74% (N=34) of
territorial male rest sites were within 2km of a waterhole. In contrast, rest site selection of
dispersing males did not have a strong relationship with distance to water, probably
because it is at waterholes where they are most likely to encounter territorial male lions
and therefore dispersers did not rest close to them despite waterholes being associated with
high prey densities (Valeix et al. 2009).

In addition, our expectation that territorial male lions would select rest sites in
close proximity to roads was confirmed. With a lack of vegetation, roads present pathways
of little resistance, and thus are easier to walk along. Furthermore, roads in HNP were built
along natural game trails, going from one waterhole to another, often providing the
shortest route between waterholes. A previous study showed that lions may rotate their

hunting effort between waterholes (Valeix et al. 2011) and our results suggest a scenario
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whereby they might do so by utilising roads, stopping to rest either on or close to them.
The rest sites of dispersing male lions had no relationship with distance to road. Territorial
males frequently scent mark bushes at road verges (N. Elliot, pers. obs.) which could deter
dispersing males from resting near roads, where they are also more likely to encounter
adults.

While our sample size necessitates cautious conclusions, the present study adds to
the growing body of evidence that individual needs vary in accordance with life stage
which is reflected in changes of space use (Palomares et al. 2000, Campioni et al. 2012).
In addition, our results support the suggestion of Selonen and Hanski (2006) that adult
space use is not necessarily a good predictor of dispersal space use and accords with
findings of suboptimal habitat use by dispersing lynx (Lynx pardinus) and tigers (P. tigris;
Smith 1993, Palomares et al. 2000). This may be explained by the divergent strategies and
constraints associated with territory holders versus dispersers. Territory holders need to
defend their territory and access to mates. In addition, they have spatial and temporal
knowledge of their surroundings and thus their space use maximises access to the
resources within their territory. In contrast a disperser, free from the constraints of
territoriality, may adopt a strategy to minimise encounters with territorial males through
mechanisms such as spatial avoidance. Furthermore, natal dispersers frequently travel in
unfamiliar areas and their space use may reflect an inability to actively select for
environmental attributes that will maximise their resource use.

At present the majority of literature pertaining to dispersal habitat selection focus
on the departure and settlement stages, mainly due to the difficulties associated with
obtaining data on dispersing individuals as they move, often over long distances, through
diverse habitats (Bowler and Benton 2005). As a result there is a paucity of information on

movements and space use during dispersal. However in order to develop conservation
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strategies and manage a species in fragmented landscapes, information is needed on
requirements during all life stages. Studies such as the present one are therefore crucial in

furthering our understanding of how space use can shift depending on life stage.
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Appendix

Appendix 3.1. Summary of model selection statistics for generalised linear mixed models
(GLMMs) comparing dispersing male lion rest sites (1) with random sites (0). We analysed the
probability of a site being selected as a function of distance to nearest territorial male (D.T.A.),
visibility (vis), distance to waterholes (D.T.W.), distance to roads (D.T.R.) and habitat type (hab.).
Models were ranked according to Akaike weights (w;) based on the Akaike Information Criterion
for small samples (AICc). Included are the log likelihood, the AICc differences (Ai) and the
number of parameters (K). In all models the identity of individual lions was entered as a random
factor. Since no one model was clearly superior (w; >0.9) we averaged parameter estimates across
those models with AICc differences (Ai<2; shown in bold) correcting for model weights. Model
averaged parameter estimates and unconditional confidence intervals are reported in the main text.

Response log
variable Rank Model likelihood AlCc Ai w; K
Used (1) vs 1 hab+D.TA. -20.21 53.29 0 033 6
available (0) 2 vis+hab+D.T.A -19.49 5415 0.86 0.21 7
3 hab+D.T.W.+D.T.A. -20.05 55.28 199 0.12 7
4 hab+D.T.R.+D.T.A -20.21 5559 230 010 7
5 vis+hab+D.T.W.+D.T.A -19.40 56.33 3.04 0.07 8
6 vis+hab+D.T.R. +D.T.A. -19.47 56.48 3.19 0.07 8

hab + D.TW.+D.T.R. +

7 DTA -20.04 5762 433 004 8
8 D.T.A -26.25 58.73 545 0.02 3
D.T.R.+D.T.A. -25.80 60.02 6.73 001 4
10 D.TW.+D.T.A -25.86 60.13 6.84 001 4
11 vis+D.T.A. -26.17 60.74 745 001 4
12 D.TW.+D.T.R.+D.T.A. -25.57 61.76 8.47 0.00 5
13 vis+D.T.R. +D.T.A. -25.66 61.94 865 0.00 5
14 vis+D.T.W.+D.T.A. -25.71 62.04 8.75 0.00 5
15 vis+D.T.W.+D.T.R.+D.T.A. -25.37 63.62 1034 000 6
16 hab + D.T.W. -62.33 13754 8425 0.00 6
17 hab+D.T.W.+D.T.R. -61.80 138.78 8549 0.00 7
18 vis+hab + D.T.W. -62.32 139.82 86.53 0.00 7
19 hab -64.67 139.96 86.67 0.00 5
20 hab+D.T.R. -63.55 139.98 86.69 0.00 6
21 D.TW.+D.TR. -65.90 140.21 86.92 0.00 4
22 vis+hab+D.TW.+D.T.R. -61.78 141.08 87.80 0.00 8
23 D.T.W. -67.65 14154 8825 0.00 3
24 vis + hab -64.58 142.04 8875 0.00 6
25 vis+hab +D.T.R. -63.51 14221 8892 0.00 7
26 vis+D.TW.+D.T.R. -65.83 14228 8899 0.00 5
27 D.T.R. -68.41 143.06 89.77 0.00 3
28 vis+D.T.W. -67.45 143.31 90.02 0.00 4
29 vis+D.T.R. -68.04 14448 91.19 0.00 4
30 NULL -71.39 146.90 93.61 0.00 2
31 vis -70.52 14728 94.00 0.00 3
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Appendix 3.2. Summary of model selection statistics for the generalised linear mixed models

(GLMMSs) comparing territorial male lion rest sites (1) with random sites (0). We analysed the

probability of a site being selected as a function of visibility (Vis), distance to waterholes
(D.T.W.), distance to roads (D.T.R.) and habitat type (Hab.). Models were ranked according to

Akaike weights (w;) based on the Akaike Information Criterion for small samples (AlICc). Included

are the log likelihood, the AICc differences (Ai) and the number of parameters (K). In all models

the identity of individual lions was entered as a random factor. Since no one model was clearly

superior (w;>0.9) we averaged parameter estimates across those models with AlICc differences

(Ai<2; shown in bold) correcting for model weights. Model averaged parameter estimates and

unconditional confidence intervals are reported in the main text.

Response log
variable Rank Model likelihood AlCc Al w; K
Used (1) vs 1 vis+D.T.W.+D.TR. 42,79 96.29 0 059 5
available (0) 2 vis+hab+D.T.W. -41.32 97.97 169 025 7
3 vis+hab+D.T.R. -42.56 100.46 417 007 7
4 vis+D.T.W. -46.23 100.93 464 006 4
5 vis+D.T.R. -47.63 103.71 743 001 4
6 hab+D.T.W.+D.T.R. -44.56 104.45 816 001 7
7 vis+ hab -46.85 106.69 1040 0.00 6
8 hab+D.T.W. -47.10 10719 1090 0.00 6
9 hab+D.T.R. -47.93 108.84 1255 0.00 6
10 vis -52.92 112,12 1583 0.00 3
11 D.TW.+D.T.R. -51.91 11229 16.00 0.00 4
12  hab -52.45 11559 1930 0.00 5
13 D.T.R. -55.57 11740 21.12 0.00 3
14 D.T.W. -57.62 12152 2523 0.00 3
15 (1]id) -63.77 131.67 3539 0.00 2
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Chapter 4. Movement ecology

Abstract

Dispersal is one of the most important life-history traits affecting species
persistence and evolution and is increasingly relevant for conservation biology as
ecosystems become more fragmented. However, movement behaviour during different
dispersal stages has been difficult to study and remains poorly understood. We analysed
movement parameters and patterns of autocorrelation from GPS data for 20 lions over a
five year period. We compared movement behaviour among different stages of natal
dispersal (departure, transience and settlement) in addition to that of territorial adults of
both sexes. The movement behaviour of lions was influenced by dispersal status, sex,
group size and rainfall. During dispersal, lions moved faster and further and in a more
directional manner than pre- or post-dispersal. In addition, transient movement was more
directional than adult movement, although territorial males moved faster and further per
night than did transient males. The effect of group size on movement differed with sex and
dispersal status; solitary dispersers moved faster and further than individuals in bigger
groups, while territorial males had the opposite trend. Our results suggest that movement
behaviour reflects a transition from directional movement during transience to random or
periodic use of a fixed territory after settlement. In addition group size may affect the

search and settlement strategies of dispersers while seeking a territory in which to settle.
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Introduction

Dispersal is one of the most important life-history traits involved in species
persistence and evolution (Clobert et al. 2001). As ecosystems become more fragmented
dispersal is increasingly important as it is often the only mechanism by which organisms
can move between populations and thus maintain genetically diverse meta-populations
(Clobert et al. 2012). Despite its importance, little is known about dispersal movement
behaviour or the search strategies employed by dispersing individuals as they move
through novel environments. This is largely due to the practical difficulties associated with
data collection of this often once-in-a-lifetime event. However mortality rates, distances
travelled and selection of settlement sites largely depend on the search strategy of the
disperser (Conradt et al. 2003, Doerr and Doerr 2004, Conradt and Roper 2006). The
paucity of data on dispersal movement has resulted in most population and evolution
models assuming that individuals move at random in heterogeneous environments (for a
review see Patterson et al. 2008). However, recent evidence suggests that dispersal
movements are highly complex and may vary depending on the three stages of dispersal
(departure, transience, settlement; Clobert et al. 2001, Clobert et al. 2009, Delgado et al.
2009). A thorough assessment of the ecological and evolutionary implications of dispersal
thus requires robust empirical studies, which have been lacking and widely called for by
recent reviews (Jacobson and Peres-Neto 2010, Clobert et al. 2012, Baguette et al. 2013).
Such studies will inform conservation strategies (Macdonald and Rushton 2003) and
improve the way dispersal is represented in simulation models (Zollner and Lima 2005)
and connectivity studies (Schwartz et al. 2009).

Shifting between dispersal statuses brings about changes in animal behaviour (Gese
1998), particularly in territorial species where territory holders and dispersers show

discernible ecological differences (Campioni et al. 2012). In addition to dispersers being
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relatively uninformed of key spatial and temporal characteristics of the new environment,
dispersers and territory holders have different goals in that dispersers aim to establish a
territory while avoiding conspecifics, whereas established individuals need to maintain
their territory and defend access to mates (Campioni et al. 2010).

While the study of movement patterns during dispersal is an emerging ecological
field, the study of movement ecology is vast and advanced (for reviews see Holyoak et al.
2008, Schick et al. 2008) and can be integrated into dispersal studies. For example, Schick
et al. (2008) argue that it is essential to understand the interaction between environmental
conditions and the state of the organism to understand the drivers of biologically-based
transition processes. VVarious empirical studies on vertebrates have highlighted behavioural
differences between the different dispersal phases in birds (Stutchbury 1991, Delgado and
Penteriani 2008), reptiles (Aragon et al. 2006) and to a lesser extent mammalian carnivores
(Gese 1998); however, there is a lack of research linking these internal states (dispersal
stages) to characteristics of the external environment, which is imperative to understanding
the drivers of movement (Schick et al. 2008). To our knowledge, there has been no
research that investigated seasonal movement patterns during dispersal in comparison with
territorial adults of the same species and how this varies depending on social grouping.
Doing so provides a unique opportunity to evaluate the shifting search strategies of
dispersers and obtain insight into the drivers of their movement. To this end, we studied
the movement ecology of African lions (Panthera leo) in all three dispersal phases in
addition to adult lions of both sex.

Lions live in fission-fusion groups (Packer et al. 1990) and prides defend their
territories. Adult males do not tolerate the presence of non-coalition members, with
territorial encroachment usually resulting in conflict (Grinnell et al. 1995, Packer 2001).

Dispersal in lions is sex-biased as sub-adult males always disperse while females are
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usually philopatric (Pusey and Packer 1987). During ‘departure’, most individuals conduct
prospecting searches outside their natal territory prior to eventual departure (Elliot,
unpublished data). Little is known of the ‘transience’ and ‘settlement’ phases, but
dispersing lions either settle in a vacant area or challenge resident males for territory.
While many mammals, for example the Eurasian badger (Meles meles), disperse
seasonally and over short periods of time (Macdonald et al. 2008), lions may disperse
throughout the year and the number of transient months can be relatively prolonged,
making it possible to gather substantial quantities of data during dispersal.

In this paper we investigate nine predictions (Table 4.1) relating to the hypothesis
that individual needs vary in accordance with life stage, bringing about broad behavioural
changes, such as shifting movement patterns and search strategies (Zollner and Lima 1999,
Van Dyck and Baguette 2005, Zollner and Lima 2005, Stamps 2006, Schick et al. 2008,
Penteriani et al. 2011). In order to achieve this we utilise an extensive dataset based on
five years of fine-scale GPS data collected on 21 lions of varying statuses. We analysed
patterns of autocorrelation and classified movement as directional, periodic or random, in
addition to calculating various movement parameters. We then examine whether
movement behaviour of lions differs depending on their demographic category (pre-

dispersal, transient, post-dispersal, territorial adult), sex, group size and rainfall.

80



Chapter 4. Movement ecology

Table 4.1. Predictions of hypotheses relating to the movement of lions in different demographic

categories and how their movement is influenced by rainfall and group size.

Dataset Prediction
Comparing 1. Transient lions move fastest and furthest 2
sub-adult 2. Transient lions display most directional movement > *°

dispersal stages 3. Post-dispersal lions cease directional movements and display
random and periodic movement

Comparing 4. Transients move slowest and less far per night °
transients and 5. Transient individuals display more directional movement 3
territorial adults 6. Territorial adults predominantly display periodic movements ’
7. Territorial adults respond to rainfall while dispersers do not % 1°
8. Transients in smaller groups move more per night compared to
larger groups ***2
9. Territorial adults in bigger groups move further per night compared
to smaller groups ®

Notes: Bold = supported predictions, italics = partially supported or weak support.

1 We analysed two different datasets in order to compare the demographic groups therein:
the first consisted of pre-, transient and post-dispersal; the second consisted of transients,
territorial males and territorial females.

Predictions based on hypotheses and findings: * Delgado et al. 2009; > Campioni et al.
2012; ® Zollner and Lima 1999; * Van Dyck and Baguette 2005; ®> Stamps 2006; ° Zollner
and Lima 2005; * Valeix et al. 2010; ® Loveridge et al. 2009; ° Campioni et al. 2010; *°
Vuilleumier and Perrin 2006; ** Packer et al. 1988; ‘* Baguette and VVan Dyck 2007

Methods
Study area

The study area (=7,000km? was located in the northern section of Hwange
National Park (HNP), Zimbabwe (19°00°S, 26°30°E). HNP covers ~15,000km? of semi-
arid savannah. Vegetation consists primarily of woodland and bushland savannah (64%)
and communities are dominated by Baikiaea plurijuga, Colophospermum mopane,
Combretum spp., Acacia spp. and Terminalia sericea (Rogers 1993). The long-term mean
annual rainfall of 613mm is highly variable (CV~26%) and generally falls between

October and April. Surface water is available from seasonal waterholes, although only a
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few hold water in the dry season, during which time water is artificially supplied to some
(=50) waterholes.
Lion movement data

Between 2007 and 2012, we obtained movement data from 20 lions, in different
social groups (9 sub-adult males, six territorial adult males and five territorial adult
females). Each was fitted with a GPS enabled radio-collar (see Loveridge et al. 2007c for
details) pre-programmed to take hourly fixes when lions are active (1800-0700).

Data preparation

To ensure accuracy, only fixes with a Dilution of Precision (DOP) <10 were
retained for analysis (Frair et al. 2010). This resulted in a dataset of 40,669 locations for
sub-adult males (93% DOP<S5), 72,030 locations for territorial males (96% DOP<5) and
60,139 locations for territorial females (97% DOP<5).

In order to reduce the effects of non-stationarity (Cushman et al. 2005) the study
period was split into sequential, non-overlapping temporal windows of 30 day intervals. In
total we created 56 window periods, the first starting 01 October 2007 and the last on 22
May 2012. The data for each individual lion were split according to these windows,
resulting in a total dataset of 446 windows.

Mantel correlograms

Mantel correlograms reveal patterns of spatial and temporal autocorrelation which
are highly informative in elucidating scales and patterns of ecological processes and
provide a detailed picture of movement variability (Legendre 1993, Cushman et al. 2005).
To identify different movement patterns for each window and individual we calculated two
matrices (distance and time): The distance matrix was produced by calculating
geographical distances between each pair of locations and the time matrix was computed

by calculating the difference in decimal days between each pair of locations. We then used
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Mantel tests to assess the level of association between these two matrices (Mantel 1967).
We computed Mantel correlograms (Oden and Sokal 1986) to assess the levels of spatial
autocorrelation in lion movements across a range of lag times. Correlograms were plotted
for each individual as a surface to provide a visualisation of the patterns and statistical
significance of autocorrelation in lion movements. This allowed us to visually classify the
‘shape’ of the correlogram for each of the 446 windows. Cushman (2010) simulated three
path types under 18 different movement rules and showed that each path type had a
characteristic autocorrelation structure and correlogram shape. Thus, correlogram shapes
are diagnostic of broad movement patterns and provide an accurate and repeatable method
to classify paths into categories such as directional, random and periodic movement
(Cushman et al. 2005, Cushman 2010). In the current study, window plots were classified
according to the degrees of autocorrelation into three ‘shape’ categories: directional,
periodic or random movement (for full explanation see Appendix 4.1; Cushman et al.
2005, 2010). Directional movement, akin to a correlated random walk, is typified by a
constant cline from positive to negative autocorrelation at increasing time lags indicating a
pattern of movement in which successive locations in time become farther apart in space.
Periodic movement, resulting from central place random walks or periodic revisits to a
collection of locations, is characterised by repeated cycles between strong positive and
strong negative autocorrelation. Random movement within a fixed home range is typified
by a rapid drop from positive to negative autocorrelation and subsequent fluctuation near
zero autocorrelation.
Movement parameters

We calculated three movement parameters: speed, path length and net
displacement. Speed (m/h) was calculated by dividing the total distance travelled per night

by the number of hours. Path length was the total distance travelled each night and net
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displacement was the distance between the first and last fix on a given night. Each
parameter was then averaged per 30 day window.
Rainfall

Daily rainfall was recorded at two weather stations within the study area,
approximately 30km apart. These were averaged to give a rainfall profile across the study
area. We did not expect that rainfall in itself would impact lion movements but rather that
replenishment of water holes, vegetation growth and subsequent prey dispersion would
influence lion movement patterns. We therefore computed total rainfall for 60 days prior to
the start of each window.

Demographic categories

The data utilised in this study was from lions in three demographic categories:
Territorial males (N=6), territorial females (N=5) and sub-adult males (N=9). To assess
changes in movement during dispersal the sub-adult data were further split into the three
phases of dispersal (Clobert et al. 2001): pre-dispersal (N=4), transient (N=9) and post-
dispersal (N=5). Based on field observations we classified demographic categories as
follows:

Pre-dispersal: Four sub-adult males were collared while still with their natal pride.
We were interested in investigating movements leading up to final departure and so only
used data six months prior to dispersal (18 windows).

Transience: The timing of dispersal was calculated as the mid-point between the
last time a sub-adult was seen with its natal pride and the first time either was seen alone
(mean time interval = one month; SD + 1.52). Nine individuals made up the transient
dataset (58 windows).

Post-dispersal: Establishment of a territory was deemed to have occurred when a

transient sub-adult had been in a consistent home-range for a minimum period of two
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months and continued to have a fixed home-range thereafter. The onset of post-dispersal
was then back-dated to the time at which the lion entered the new home range. We were
interested in movements shortly after establishment and therefore discarded all data that
extended beyond six months. Five transient males were deemed to establish territories (27
windows).

Territorial adults: Lions in the study area have been closely monitored since 2002.
All adults in this study were known to be territorial through direct observation and GPS
data. In total we utilised 158 windows for territorial males and 135 for territorial females.

A complete breakdown of all 30 day temporal windows for each lion can be found
in Appendix 4.2.
Group size

Female prides, male coalitions and sub-adults were closely monitored throughout
the study period allowing for accurate recording of group size. Group sizes varied over the
study period, being reduced by deaths or increased by the addition of new members into a
coalition or pride. For adult group size we only included individuals over 36 months, while
transient groups could be younger.

Statistical analyses
The structure of our data necessitated different modelling approaches for Mantel
correlogram shape (categorical response) and movement parameters (continuous
response). We therefore detail each approach below. In addition, we analysed two different
datasets: the first consisted of the sub-adult dispersal stages (pre-dispersal, transient and
post-dispersal); the second consisted of the transients, territorial males and territorial
females. The data were split in this manner for clarity and due to the relatively small
number of windows for pre- and post-dispersal which did not allow for direct comparisons

between, for example, post-dispersal and territorial males.
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Movement analysis

To assess the relationships between correlogram shape and demographic
parameters and rainfall we used generalised linear mixed models (GLMMs) using
combinations of two shape types per analysis (i.e. three sets of pairs). An example analysis
consists of a response variable, periodic (0) or directional (1) movement with each of the
fixed effects (demographic category, group size and rainfall), their interaction terms and
lion identity as a random intercept (see Appendix 4.3 for models and model selection
statistics). These analyses were performed in R 2.15.1 (R Core Team 2012), package Ime4
v.0.9-2 (Bates et al. 2012) using a binomial error structure and logit-link function.

In order to analyse the movement parameters we performed mixed effects linear
models with a continuous response variable (either speed, path length or net displacement),
each of the fixed effects (demographic category, group size and rainfall), their interaction
terms and lion identity as a random intercept (see Appendix 4.4 for models and model
selection statistics). Models were fitted in R 2.15.1 (R Core Team 2012), package nlme
v.3.1 (Pinheiro et al. 2012).

Datasets

First we analysed the sub-adult dataset during the three dispersal phases. Our
primary interest in this dataset was to assess change in movement depending on
demographic category irrespective of group size or rainfall. Furthermore, our dataset of
pre- and post-dispersal was relatively small necessitating simple models. Therefore for
each movement parameter and type we constructed models with demographic category as
the only explanatory variable, and lion identity as a random factor (Table 4.1, predictions
1-3).

Second we analysed the dataset comprising territorial males, females and transient

males (without the pre- and post- dispersal data). The parameters considered to affect
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movement were demographic category, group size and rainfall. To investigate predictions
4-9 (Table 4.1) we created 12 a priori candidate models including each of the main effects
and their interaction terms (Appendix 4.3 and 4.4). The most complex model considered
was ~ demographic * group size + rainfall * demographic. We used the same 12 a priori
candidate models to analyse all three movement parameters and correlogram shapes. To
account for among-individual variation, lion identity was entered as a random factor
affecting the intercept in all models. Model selection was used to identify the best model
based on Akaike Information Criterion corrected for small sample size (AICc). It was
decided a priori that if one model was clearly superior (w;>0.9) this would be used,
otherwise we would average parameter estimates across models with AICc differences
(Ai<3) correcting for model weights using R package AlCcmodavg v.1.30 (Burnham and
Anderson 2002, Mazerolle 2013).
Results
Sub-adult male dispersal stages

Transient lions had higher net displacement and moved further and faster per night
than either pre- or post-dispersal (Table 4.1, prediction 1). This effect was most apparent
when comparing transient to pre-dispersal lions (Table 4.2; Figure 4.1). Post-dispersal
lions had the second highest values of these parameters, while pre-dispersers had the
lowest. No differences were evident between pre- and post-dispersal movement parameters
(estimate + SE included 0 and 95% CI included 0).

Transient lions were more likely to engage in directional rather than random
movement compared to pre- (estimate + SE = -1.62 = 0.77; Cl = -3.14 — -0.10) and post-
dispersal lions (estimate + SE = -2.72 + 0.83; Cl = -4.35 — -1.09; Table 4.1, predictions 2-

3). Similarly, transient lions had more directional than periodic movement compared to
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pre- (but estimate = SE included 0 and 95% CI included 0) and post-dispersal lions

(estimate = SE = -1.97 £ 0.82; Cl = -3.58- -0.35). See Figure 4.2 for comparisons.

Table 4.2. Estimated parameters and 95% confidence intervals (CI) from mixed models assessing

variation in movement between transient, pre- and post-dispersal lions in Hwange National Park,

Zimbabwe. In all cases, transient individuals are the reference class. Boldface type indicates Cl not

including 0. The comparison between periodic and random movement is not included here as

estimates + standard error (SE) all included 0 and 95% CI included 0.

Response variable  Parameter Value SE Lower 95% CI  Upper 95% CI

Net displacement Intercept 4336.24  304.57 3740.22 4932.27
Pre-dispersal -1225.07  460.24 -2125.73 -324.40
Post-dispersal -743.22  392.94 -1512.19 25.75

Path length Intercept 5942.57 490.41 4982.87 6902.28
Pre-dispersal -1239.78  586.84 -2388.20 -91.37
Post-dispersal -298.59  498.19 -1273.52 676.33

Speed Intercept 547.68 33.64 481.84 613.52
Pre-dispersal -105.99  45.82 -195.66 -16.32
Post-dispersal 4736 39.01 -123.71 28.98

Directional (1) vs  Intercept 0.77 0.35 0.09 1.46

random (0) Pre-dispersal -1.62 0.77 -3.14 -0.10
Post-dispersal -2.72 0.83 -4.35 -1.09

Directional (1) vs  Intercept -0.26 0.30 -0.85 0.32

periodic (0) Pre-dispersal 1.24 0.74 -0.21 2.69
Post-dispersal 1.97 0.82 0.35 3.58

" Net d-fs—pliemem Pai Ieigth Speed

éeooo ot T o . = —r—

L] | ]

Bovo| T | o (o) == | | =] ke [P S, oy

c L T | . e

gzooo I 1 la000 _1 "™

(=] ebe—

- 200 |

0 —

Pre- Transient Post-

Pre- Transient Post-

Pre- Transient

Post-

Figure 4.1. Differences in movement patterns between pre-, during and post-dispersal

lions in Hwange National Park, Zimbabwe, in relation to net displacement, path length

and speed.
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Figure 4.2: Differences in correlogram shape in relation to pre-, during and post-
dispersal lions in Hwange National Park. The width of segments is proportional to the

amount of data for each dispersal stage.

Transients and territorial adults

Lion movement patterns were highly variable depending on demographic category,
rainfall, group size or a combination of these. There was no top model (w;<0.9) in our
analyses of movement parameters (speed, path length, net displacement) or correlogram
shape, thus all reported parameter estimates were obtained by averaging across models
with AlCc differences <3 from the top model, correcting for model weights (see Appendix
4.3 and 4.4 for model selection statistics and model averaging procedure). The most
supported candidate models for all movement parameters consisted of the interaction terms
group size:demographic and rainfall:demographic in addition to their main effects. The
most supported candidate models in our analysis of correlogram shape contained each of
the main effects (demographic, rainfall and group size).
Demographic categories

Compared to transient sub-adult males, territorial males moved faster (estimate +

SE =164.39 = 49.49; Cl = 60.42 — 268.35) and further (estimate + SE = 2306.52 + 633.51;

Cl =975.66 — 3637.38) per night, while females moved slower (estimate £ SE =-132.92 +
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51.79; CI = -241.71 — -24.13). Similarly, territorial males had higher net displacement
(estimate = SE = 879.93 + 342.74; Cl = 159.91 — 1599.95), while females had lower net
displacement (estimate = SE = -1568.72 + 356.03; Cl = -2316.66 — -820.77) compared to
transient sub-adult males (Table 4.1, prediction 4).

Transient males were more likely to engage in directional rather than periodic
movement (Figure 4.3) compared to territorial males (estimate + SE =-1.32 + 0.51; Cl = -
2.31 — -0.33). Transient males were also more likely to engage in directional movement
rather than random movement compared to territorial males (estimate + SE = -1.91 + 0.56;
Cl = -3.01 — -0.80) and territorial females (estimate + SE = -1.65 = 0.57; Cl = -2.78 — -
0.53; Table 4.1, prediction 5 and 6). Although group size and rainfall were included in the
top models (Appendix 4.3), there were no clear trends (estimate £ SE included 0 and Wald
95% CI included 0) and thus we considered demographic category as the main factor

explaining variation in movement type.

Transient males Termitlonal males Territorial females

Random

Penodic

Directional

Figure 4.3: Differences in correlogram shape according to lion demographic in
Hwange National Park, Zimbabwe. Width of segments is proportional to the amount

of data for each demographic.
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Rainfall

The way in which lions responded to rainfall depended on an interaction with
demographic category. Territorial males and females moved slower with increasing
rainfall, with territorial females also decreasing nightly path length (Table 4.3).
Meanwhile, the movement parameters of transient males had no relationship with the
amount of rainfall (estimates + SE all included 0 and 95% CI included 0; Table 4.3; Table
4.1, prediction 7).
Group size

Group size ranged from one to four in adults and one to three in transient males.
Movement parameters for territorial males, territorial females and transient males differed
depending on group size (Table 4.3; Figure 4.4). Transient males in smaller groups moved
faster, had higher net displacement and higher path length than those in bigger groups
(Table 4.1, prediction 8). In contrast, territorial males displayed the opposite trend: bigger
groups moved faster, had higher net displacement and a higher path length than smaller
groups. Territorial females exhibited the same tendency as transient males but increasing
group size had a less marked effect as there was only substantial decrease in net

displacement (Table 4.3; Table 4.1, prediction 9).
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Table 4.3. Model averaged slope estimates from results of mixed effects linear models

investigating lion movement parameters (net displacement, path length and speed) in Hwange

National Park, Zimbabwe. Boldface type indicates confidence intervals (CI) not including 0.

Model averaged

Lower Upper
Response variable Parameters Slope SE 95% ClI 95% ClI
Net displacement  group size X transient males -1494.22 319.94  -2121.30 -867.14
group size X territorial males 405.26 120.84 168.42 642.10
group size X territorial females -394.41 156.17 -700.5 -88.32
rain X transient males -0.29 1.12 -2.47 1.90
rain X territorial males -0.09 0.86 -1.78 1.61
rain X territorial females -1.51 0.98 -3.44 0.41
Path length group size X transient males -2084.63 481.93  -3029.21  -1140.07
group size X territorial males 674.12 170.94 339.09 1009.16
group size X territorial females -129.97 226.13 -573.17 313.22
rain X transient males -1.33 1.53 -4.34 1.68
rain X territorial males -1.21 1.15 -3.47 1.05
rain X territorial females -2.92 1.33 -5.52 -0.32
Speed group size X transient males -143.56 38.8 -219.61 -67.52
group size X territorial males 36.97 1321 11.09 62.86
group size X territorial females -11.41 1771 -46.12 23.31
rain X transient males -0.16 0.1 -0.35 0.04
rain X territorial males -0.17 0.07 -0.30 -0.03
rain X territorial females -0.21 0.08 -0.36 -0.06
Transient males Territorial females Territorial males
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Figure 4.4: Relationship between demographic category and group size in relation to

net displacement of lions in Hwange National Park, Zimbabwe. There were no groups

of four in transient lions.
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Discussion

Our findings show the extent to which lion movement behaviour is influenced by
group size and rainfall and how this differs depending on demographic category. By
incorporating an environmental variable in addition to the internal state of the organism
(Schick et al. 2008) we offer a unique insight into differential responses to shifting
environmental conditions and social grouping depending on the life stage and sex of a
species.

Transient lions exhibited directional movement whilst all adult movement was a
composite of random and periodic movements. Differences in movement behaviour are, to
a certain extent, determined by an individual’s ability to perceive its surroundings and
acquire knowledge (Vuilleumier and Perrin 2006). As such, dispersers moving through
novel environments may move differently relative to territorial individuals that have learnt
to maximise the resources within that patch, as was reported with transient eagle owls
(Bubo bubo; Delgado et al. 2009). The observed periodic movement in adults was
expected given that in this ecosystem, waterholes are a key loci for lions; prey select areas
close to waterholes (Valeix et al. 2009) and subsequently so do lions (Valeix et al. 2010),
which appear to rotate between waterholes (Valeix et al. 2011; Table 4.1, prediction 6).

Pre-dispersal lions exhibited periodic and random movement patterns shifting to
high levels of directional movement during dispersal (Table 4.1, prediction 2). This
accords with Zollner and Lima’s (1999) simulated dispersal experiments and subsequent
predictions: they found that straighter paths vastly improved the probability of survival and
that this type of movement was the most effective search rule as straighter paths avoid
redundant search and improve the likelihood of finding a vacant patch quickly (Table 4.1,
prediction 5). With territorial species such as lions, it is plausible that unless a disperser is

going to challenge for a territory, he will pass through it in a directional manner, and
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minimise the chance of an aggressive encounter with the resident adult. Such directional
movement suggests a sequential search strategy whereby individuals either accept or reject
patches they encounter; if rejected they continue the search in a directional manner, and do
not revisit patches (comparitive search strategies; Stamps et al. 2005, Stamps 2006).
Interestingly, the amount of directional movement declined dramatically once
establishment occurred, replaced by random and periodic movements (Table 4.1,
prediction 3). In contrast, territorial adults displayed higher proportions of directional
movement than did post-dispersal lions. We speculate that during establishment, a sub-
adult lion consolidates a patch, around a waterhole for instance, leading to exaggerated
patterns of periodic and bounded home-range movements, and then, as it becomes familiar
with and secure in its new territory, it transitions to movement patterns similar to those of
territorial adult males. Additional data on post-dispersal movements may confirm this.

Our findings concur with what Van Dyck and Baguette (2005) termed ‘special
movements’ in relation to directional dispersal movements designed for displacement
(Table 4.1, prediction 5). However, ‘special movements’ are associated with high speed as
reported for transient eagle owls that moved faster and straighter than established
individuals (Delgado et al. 2009). In contrast, our results showed that transient males were
slower and moved less than territorial males (Table 4.1, prediction 4). One explanation is
that by using directional movement at a decreased locomotory rate, transient males
effectively search the area while limiting their detection probability. Indeed, Zollner and
Lima’s (2005) simulations demonstrated that transient individuals can benefit from slower
speeds due to more effective anti-predator behaviour. More tortuous paths covering a
larger area would entail leaving more scent which would increase the likelihood of

detection by territorial males. Indeed, increased activity has been shown to increase
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predation susceptibility (Ebenhard 1987) and predation rates (Norrdahl and Korpimaki
1998) in small mammals.

Depending on their demographic, group size influenced how individuals moved.
When in small groups transient lions moved faster and farther (Table 4.1, prediction 8), as
did territorial females, although the effect was less marked. In contrast territorial males had
the opposite trend (Table 4.1, prediction 9). Fluctuations in lion home range size are
strongly suggestive of expansionism (Kruuk and Macdonald 1985) as home range size
increases with increasing pride biomass (Loveridge et al. 2009b). Thus, with larger
territories to defend, males in bigger groups have increased movement compared to
smaller groups in smaller territories. On the other hand females are not as active as males
in patrolling their territories (Schaller 1972) and thus, while bigger groups of females have
larger territories, their movements may reflect a strategy of food acquisition (which is
concentrated around waterholes) and rearing of offspring. Lions in larger coalitions are
more likely to gain residence in a pride (Bygott et al. 1979, Packer et al. 1988) and among
transients it is plausible that a solitary disperser has little chance of displacing the resident
males and would benefit from moving directly through an occupied territory. Thus, the
decreased locomotion of transient individuals in bigger groups could reflect ‘boldness’ as
opposed to ‘shyness’ (Baguette and Van Dyck 2007). While it has been reported that bold
individuals dispersed farther (Fraser et al. 2001) with larger and straighter movements
(Delgado and Penteriani 2008) in our scenario the opposite could apply. Bigger groups
may face fewer consequences if detected by resident males and can afford to remain within
occupied territories for longer periods. Solitary individuals on the other hand represent the
‘shy’ individuals and move faster, with higher net displacement per night through the
landscape while searching for a (often rare) vacant territory, and may be less inclined to

challenge for one.
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Lions showed differing response to rainfall in the preceding 60 days depending on
their demographic (Table 4.1, prediction 7). While the changing of seasons has no effect
on lion home range size of either sex in HNP (Loveridge et al. 2009b), we show that when
using a more fluid approach to climatic data (i.e. rainfall as opposed to pre-defined seasons
delineated by calendar months) variation in movement patterns is detected. The slopes
defining these relationships are shallow (Table 4.3) and our small sample size necessitates
cautious conclusions. However these findings are in line with our expectations. For
instance, that females decreased their speed and path length with increased rainfall may be
explained by the addition of small cubs, which may constrain the movements of females.
Cubs were more common in the wet season during this study. Indeed cubs under six
months of age were present in 49% of all female wet season windows compared to 38% of
dry season windows.

In summary, our findings reveal that in territorial species such as lions, movement
behaviour may be influenced by the demographic category of an individual. This variation
may be further explained by incorporating social grouping and environmental variables.
Our results indicate that movement behaviour reflects a transition from exploratory
strategies during dispersal to reduced movement during settlement, followed by more
expansive movement while established. As ecosystems become increasingly fragmented it
is crucial to elucidate the patterns and processes of movement behaviour during the
different stages of dispersal in order to better understand the associated shifting
behaviours. This will improve our understanding of how species may persist in fragmented
landscapes and how for example fencing, may curtail and alter the movements described in
this paper. Thus we provide the first investigation of seasonal movement patterns during
dispersal in conjunction with territorial adults and show how this varies depending on

social grouping. In so doing, we deliver a much called-for empirical study on dispersal
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movements that will improve the way dispersal is represented in simulation models (e.g.

Zollner and Lima 2005) and connectivity studies (e.g. Schwartz et al. 2009).
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Appendix
Appendix 4.1: Rational and methodology for ascribing directional, random, or periodic movement

based on the ‘shape’ of Mantel correlograms.

The first section of this appendix, entitled ‘Rationale’ explores the background and
justification of the methodology based on previous studies incorporating one or more of
the elements of the analyses used in this paper. The second section, entitled ‘Simulation’
presents results of a simulation of three movement paths to demonstrate our methodology
and relate it to pre-defined movement types. The final section, titled ‘Empirical data’,
illustrates the application of our methods to empirical data from GPS collars on lions in
Hwange National Park, and shows examples of correlogram surfaces for directional,
periodic and random movement types.
1. Rationale

The patterns of temporal and spatial autocorrelation of locations are an important
part of the information that telemetry data provide (Cushman et al. 2005, Cushman 2010).
Spatial autocorrelation is an informative ecological parameter that reveals scales and
patterns of ecological processes which are often not resolvable through other methods. In
terms of animal movements, addressing the details of the strength, scale and patterns of
autocorrelation may illustrate details about animal space use and its relationships to
changes in the environment in response to perturbations, social interactions or seasonality
(Legendre and Fortin 1989, Legendre 1993, Cushman et al. 2005). Cushman et al. (2010)
investigated the structure and range of spatial autocorrelation of sequential relocation
points by simulating three path types under 18 different movement rules. The three path
types were (1) correlated random walk, (2) bounded correlated random walk, and (3)
central place random walk. The correlated random walk represents an unconstrained walk,

with the only spatial parameter consisting of the normal random turning angle between
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steps. The bounded correlated random walk was calculated in the same way, with the
additional constraint that the path not exceed a specified distance from the origin. This
reflects a correlated random walk within a fixed circular home range. When a walk
reached ten distance units from the origin the next step was taken directly toward the
origin, with subsequent steps again following a correlated random walk. The central place
random walk consisted of correlated random walks of 100 steps, followed by an azmithal
return to the origin in the next 100 steps, with this sequence repeated five times over the
1,000 steps of the simulation. This simulates correlated random foraging paths out from a
central place, such as a nest or natal den, followed by direct return, such as after capturing
prey.

Cushman et al. (2010) produced Mantel correlograms for each of the 180 simulated
movement paths using the Ecodist library in R (R Core Team 2012). The Mantel test
(Mantel 1967) tests the degree of association between two distance matrices (distance and
time). The distance matrix was produced by calculating geographical distances between
each pair of locations and the time matrix was computed by calculating the difference in
decimal days between each pair of locations. From these two matrices it is possible to
construct a multivariate correlogram (Oden and Sokal 1986; Sokal 1986), which shows the
strength of correlation between the two multivariate matrices across a range of lags
between them. Cushman et al. (2010) found that each simulated path type had a
characteristic autocorrelation structure, or ‘shape’, that enabled reliable classification of
the path as a directional, random or periodic movement.

Below we describe the characteristics of each of the correlogram ‘shapes’;

directional, random and periodic:
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Directional movement

Correlogram shapes of correlated random walks under different movement rules all
showed clines of increasing negative spatial autocorrelation between locations as time and
distance between them increased.

Random movement

Correlogram shapes of bounded random walks under different movement rules had
initial high positive autocorrelation, followed by a drop to near zero autocorrelation and
subsequent fluctuation around zero autocorrelation.

Periodic movement

Correlogram shapes of central place random walks under different movement rules
all shared a common basic form, characterised by repeated cycles between strong positive
and strong negative autocorrelation with a period equal to the time to complete a full cycle
of foraging and azmithal return to the central place.

The strong and consistent structure of correlograms resulting from paths generated
using different known spatial processes show that correlograms themselves can be highly
useful tools to explore movement behaviour and identify dominant movement patterns
(e.g. directional, random or periodic), which then can be used to generate or test ecological
and behavioural hypotheses. The identification of one of these shapes in correlograms
produced from empirical data will invalidate hypotheses about the existence of the process
that would generate one of the other two correlogram forms. For example, if we
hypothesize that an organism will exhibit random use of a fixed home range, and discover
that its movement path produces a cline or periodic shaped correlogram we would be able
to safely reject that hypothesis. Similarly, if one proposes that movement during the dry

season should be periodic, reflecting regular use of a collection of fixed foraging locations
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(such as waterholes) and then observe a strongly periodic correlogram, this observation is
consistent with the hypothesis of periodic movement.
2. Simulation

In order to further demonstrate our methodology for categorising correlogram
shape and how this relates to pre-defined movement types, we simulated three movement
paths: Figure A4.1a -- a correlated random walk with a normally distributed turning angle
with mean 0 and standard deviation pi degrees; Figure A4.1b -- a bounded random walk
representing random use of a fixed home range, and Figure A4.1c -- a central place
foraging pattern where a correlated random walk with a normally distributed turning angle
is taken for 20 steps from the central place, and after 20 steps the path returns directly to
the central place in 20 steps. The Mantel correlograms for each of these paths are shown in
the panels below the paths. In our classification of correlogram shape we based
interpretation on the first half of the correlogram (e.g. 0-250 in the correlograms in Figure
A4.1) given that the end of the correlogram should not be interpreted due to decreasing
number of lag pairs at long lag distances. We classified correlograms into three classes: (1)
directional, (2) random, (3) periodic.
Directional movement

We classified a correlogram as directional if, over the first half of its length, the
correlogram declined smoothly with a relatively constant slope and no inflection points
(e.g. Figure A4.1d). This pattern indicates that distances between points become larger as
the time between points becomes longer in a roughly linear relationship, indicative of
directional movement.
Random movement

We classified a correlogram as indicating random movement when, over the first

half of its length, there was a rapid initial drop in Mantel correlation to near zero, followed
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by a period where the correlogram was relatively flat and fluctuating around zero (e.g.
Figure AA4.le). This pattern indicates that at short lag distances locations are
autocorrelated, but become uncorrelated, at the lag distance of the inflection point.
Periodic movement

We classified a correlogram as indicating periodic movement when, over the first
half of its length, there was a rapid initial drop of correlation to negative values, followed
by one or more ‘peaks’ of positive correlation, followed by ‘troughs’ of negative
correlation (e.g. Figure A4.1f). The distance to the first major peak indicates the period of
repeat of the periodic movement (e.g. the average time between revisits of the same

location — such as a waterhole).
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Figure A4.1: lllustration of Mantel correlogram shapes for three simulated paths. The simulated paths are (a) a correlated random walk with 0 mean and pi
standard deviation of turn angle, (b) bounded random walk, (c) central place random walk. The panels below the simulated paths are the Mantel correlograms
produced for those paths. Classifictation of correlogram shape was based on the first half of the correlogram given that the end of the correlogram has a
decreasing number of lag pairs at long lag distances. The correlogram for the correlated random walk (d) is a smooth cline without any inflection point,
indicating a directional pattern of movement in which successive locations in time become farther apart in space. The correlogram for the bounded random
walk (e) shows an initial rapid drop in correlation, followed by an inflection point, after which correlation fluctuates near zero. This indicates that locations
are autocorrelated at small lag distances, but become independent at a time lag corresponding to the location of the inflection point. The correlogram for the
central place periodic movement path (f) shows an initial drop in correlation from positive to negative, followed by a peak of positive correlation and a trough
of negative autocorrelation. This pattern indicates periodic movement, where locations separated by a lag distance corresponding to the location of the peak
are closer together than average, and locations separated by lag distances corresponding to the troughs are farther apart than average.
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3. Empirical data

The following three figures are derived from empirical GPS data from collared lions in
Hwange National Park, Zimbabwe. We chose three examples to demonstrate directional,
periodic and random movements as identified from Mantel correlogram ‘shape’. Each figure
follows the same format: (a) The Mantel correlogram surface displaying all windows together
for a particular individual. Time lag refers to lag in days between observations used to
calculate autocorrelation. Warm colours indicate positive autocorrelation while cool colours
indicate negative autocorrelation. The solid contour indicates the isocline of zero
autocorrelation. The oval shape highlights the individual window which is displayed in (b),
and was classified as either directional, random or periodic. In our classification of
correlogram shape we based interpretation on the first half of the correlogram given that the
end of the correlogram should not be interpreted due to decreasing number of lag pairs at
long lag distances. Section (c) displays the 3D movement trajectory for the same window in
order to relate the correlogram back to GPS data. The colour range indicates the sequence of
locations going from bottom to top. The blue vertical lines portray the xy location of
waterholes in the vicinity. The correlogram shape is much more meaningful than categorizing
the paths themselves by eye. Movement paths are highly complicated trajectories that retrace,
overlap, and produce a ‘tangle’ of intersecting ‘spaghetti’ lines. These are very difficult to
interpret visually as to the strength of directional, periodic and random movement,
particularly with large datasets, while the shapes of the correlograms are diagnostic and

readily interpretable.
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Figure A4.2: Directional movement of disperser
SPIbM5 *

Directional movement revealed by analysis of
patterns of autocorrelation of GPS data for dispersing
lion SPIbM5. The oval shape (a) highlights window 14,
displayed alone (b), which shows that the longer apart

¢ the locations are in time the farther apart they are in
space. Directional movement produces a similar “shape”
to a correlated random walk and was classified as
directional if, over the first half of its length, the
correlogram declined smoothly with a relatively
constant slope and no inflection points. The movement
trajectory (c) of window 14 confirms a strong pattern of
directional movement.
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(a) Figure A4.3: Random movement of territorial female
BACF2 *

Random movement revealed by analysis of patterns of
autocorrelation of GPS data for territorial female
BACF2. The oval shape (a) highlights window 48,
displayed alone (b), which typifies random use of a home
range. We classified a correlogram as indicating random
movement when, over the first half of its length, there
was a rapid initial drop in Mantel correlation to near O,
followed by a period where the correlogram was
relatively flat and fluctuating around zero. The
correlogram shape representative of random movement is
similar to that of a bounded correlated random walk.
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Figure A4.4: Periodic movement of territorial
male GUVbM2 *

Periodic movement revealed by analysis of
patterns of autocorrelation of GPS data for territorial male
GUVDbM2. The oval shape (a) highlights window 23,
displayed alone (b), which shows a strong pattern of
periodic use of focal areas. We classified movement as
periodic when the correlogram shape was characterised by
repeated cycles between strong positive and strong
negative autocorrelation. The movement trajectory for this
window (c) confirms that there are high levels of
periodicity as the lion cycles between focal points
(probably waterholes, indicated by vertical blue lines).
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* Refer to text under heading “3. Empirical data” for full description of each figure.
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Appendix 4.2. Summary of the GPS data used in this analysis. Nine sub-adult males were fitted
with GPS collars. Light purple (pre-dispersal), medium purple (dispersing), dark purple (post
dispersal). The numbers in each box represent group size. See Methods for full explanation.
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Appendix 4.3. Model selection statistics for GLMMs investigating correlogram shape (directional,
periodic and random movements) of lion movement paths. Explanatory variables consisted of (1)
‘dem’ — demographic category; (2) ‘G.S’ — number of individuals per group; (3) ‘rain’ — rainfall 60
days prior to the start of each window. In all models lion identity was entered as a random factor.
Models were ranked according to Akaike weights (w;). Included are log likelihood, AlCc
differences (Ai) and number of parameters (K). We averaged parameter estimates across those
models with AICc differences (Ai<3; shown in bold) correcting for model weights.

Response variable Rank Model log likelihood AICc  Ai Wi K
Directional (1) vs 1 rain+dem -122.83  255.95 0 060 5
random (0) 2 rain*dem -121.97 25850 255 0.17 7
3 dem*rain+G.S. -121.82 26035 441 0.07 8

4 dem -126.15 260.50 456 0.06 4

5 dem*G.S. +rain -122.38 26146 552 0.04 8

6 dem+G.S. -125.62 26153 558 0.04 5

7 rain -128.84 263.79 785 0.01 3

8 G.S.*dem + rain * dem -121.67 264.44 849 0.01 10

9 G.S. *dem -12529 265.13 9.19 0.01 7

10 rain+G.S. -128.77 265.73  9.78 0 4

11 Null -132.16 268.39 12.44 0 2

12 G.S. -131.92  269.95 14.00 0 3

Directional (1) vs 1 dem -131.11  270.40 0 029 4
periodic (0) 2 rain +dem -130.55 27138 098 018 5
3 Null -133.87 27179 139 014 2

4 dem+G.S. -131.04 27238 197 011 5

5 rain -133.20 27252 212 010 3

6 G.S. -133.74 27360 319 0.06 3

7 rain+G.S. -133.06 27431 391 0.04 4

8 rain *dem -130.12 27477 437 003 7

9 G.S. *dem -130.44 27542 502 0.02 7

10 dem* G.S. + rain -129.78 27625 585 0.02 8

11 dem *rain + G.S. -130.03 276.76 6.35 0.01 8

12 G.S. *dem + rain * dem -129.42 279.92 952 0 10

Random (1) vs 1 rain -186.73 379.54 0 023 3
periodic (0) 2 rain+G.S. -185.83 379.81 0.27 020 4
3 dem*G.S. +rain -182.17 380.88 134 0.12 8

4  rain + dem -185.35 380.92 138 011 5

5 dem+G.S. -185.76 381.74 220 0.08 5

6 G.S. -187.87 381.82 228 0.07 3

7 Null -189.06 382.16 2.62 0.06 2

8 G.S.*dem -184.04 38249 295 0.05 7

9 dem *rain+G.S. -183.49 38353 398 0.03 8

10 dem -187.83 383.80 4.26 0.03 4

11 rain * dem -185.17 384.76 521 0.02 7

12 G.S.*dem + rain * dem -182.05 384.93 539 0.02 10
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Appendix 4.4. Model selection statistics for mixed effects linear models investigating lion
movement parameters (net displacement, path length and speed). Explanatory variables consisted of
(1) ‘dem’ — demographic category; (2) ‘G.S’ — number of individuals per group; (3) ‘rain’ — rainfall
60 days prior to the start of each window. In all models lion identity was entered as a random
factor. Models were ranked according to Akaike weights (w;). Included are log likelihood, AlCc
differences (Ai) and number of parameters (K). We averaged parameter estimates across those
models with AICc differences (Ai<3; shown in bold) correcting for model weights.

Pt Rank  Model alinod  AlCC A w K
1 G.S.*dem + rain * dem -3027.130 6077.038 0 0393 11

Net displacement 2 G.S.*dem -3030.492 6077.405 0.366 0.327 8
3 G.S.*dem +rain -3029.597 6077.722  0.683 0.279 9

4  rain * dem -3045.560 6107.541 30.502 0 8

5 dem -3049.002 6108.177 31.139 0 5

6 rain+dem -3048.464 6109.172 32.134 0 6

7 dem *rain+G.S. -3045.551 6109.631 32.592 0 9

8 dem+G.S. -3048.998 6110.240 33.202 0 6

9 Null -3058.698 6123.465 46.427 0 3

10 rain -3058.236  6124.587 47.548 0 4

11 G.S. -3058.569 6125.253 48.215 0 4

12 rain+G.S. -3058.064 6126.301 49.263 0 5

Path length 1 G.S.*dem + rain * dem -3143.599 6309.976 0 0515 11
2 G.S.*dem +rain -3145.865 6310.258 0.282 0.447 9

3 G.S.*dem -3149.386 6315.193 5.217 0.038 8

4 dem * rain + G.S. -3157.208 6332.944 22.968 0 9

5 rain * dem -3158.997 6334.416 24.440 0 8

6 rain+dem -3161.909 6336.062 26.087 0 6

7 dem+G.S. -3162.743 6337.730 27.754 0 6

8 dem -3164.389 6338.952 28.977 0 5

9 rain+G.S. -3166.907 6343.989 34.013 0 5

10 rain -3169.708 6347.532 37.556 0 4

11 GS. -3169.779 6347.673 37.697 0 4

12 Null -3172.120 6350.310 40.334 0 3

Speed 1 G.S.*dem +rain -2246.051 4510.630 0 0734 9
2 G.S.*dem + rain * dem -2244.988 4512.754 2124 0.254 11

3 G.S.*dem -2251.273 4518.966 8.336 0.011 8

4 rain+dem -2256.236 4524716 14.086 0.001 6

5 rain * dem -2254.955 4526.330 15.700 0 8

6 dem *rain+G.S. -2254.453 4527.434 16.804 0 9

7 dem -2260.589 4531.351 20.721 0 5

8 dem+G.S. -2260.237 4532.718 22.088 0 6

9 rain -2265.342 4538.800 28.170 0 4

10 rain+G.S. -2264.460 4539.095 28.465 0 5

11 Null -2269.532 4545.133 34.503 0 3

12 G.S. -2268.952 4546.020 35.390 0 4
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Abstract

Concern about the effects of habitat fragmentation has led to increasing interest in
dispersal and connectivity modelling. Most modern techniques for connectivity modelling
have resistance surfaces as their foundation. However, resistance surfaces for animal
movement are frequently estimated without considering dispersal, despite this being the
principal natural mechanism by which organisms move between populations. We collected
GPS data over ten years from 50 African lions (Panthera leo) (11 dispersing sub-adult
males, 20 adult males and 19 adult females) and used a path level analysis to parameterise
demographic-specific resistance surfaces for the entire Kavango Zambezi Transfrontier
Conservation Area (KAZA) in Southern Africa. Lion path selection varied according to
demographic grouping: Adult females were most averse to risky landscapes such as agro-
pastoral lands, towns, areas of high human density and highways. Dispersers were the least
risk averse suggesting they are potentially the most prone demographic to human-lion
conflict. Adults of both sexes selected bushed grassland and shrubland habitats and
avoided woodland. Dispersing males displayed the opposite trend suggesting con-specific
avoidance and/or sub-optimal habitat use. We used the resistance surfaces to calculate
factorial least-cost path networks for each demographic-specific resistance surface and
present results that show substantial differences between predicted patterns of connectivity
for dispersers, females and males. Resistance surfaces are widely used to create
connectivity models, which are promoted for use by conservation managers. Our results
suggest that the demographic category used to parameterise resistance surfaces may lead to
radically different conclusions about connectivity. Failure to include dispersing individuals
when parameterising resistance surfaces intended for connectivity modelling may lead to
erroneous conclusions about levels of connectivity and potentially the application of

unsound management strategies.
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Introduction

As ecosystems become more fragmented the importance of dispersal is
increasingly apparent since it is the principal mechanism by which organisms move within
metapopulations and thereby maintain population viability and genetic diversity (Clobert
et al. 2012). Thus there has been increasing interest in identifying corridors and
maintaining connectivity between populations (for reviews see Sawyer et al. 2011, Zeller
et al. 2012). Resistance surfaces that indicate the cost of movement as a function of
landscape features are the foundation of most contemporary methods for mapping potential
corridors and predicting connectivity (Zeller et al. 2012). In order to evaluate functional
landscape connectivity, numerous techniques can be applied to the resistance surface, with
least-cost modelling being the dominant tool (reviewed in Rudnick et al. 2012, Cushman
et al. 2013). However, regardless of which connectivity metric is calculated, false
assumptions pertaining to the underlying resistance surface may result in erroneous
conclusions regarding connectivity (Janin et al. 2009). Since connectivity models are
widely promoted as a conservation tool to address the effects of fragmentation, it is critical
that the underlying resistance surfaces are reliable. To this end, recent research has
investigated how the accuracy of resistance surfaces may be affected by the functional
grain of environmental variables (Galpern and Manseau 2013), cost surface
parameterisation (Koen et al. 2012) and the functions used to transform habitat suitability
into resistance values (Trainor et al. 2013). However, as Zeller et al. (2012) noted in a
review of papers relating to resistance surfaces, it is also crucial to compare the data types
used and how these may alter the resultant resistance surface.

Expert opinion is the most common basis for parameterising resistance surfaces,
followed by the use of genetic and detection data (Zeller et al. 2012). Recently, the use of

telemetry data has increased (e.g. Trainor et al. 2013) and arguably provides the most
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direct and informative means for identifying landscape features that affect connectivity
under current landscape conditions (Cushman et al. 2010). Studies that incorporate
telemetry data typically use data obtained from settled adult individuals (e.g. Squires et al.
2013). For example, Cushman and Lewis (2010) created resistance surfaces based on
telemetry data of 19 adult American black bears (Ursus americanus) of both sexes. This
could give rise to two limitations: firstly, grouping males and females could mask
important differences between sexes (e.g. Koehler and Pierce 2003); secondly, data
collected on settled adults may give a biologically misleading impression of the factors
that are important to dispersing individuals and therefore, connectivity. This is because
data gleaned from the movement and resource selection of settled adults reflect choices to
optimise fitness within home ranges, while habitats selected during dispersal need only
provide those resources required by individuals moving through that patch (Soulé 1991). It
is therefore striking that although dispersal is widely recognised as the primary means of
population connectivity, few studies have used dispersal data to parameterise resistance
surfaces (but see Richard and Armstrong 2010) and none has compared resistance surfaces
derived from the behaviour of resident adults as opposed to dispersers.

In this paper we show that radically different conclusions about resistance surfaces
and connectivity emerge when models are parameterised on the basis of the behaviour of
different demographic categories. Specifically, we use telemetry data, spanning ten years,
from 50 African lions (Panthera leo) in three demographic categories (11 dispersing
males, 20 adult males and 19 adult females) to parameterise demographic-specific
resistance surfaces based on 11 environmental variables.

Lion populations have become increasingly fragmented, with an estimated 75%
range loss in the last 500 years (Riggio et al. 2013). A population genetics model predicted

a minimum of 50-100 prides, with no limits to dispersal, are required to maintain long-
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term genetic diversity (Bjorklund 2003). Few remnant populations meet this criteria,
raising the threat of diminished genetic diversity, shown to increase sperm abnormality and
decrease reproductive performance (Packer et al. 1991). However, the degree to which
remnant lion populations are functionally isolated and the factors that may facilitate gene
flow between them through dispersal are largely unknown. Therefore, in parameterising
resistance surfaces based on data from dispersers, adult males and adult females, we not
only highlight the different results derived from each dataset but also lay the foundation
for future work in connectivity modelling for this species.
Methods
Study extent

The study extent (=1.4 million km?) encompasses the entire Kavango Zambezi
Transfrontier Conservation Area (KAZA-TFCA) and traverses sections of Angola,
Botswana, Namibia, Zambia and Zimbabwe (Figure 5.1). Approximately 31% (=446,000
km?) of the study extent is managed for wildlife, including 26 national parks, 297 forest
reserves and 117 wildlife management areas (WMA). This extensive area is of great
conservation importance for lions as it contains 13 ‘Lion Conservation Units’ (IUCN
2006) and the Okavango-Hwange ecosystem is one of Africa’s 10 remaining lion

‘strongholds’ (Riggio et al. 2013).
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Figure 5.1: Study extent for evaluation of movement paths of African lions in
Southern Africa. The black ellipse details the approximate extent of the GPS telemetry

data obtained from collared lions in the study.

Environmental data

We proposed, a priori, three groups of variables (land use, habitat and
anthropogenic) known to influence lion movement (e.g. Hopcraft et al. 2005, Valeix et al.
2012a, Loarie et al. 2013, Schuette et al. 2013). We used open-source geographic
information system (GIS) layers or created our own. Layers that had a resolution <500m
were retained in their original form. In order to maintain a consistent grain size, coarse-
grained layers (>500m) were resampled to 500m using nearest neighbour (for categorical
variables) or bilinear interpolation (for continuous variables) in Arcinfo Workstation

(ESRI 2010).
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1. Land use: We obtained GIS layers depicting wildlife areas from the World Database
on Protected Areas (IUCN and UNEP 2010) and reclassified them as:

a. National parks: Gazetted by government (IUCN Category II). ‘Game Reserves’
in Botswana (IUCN Category IV) were also included as they have the same
function.

b. Forest reserves: Government-owned land primarily set aside for forest products,
with a mandate for conservation.

c. Wildlife management areas: State, private or community-owned land managed
for wildlife. The focus is on trophy hunting with a few areas set aside for
photographic tourism.

d. Agro-pastoral lands: All land not included in the three categories above was
converted into a layer of human habitation.

2. Habitat: We used the European Space Agency (ESA) global land cover map, version
2.3 (ESA and UCLouvain 2010) consisting of 22 habitat classifications. Only nine
categories occurred in our study extent and were retained for sampling. These were
reclassified according to habitat structure and place into three broad groups:
woodland, shrubland and bushed grassland (see Appendix 5.1). In addition, we used
the Moderate Resolution Imaging Spectroradiometer (MODIS) Vegetation
Continuous Fields dataset (Hansen et al. 2005), which quantifies percentage tree
cover.

3. Anthropogenic

a. Human density: We used the Gridded Population of the World (GPWv3) dataset
based on population data estimates from 2000 and projected (in 2004) to the year
2010 (CIESIN and CIAT 2005). Projections were based on growth rates from

census data and United Nations statistics.
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b. Towns: We digitised the extent of all towns in the study extent using DigiPoint3
(Zonum Solutions 2010) in Google Earth (Google Inc. 2011). To reflect the size
of each town, and hence how these physical structures may impact lion
movement, this was converted to a point density layer by converting the raster to
a point coverage and calculating the focal point density on that surface within a
5,000m radius focal window (ESRI 2010).

c. Highways: All major roads were recorded using a handheld Global Positioning
System (GPS) device (Garmin, Olathe, Kansas, USA) programmed to collect
fixes at 100m intervals (accuracy + 4m).

Lion telemetry data

Lion telemetry data were obtained from a source population in and around Hwange
National Park (HNP), in North West Zimbabwe (19°00°S, 26°30°E). The population has
been intensively monitored without interruption since 1999 (for a description of the study
area and lion population see Loveridge et al. 2010). Between 2003 and 2012, location data
were obtained from 50 lions in different social groups (11 dispersing males, 20 adult males
and 19 adult females). Each lion was fitted with a GPS radio-collar (see Loveridge et al.
2007c for details), programmed to take hourly fixes when lions were active (1800-0700).
All lions were collared within HNP and surrounding areas, but were not confined to this
area. See Appendix 5.2 - 5.5 for representative data for each demographic category.
Data preparation

To ensure accuracy, we retained only those fixes with a Dilution of Precision <10
(Frair et al. 2010). To reduce the effects of non-stationarity (Cushman et al. 2005) the
study period was split into sequential temporal windows of 30 day intervals. We created
229 temporal window periods, starting on 11 March 2003 and ending on 20 August 2012.

The data for each individual lion were split according to these windows.
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Lion demographic categories

Lions were classified as dispersing males, adult males or adult females, based on
field observations:

Dispersing males: The transience phase was deemed to have commenced once the
sub-adult had left its natal pride and did not return thereafter. A dispersing individual was
deemed to have established a territory when it had been in a consistent home-range for a
minimum period of two months and occupied a fixed home-range thereafter. The onset of
establishment was back-dated to the time the lion entered the new home-range. Only data
gathered during dispersal were retained (70 windows).

Adults: All adults used in this study were at least four years old, either in
established territories or, in a few cases, temporarily nomadic for short periods after being
displaced from their territory (adult males = 371 windows; adult females = 486 windows).
Path selection and scaling

To predict lion movement as a function of landscape features we converted the
series of sequential locations for each utilised window into a path in Arcinfo Workstation
(ESRI 2010). Path selection functions are a robust method for comparing the attributes of
landscape features along an animal’s utilised path with those that would be encountered in
available paths (Cushman and Lewis 2010). This approach is arguably the most powerful
selection function for creating resistance surfaces (Zeller et al. 2012), and avoids problems
of autocorrelation associated with step selection functions (Cushman 2010).

Ecological processes, such as dispersal, may be driven by environmental factors
across a range of spatial scales (Wiens 1989), making it important to measure a response
variable at the correct scale (Sawyer et al. 2011). Failure to do so may result in erroneous
evaluation of a relationship effect size or detection of a relationship altogether (Cushman

and Landguth 2010). It is therefore recommended that one quantifies variables at multiple
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scales to determine scale dependency in the underlying process (Galpern and Manseau
2013). We used four scales to investigate relationships between lion movement paths and
GIS variables detailed above. For each utilised path we created nine matched available
paths of identical topology to the utilised path at each scale. The available paths were then
shifted a random distance in x and y and randomly rotated between 0 and 360°. The four
spatial scales correspond to random shifts of: (1) no shift and distances between (2) 0-
12.5km, (3) 0-25km, (4) 0-50km. Thus, for each used path we had nine random paths at
each scale resulting in a total of 36 available paths per used path. Issues of autocorrelation
are avoided by converting the points to paths, retaining the topology of the used paths and
randomly rotating and shifting those paths (Cushman 2010). In total our dataset comprised
927 utilised and 8343 available paths, each of 30 day duration.
Conditional logistic regression

Predictor variables were derived in Arcinfo Workstation (ESRI 2010) by
calculating the mean value for each GIS variable of all pixels that fell along the utilised
and available path trajectories. We used conditional logistic regression to match each
utilised path with the nine available paths at each scale. Thus the results of the model are
conditional upon each group of corresponding used and available paths and no intercept is
estimated. With the present study design, conditional logistic regression is an appropriate
modelling approach (Hegel et al. 2010) and is useful for radio-telemetry data, where there
is a lack of independence (Fortin et al. 2005, Coulon et al. 2008), since it minimises issues
of autocorrelation inherent in spatial data (Craiu et al. 2008). In addition, this approach is
particularly powerful for studying fine-scale habitat selection (Compton et al. 2002) and
provides a robust way to rank alternative hypotheses with Akaike’s Information Criterion

(AIC; Burnham and Anderson 2002, Cushman and Lewis 2010). Consistent with Coulon
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et al. (2008), we used the Cox function and performed all statistical analysis in R 2.15.1 (R
Core Team 2012). Lion ID was used as a random effect in all models.

We conducted the conditional logistic regression in two steps. First, we performed
a univariate scaling analysis (e.g. Thompson and McGarigal 2002) for each variable to
determine which scale had the strongest relationship with lion path selection. We used
model selection to identify the most supported scale for each variable based on Akaike
Information Criterion corrected for small sample size (AlICc). The scale with the lowest
AlCc ranking was inferred to be the one at which lions selected their paths, and thus was
retained for the next step.

Second, we created candidate models for each group of variables. Models were
ranked using AICc and relative support was assessed using Akaike weights (w;). When one
model was superior (w;>0.9) this was used, otherwise we averaged parameter estimates
across the models correcting for model weights (Burnham and Anderson 2002).

Resistance surfaces

Using the results from the second step of analysis we produced resistance surfaces
for each demographic category. For each group of models we took the coefficients from
the dominant model or those produced by model averaging and used them to produce
resistance surfaces. Resistance surfaces were created in Arcinfo Workstation (ESRI 2010)
by calculating z = B1vi + BaVv2 + ... + By, where B is the coefficient for variable v; and
rescaling such that resistance = (z * -1) / min(z * -1). To explore the similarity between the
resistance surfaces for adult male, adult female and dispersing lions, we created Relative
Difference Grids (RDGs) by calculating the difference between two surfaces as a
proportion of the dispersal resistance surface. RDGs were created for males and females

by calculating (dispersal resistance — adult male or female resistance) / dispersal resistance.
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Factorial least-cost paths

We calculated factorial least-cost path (LCP) networks (e.g. Cushman, McKelvey &
Schwartz 2009) to illustrate the changes in connectivity and their implications for
management. Factorial LCPs have an advantage over tradition LCP analyses since they
calculate LCPs among many pairs of source and destination cells (Cushman and Landguth
2012). We created a uniform grid of 223 source points, spaced at 25km and located within
national parks (Figure 5.4a) and used UNICOR (Landguth et al. 2012) to calculate
factorial LCPs with a 250,000 cost-distance threshold. This threshold roughly translates to
80km through the most costly land use, agro-pastoral land, and is well within the dispersal
ability of lions (Appendix 5.3-5.5).

We used FRAGSTATS (McGarigal et al. 2012) to quantify the differences in
demographic-specific corridor networks in two different ways. First, we calculated four
landscape metrics to quantify the extent and fragmentation of each predicted corridor
network (PLAND - percentage of the landscape covered by the predicted corridor
network; NIP — number of isolated patches in the corridor network; Correlation Length —
correlation length of predicted corridor network; Mean Shape Index — area-weighted shape
index calculating the shape complexity of each patch in the corridor network). Second, we
calculated the intersection of predicted corridors outside national parks between each
demographic category with intensity greater than mean plus one standard deviation (SD)
and mean plus two SD. These signify weak and intense corridors respectively and quantify
the degree to which predicted corridor networks for each demographic group are accurate

surrogates for the others.
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Results
Univariate scaling

AICc rankings showed that land use and anthropogenic variables were most
frequently selected or avoided at broad scales (0-25km), while habitat variables were either
selected at small scales (Okm) or large scales (0-50km; Appendix 5.6). There was strong
and consistent selection of protected areas and avoidance of humans and agro-pastoral land
by lions. National parks were selected by all demographic categories across all scales; in
each instance the most supported scale was 0-25km. Agro-pastoral land and areas of high
human density were avoided at all scales by all demographic categories, again 0-25km
being the most supported scale. Towns and highways were generally only avoided at larger
scales, while avoidance was not detected at small scales.
Multivariate analysis
Models and model comparison statistics for each demographic-specific group of analyses
can be found in Appendix 5.7.
Land use

All three demographic categories avoided agro-pastoral lands, but the extent to
which they did so varied, as evidenced by the coefficients (Appendix 5.8). Dispersing
males showed the weakest avoidance of agro-pastoral lands, followed by adult males
(twice that of dispersers). Adult females showed the strongest avoidance of agro-pastoral
lands (seven times that of dispersers) and the strongest selection for national parks.
Dispersing males had the weakest selection for national parks, followed by adult males.
Forest reserves were selected by dispersers, with weak selection or avoidance by adult

males and females of forest reserves and WMA’s.
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Habitat

Bushed grassland and shrubland areas were selected by adult males and females
(Appendix 5.9). Conversely, dispersing males avoided these habitat types and selected
woodlands, which were avoided by adults of both sex. All three demographic categories
avoided areas with higher percentages of tree cover.
Anthropogenic

Each of the anthropogenic parameters was avoided by all demographic categories,
but to varying degrees (Appendix 5.10). Both highways and humans were least avoided by
dispersing males, with adult males displaying intermediate avoidance and adult females
the strongest avoidance. Adult females avoided highways to an 11-fold greater extent than
did dispersers and adult males five times more than dispersers. Adult females most
strongly avoided areas of human density (four times that of dispersers) with adult males
having intermediate avoidance (twice that of dispersers). Towns were most strongly
avoided by adult females, then dispersers, followed by adult males.
Resistance surfaces

Resistance surfaces produced from all 11 variables for each demographic category
are displayed in Figure 5.2. Mean resistance for adult males was twice as high (mean + SD
= 61.096 £ 191.2) as that of dispersing males (mean £ SD = 29.8 + 101.9), while adult
females had the highest resistance (mean + SD = 82.7 + 448). The Relative Difference
Grids illustrate these differences (Figure 5.3), with larger negative values indicating areas
where the paired demographic category (either males or females) had higher resistance
than did dispersers and positive values indicating areas where the paired demographic

category had lower resistance than did dispersers.
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Figure 5.2: Resistance surfaces for a 1.4 million km® area in Southern Africa
parameterised from GPS telemetry data obtained from (a) dispersing male lions, (b)
adult male lions pg. 126 and (c) adult female lions pg. 127. Resistance surfaces were
created by calculating z = Byvy + Bova + ... + Buvn, where B; is the coefficient for
variable v; and rescaling such that resistance = (z * -1) / min(z * -1). For display, we
stretched the adult male and adult female surfaces to match the scale of the disperser
resistance surface.
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Figure 5.3: Relative Difference Grids for paired demographics of lions in Southern
Africa and highlight differences between resistance surfaces derived from (a) dispersal
data compared to adult male data and (b) dispersal data compared to adult female data.
Negative values indicate areas where the paired demographic category (either males or
females) had higher resistance than did dispersers and positive values indicating areas
where the paired demographic category had lower resistance than did dispersers.

Factorial least-cost paths

The model indicated substantial differences between patterns of connectivity
predicted for dispersers (Figure 5.4b), females (Figure 5.4c) and males (Figure 5.4d). For
example, the extent of the landscape occupied by the corridor network for dispersers was
22.6% higher than for females and 37.7% higher than for males. Similarly, the total
fragmentation of the network, as judged by number of isolated patches, was 233% higher
for males and females than for dispersers (see Appendix 5.11 for full set of differences and

explanations).
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Figure 5.4: lllustration of the differences in predicted connectivity for resistance maps

derived from different demographic categories of lions. Panel (a) shows national parks
in grey and 223 source points in yellow. Panel (b) shows the predicted corridor
network connecting source points within the cost distance threshold (250,000 cost
units) for dispersing sub-adult male lions, (c) adult female lions, (d) adult male lions.
The colour ramp indicates corridor intensity, as measured by the number of least-cost
paths among combinations of source points passing through a given pixel, and ranges
from O (black) to 197 (dark red).
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The intersection analysis (Table 5.1) revealed that for both weak and intense
corridors there is low intersection among demographic groups: For all combinations there
IS no case where the intersection amounts to 50% of the corridor network (Table 5.1 all
values less than 0.5). In addition, the degree of intersection for all combinations of
demographic group are smaller in the upper triangle (Table 5.1) than in the lower triangle,
indicating that there is proportionally more overlap for weak corridors than for intense
corridors. Finally, the intersection between the predicted corridor network for adult male
lions and dispersers was higher than between females and males, or females and dispersers
(especially for the most intense corridors — upper triangle) suggesting that resident males

and dispersers have the most similar optimal corridor networks.

Table 5.1. Intersection of predicted corridors outside national parks between male, female, and
dispersing African lions. Values in the upper triangle are for intersections of all corridors with
intensity greater than I + 2 SD (‘intense corridors’). Values in the lower triangle are for
intersections of corridors of intensity value greater than & + 1 SD (‘weak corridors’). The values in
the table on the left correspond to the size of network intersections for the group listed in the
column name as a proportion of the group listed in the row name. The table on the right is the
group in the row name as a proportion of the group in the column name. For example, left table,
column 1, row 2, the value is 0.190. This is interpreted as 19% of the extent of the female corridor

network (at I + 1sd intensity level) intersects with the male corridor network.

Adult Adult . Adult Adult .
Dispersers Dispersers
males females males females
Adult males X 0.069 0.411 Adult males X 0.029 0.236
Adult females 0.190 X 0.039 Adult females 0.135 X 0.029
Dispersers 0.265 0.269 X Dispersers 0.485  0.349 X
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Discussion

Our results show that strikingly different resistance surfaces and connectivity
metrics can be predicted depending on whether data on the movements of dispersing, adult
male or adult female lions are used to parameterise models. The differences arise primarily
because dispersing male lions avoided what might be interpreted as risky conditions (agro-
pastoral lands, highways and humans) to a lesser extent than did adults. The movements of
adult females were only weakly affected by habitat type but, like adult males, they selected
for bushed grasslands and shrubland habitats while avoiding woodland. Dispersers showed
the opposite trend: selecting for woodland and avoiding bushed grassland and shrubland.
We propose that such differences are likely to occur in other species since dispersal
through a habitat patch may be driven by different factors to those affecting movements of
adults (Wasserman et al. 2010).

In dimorphic and polygynous species males are more likely to take risks than
females (Trivers 1985). Conversely, females, especially those with dependent young, may
be more averse to raiding compared to males (e.g. Bunnefeld et al. 2006). Dispersal on the
other hand, is inherently risky, particularly when travelling through novel environments
and frequently results in mortality (Bonte et al. 2012). Dispersing sub-adult males are
smaller than adult males and during transience pass through occupied territories, where
they are not tolerated (Packer 2001). It is therefore unsurprising that dispersers, while
searching vast areas for patches in which to settle, encounter anthropogenically risky
environments more frequently than do territorial adults. Indeed, stock-raiding lions are
frequently dispersing sub-adults (Stander 1990, Patterson et al. 2004) and our results
highlight dispersers as the demographic group most prone to coming into contact with
people and hence be involved in human-lion conflict. This has important management

implications since complete protection of land may aid, but not be essential to effectively
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link lion populations, provided lions are tolerated (e.g. Schuette et al. 2013). As such,
conflict mitigation should be part of connectivity planning for this species.

The univariate scaling analysis identified the functional scale at which lion path
selection was most related to each environmental variable. Avoidance of towns and
highways was only detected at larger scales, highlighting the importance of assessing
variables at multiple scales, without which an erroneous conclusion that lions do not avoid
towns and highways may have been made. Our multivariate analysis revealed the
magnitude of the effect for each variable at the most appropriate scale. The overall
approach and resultant resistance surfaces integrate landscape patterns and behavioural
processes to lay the foundation for realistic and accurate connectivity modelling. Future
work should build on the resistance layers of dispersers to investigate changes in landscape
connectivity under a range of management scenarios. These could include the addition or
removal of protected areas, an increase in human density or the use of fencing. This would
be timely since a recent, widely publicised study suggested that fencing lions populations
would benefit their conservation (Packer et al. 2013), while others argue that promoting
connectivity would be more effective (Creel et al. 2013).

Once a paradigm largely restricted to the Western world (Beier and Noss 1998),
connectivity conservation is now widely promoted and has engendered considerable
political and popular support globally (Doerr et al. 2011). In Africa for example, an
initiative by Peace Parks Foundation (PPF) has elevated the study of connectivity from an
academic pursuit to a necessity. Throughout Africa, PPF have developed Transfrontier
Conservation Areas (TFCA’s) with government-signed MoU’s and treaties for 10 TFCA’s
and plans for eight more (PPF 2013c). Tens of millions of dollars have been raised, in part

to achieve one of their core objectives: connectivity. KAZA TFCA, which our study extent
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encompasses, is one such example and it is therefore critical that connectivity plans are
created from realistic data.

Currently most TFCA connectivity strategies are based on expert opinion, which
has demonstrated limitations and weaknesses (Sawyer et al. 2011). While use of empirical
data is an improvement, our results indicate that connectivity models, which are not based
on the most relevant demographic to connectivity, i.e. dispersers, may also lead to
potentially unsound management decisions. The intersection analysis revealed that there
was low overlap of predicted corridors among demographic groups. Similarly, we found
that there was more overlap among weak predicted corridor networks than intense
networks for the different demographic groups. This indicates that connectivity models
developed from one demographic category are likely to be poor surrogates for other
demographics, particularly for the most intense corridors, which are most likely to be
prioritised by targeted conservation actions. In addition, the models of predicted
connectivity for adult lions neglect that there may already be viable corridors between for
instance HNP and Chizarira National Park and an intense corridor between Makgadikgadi
and the Central Kalahari Game Reserve (Figure 5.4). Thus management decisions based
on adult resistance surfaces might focus on areas that are not in line with existing dispersal
routes.

Protecting dispersal corridors has become a cornerstone of modern conservation
(Chetkiewicz et al. 2006, Rudnick et al. 2012). Their effectiveness for facilitating
movement has been demonstrated in a variety of taxa (Haddad et al. 2003), but can be
counterproductive, especially when based on scant biological data (Chetkiewicz et al.
2006). As a result, some authors argue that the importance of connectivity is overstated,
primarily due to uncertainty in models, regarding for instance how dispersers search for

habitat (Hodgson et al. 2009). Meanwhile, others suggest that advances in knowledge and
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theory on dispersal behaviour limit such uncertainty (Doerr et al. 2011). We contend that
both arguments are partly correct: there is uncertainty in many connectivity models and
there is a rapidly increasing understanding of dispersal. The uncertainties arise however,
largely because studies frequently do not incorporate empirical dispersal data and

behaviour into connectivity models. Our results indicate that it is critical to do so.
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Appendix 5.1. Habitat reclassification table. The original grid code and description from the European Space Agency (ESA) global land cover map, version

2.3 was reclassified into seven groups. Of these, only three (reclassified as woodland, shrubland and bushed grassland) occurred in our study area and were

retained for sampling.

Original Reclassified Total area % habitat type in study
Grid code Original description Reclassification  description (km2) extent (km2)
30 Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland  woodland 15 - >40% forest 276356 18.6
(20-50%)
50 Closed (>40%) broadleaved deciduous forest (>5m) woodland 15 - >40% forest 84984 5.7
60 Open (15-40%) broadleaved deciduous forest/woodland (>5m) woodland 15 - >40% forest 114729 7.7
110 Mosaic forest or shrubland (50-70%) / grassland (20-50%) shrubland Forest and 63065 4.2
shrubland (50%)
/ grassland
(50%)
120 Mosaic grassland (50-70%) / forest or shrubland (20-50%) shrubland Forest and 54743 3.7
shrubland (50%)
/ grassland
(50%)
100 Closed to open (>15%) mixed broadleaved and needleleaved forest  bushed Closed to open 17536 1.2
(>5m) grassland shrubland (+/-
15%)
130 Closed to open (>15%) (broadleaved or needleleaved, evergreen or  bushed Closed to open 267815 18.0
deciduous) shrubland (<5m) grassland shrubland (+/-
15%)
140 Closed to open (>15%) herbaceous vegetation (grassland, bushed Closed to open 606173 40.7
savannahs or lichens/mosses) grassland shrubland (+/-
15%)
150 Sparse (<15%) vegetation bushed Closed to open 2942 0.2
grassland shrubland (+/-

15%)
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Appendix 5.2 — 5.5. The following figures are designed to display representative data used
in this study. These example data were chosen as they aid in the visualisation of lion
movement paths, home ranges and selection or avoidance of land use types. As such they
display our entire datasets for four individuals from each demographic group. These data
were overlaid on various environmental variables in order to perform a path level analysis
and parameterise demographic-specific resistance surfaces. The data displayed below are
particularly informative in interpreting our results pertaining to the varying degrees to

which each demographic group avoided agro-pastoral lands.
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Appendix 5.2. The red ellipse indicates the core study area, which has been intensively monitored since 1999. All lions radio-collared during this study were
captured in Hwange National Park and the surrounding wildlife management areas and forest reserves. Two of the major focuses of this research project
include monitoring the effects of trophy hunting and investigating human-lion conflict. As such, we aimed to collar lions situated in close proximity to the

boundaries of protected areas. As a result, lions of all demographic categories had equal chance of leaving the protected areas.
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Appendix 5.3. Dispersal movement paths. Panels PUME GUOE | WOEE OGN

(@) and (b) are representative of dispersing males
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Zambia

that left the protected area for considerable lengths

of time. While panels (c) and (d) are representative

1870'0"S
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of dispersing males that spent the majority of
transience within the confines of HNP and the

surrounding protected areas. More specifically, (a)

18°0'0"S

illustrates the movement path of a dispersing male
who left HNP and walked over 100km through
agro-pastoral lands where he was recorded killing

$.0.0.02

18°30'0"S
A
T

considerable amounts of livestock. At the time of

writing, it appears that he has settled in the

L)
S.0.0.8%

Chizarira/Chirisa complex in the north east; (b) -
illustrates the path of a young male that also spent

L)
S.0.0.61

considerable time in agro-pastoral lands and
crossed into Botswana. This male was transient for

848 days and travelled some 4,223 kilometres

S.0.0.02

during the 16 months he was radio collared. He 26°300°E 27°00°E 2TIUE | 2500E 26°00°E  27°00°E 28°00°E
was finally shot for raiding livestock. Note that despite traversing a huge area his start and end points are very close together highlighting the value of radio-
telemetry data since start and end points only would provide a misleading interpretation of this lion’s transience phase; (¢) and (d) were two dispersing males
in two separate groups despite going to similar areas. Both (c) and (d) represent 690 days. Both lions were recorded to kill livestock, particularly the
individual displayed in (c) who spent vast amounts of time in the north east of the map and killed substantial quantities of livestock. Both lions survived

dispersal and established territories within HNP.
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Appendix 5.4. Adult males. Panels (a) and 26°400"E 26°300°E

(b) display data over 1,740 days and 1,200 " = | E
days respectively. Notice how for both males § 'E
the territory shifts over this time frame as they = .
were ousted from one area and gained g b g
residence in another. Of particular interest in g 5-3
panel (b) is the time spent on the southern o "
boundary of HNP where despite being in the E 1-§
area for one and a half years, this lion never = »
crossed the boundary despite many patrols

along it. Panel (c) is an exceptional example

of an adult male who was originally in a -
coalition of four. One by one these males '§
were either trophy hunted or poached,

resulting in this male becoming a singleton S5 .
and unable to hold his territory. When he was -§
eventually ousted he first travelled south east, ¢ %
reached the end of the protected area and é‘

turned back. He then travelled north west 26°0'0°E 27°0'0"E 27°00°E 27°10'0°E 27°20'0"E

through agro-pastoral lands (approximately 100km in a straight line) and crossed the Zambezi river in Zambia. He was subsequently captured outside
Livingston after becoming an habitual livestock raider. Panel (d) is illustrative of an adult male, whose territory was in close proximity to agro-pastoral land.

This data represents 570 days during which time he never left the protected areas.
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Appendix 5.5. Adult females. The first difference to note is the small size of adult female territories in comparison to adult males. Panel (a) represents 1,920
days of GPS data, during which time this female only left the protected area on one occasion, despite being situated on the boundary. Panel (b) represents
1,470 days and a female which never left the protected area. Panel (c) illustrates 1,170 days. This female left the protected area on a number of occasions.

Panel (d) represent 1,860 days. This female was the most prolific livestock-killer we have recorded and was subsequently shot as a problem animal.
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Appendix 5.6. Summary of the univariate scaling analysis. We performed a univariate
scaling analysis using conditional logistic regression for each variable to determine the
scale that had the strongest relationship with lion path selection in southern Africa. We
used model selection to identify the most supported scale for each variable based on
Akaike Information Criterion corrected for small sample size (AICc). For each variable we
retained only the scale with the lowest AICc score for the multivariate analysis. In all
models lion identity was entered as a random factor. Included are the log likelihood (LL),
the AICc values, the AICc differences (Ai) and the Akaike weights (wi), in addition to the

regression coefficients () and their associated standard errors (SE(B)).

141



Dispersing sub-adult male lions. See pg. 141 for full explanation of table.

Variable Shift (km)  log likelihood  AICc  Ai Wi B SE(B)
National Park 25 -110.16 2245 0 1 4.32 0.58
50 -148.81 3018 7731 0 1.88 0.57
0 -156.09 3164 91.86 0 4.64 1.52
12.5 -158.79 3218  97.27 0 1.47 0.69
Forest 50 -157.98 3201 0 046 1.39 1.13
reserve 25 -158.64 3215 132 0.24 -1.18 1.53
0 -158.84 3219 173 019 -3.60 456
12.5 -159.39 323 283 011 -0.14 1.59
WMA 25 -159.64 3235 0 035 -1.34 0.88
0 -159.76 3237 024 031 3.10 1.83
50 -16001 3242 073 0.24 -1.03 1.03
12.5 -160.90 326 251 010 0.84 1.10
Agro-pastoral 25 -106.65 217.5 0 1 -12.07 4.35
lands 50 -133.28 2707 53.25 0 -5.80 1.52
0 -149.47 3031 8563 0 -11.37 3.64
12.5 -151.48  307.1  89.65 0 -5.42 1.90
Bushed 25 -159.52 3232 0 045 -1.53 1.86
grassland 125 -160.12 3244 118 0.25 169  2.07
0 -160.43 325 182 018 0.88 3.47
50 -160.93 326 28 011 -0.15 1.64
Shrubland 0 -159.11 3224 0 048 -6.54 5.79
12.5 -159.70 3236 119 027 -3.39 4.25
50 -160.26  324.7 23 015 -2.04 3.57
25 -160.66 3255 311 0.10 -2.62 3.16
Woodland 25 -159.43 323 0 047 1.72 1.50
0 -159.71 3236 056 0.35 3.43 2.03
12.5 -161.05 3263 323 0.09 0.75 1.44
50 -161.10 3264 334  0.09 0.43 1.29
% tree cover 0 -135.16 274.5 0 1 -0.64 0.32
12.5 -148.68 3015  27.04 0 -0.29 0.14
50 -155.05 3143  39.79 0 -0.04 0.06
25 -160.16 3245 50.01 0 -0.16 0.08
Human density 25 -111.57 2273 0 1 -0.88 0.32
50 -138.62 2814 54.1 0 -0.42 0.13
12.5 -153.91 312 84.68 0 -0.40 0.17
0 -156.31  316.8  89.48 0 -0.53 0.25
Towns 50 -155.83 3158 0 067 -39.03 1847
25 -156.72 3176 177 0.28 -38.08  17.92
12.5 -158.95 3221 6.23 0.03 7222 39.33
0 -159.24 3227  6.81 002 -106.84  69.76
Highways 25 -15351 3112 0 091 2773 14.03
0 -156.08 3163 515 0.07 817 1451
50 -157.47 3191  7.92 0.02 -16.79 9.98
12,5 -159.46 3231 119  0.00 7.17 4.43
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Adult male lions. See pg. 141 for full explanation of table.

Variable Shift (km)  log likelihood  AlCc Ai W B SE(B)
National Park 25 -466.41  936.9 0 1 4.98 0.68
50 -686.69  1377.4  440.57 0 3.49 0.86
0 -803.93 16119  675.04 0 10.53 2.85
12.5 -807.69  1619.4  682.56 0 3.15 0.95
Forest 25 -781.67  1567.4 0 1 -4.78 1.58
reserve 0 -806.98 1618 50.63 0 -12.63 3.83
12.5 -809.49 1623 55.65 0 -3.95 1.52
50 -811.97 1628  60.62 0 -2.20 1.30
WMA 25 -804.35  1612.7 0 1 -5.96 2.36
50 -815.00 1634  21.29 0 -3.57 1.51
12.5 -849.87 17038  91.03 0 -0.13 1.01
0 -852.61  1709.3  96.52 0 1.93 1.07
Agro-pastoral 25 -487.06 9782 0 1 -37.18 7.99
lands 50 -665.73 13355  357.34 0 -31.26 8.03
12.5 -798.34 16007  622.56 0 -19.35 4.29
0 -803.66 16114  633.19 0 -31.13 8.78
Bushed 0 73522 14745 0 1 10.06 3.77
grassland S0 78229 15686  94.14 0 2.79 2.38
25 -787.86  1579.7  105.28 0 0.47 2.08
12.5 -790.77 15856  111.1 0 5.09 2.19
Shrubland 0 -829.29 16626 0 1 -0.24 5.85
12.5 -840.66 16854  22.73 0 -2.06 3.09
50 -848.60 17012 3861 0 0.43 1.79
25 -850.18 17044  41.78 0 -1.37 1.39
Woodland 50 -779.62 15633 0 1.00 -2.87 2.06
0 78556 15752  11.88  0.00 -9.93 2.49
25 79259  1589.2  25.93 0 -0.43 1.81
12.5 -811.17 16264 63.1 0 -4.19 1.62
% tree cover 0 -524.07 1052.2 0 1 -1.55 0.24
12.5 -602.34  1208.7  156.55 0 -0.64 0.13
50 -685.49 1375  322.84 0 -0.27 0.12
25 79430  1592.6  540.48 0 -0.04 0.07
Human density 25 -509.49 1023 0 1 -3.81 1.02
50 -682.55  1369.1  346.13 0 -3.00 0.87
12.5 -818.39 16408  617.79 0 -2.31 0.76
0 -824.17 16524  629.35 0 -2.26 0.77
Towns 25 -835.61 16752 0 078 -29.66  15.65
50 -836.84  1677.7 247 0.23 -3151 9.24
0 84469 16934 1817 0 -129.84  204.76
12.5 -853.43 17109  35.64 0 3750  27.25
Highways 25 74327 14906 0 1 6159  13.11
50 -789.23 15825  91.92 0 -60.75  18.62
0 84856 17012  210.59 0 -16.54 5.44
12,5 -850.51 1705  214.48 0 -7.82 3.60
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Adult female lions. See pg. 141 for full explanation of table.

Variable Shift (km)  log likelihood  AlCc Ai Wi B SE(B)
National Park 25 -620.38 12448 0 1 6.23 1.17
50 -854.50 1713 468.24 0 7.32 2.12
12.5 -1042.31  2088.7  843.87 0 6.69 2.33
0 -1071.50 2147  902.25 0 12.48 3.76
Forest 25 -992.17 19884 0 1 -11.76 4.02
reserve 50 -104257  2089.2 1008 0 -5.67 2.20
12.5 -1062.01 2128 139.67 0 -6.95 2.94
0 -1107.75 22195  231.16 0 -6.53 2.64
WMA 25 -1007.02  2018.1 0 1 -10.60 2.96
50 -1019.46 20429  24.88 0 -9.29 2.73
12.5 -1108.53 22211  203.02 0 -7.07 3.19
0 -1116.64  2237.3  219.23 0 0.70 1.74
Agro-pastoral 25 -624.75 12535 0 1 7681 21.64
lands 50 -857.77 17196  466.04 0 5161 14.60
12.5 -1024.45 20529  799.4 0 3874 1142
0 -1046.91  2097.8  844.32 0 -5558  13.54
Bushed 50 -1005.91 201538 0 1.00 0.33 1.94
grassland 25 -1011.78 20276  11.75  0.00 -0.67 1.99
0 -1053.93 21119  96.03 0 4.61 2.54
12.5 -1070.94 21459  130.05 0 1.04 1.85
Shrubland 12,5 -1064.83 21337 0 1 0.80 3.82
50 -1078.48 2161 27.29 0 -2.63 2.55
25 -1088.88  2181.8 48.1 0 -2.97 2.27
0 -1104.74 22135  79.81 0 4.50 3.82
Woodland 50 -982.69  1969.4 0 1 -0.64 1.97
25 -994.16 19924  22.96 0 0.32 2.00
0 -1066.78 21376  168.19 0 -5.81 2.08
12.5 -1080.01 2164  194.65 0 -1.66 1.52
% tree cover 50 -881.57  1767.2 0 1 -0.24 0.10
0 -954.97 1914  146.81 0 -0.81 0.11
12.5 -980.21  1964.4  197.28 0 -0.41 0.08
25 -995.31 19946  227.49 0 -0.07 0.07
Human density 25 -636.20  1276.4 0 1 -5.44 1.49
50 -871.83 17477  471.27 0 -3.86 1.13
12.5 -1045.10  2094.2 817.8 0 -2.97 0.96
0 -1071.66  2147.3  870.92 0 -4.20 1.51
Towns 50 -1094.05  2192.1 0 0.99 3953  10.69
25 -1098.38  2200.8 8.65 0.01 -57.76  33.36
0 -1103.82 22117 1954 0 -43453  476.50
125 -1115.10  2234.2 42.09 0 -56.49 36.11
Highways 25 -999.48 2003 0 1 7322  16.80
50 -1044.14  2092.3 89.31 0 -57.76 16.90
12.5 -1113.83 22317  228.69 0 -12.56 7.33
0 -1116.37 22368  233.78 0 -16.65  10.42
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Chapter 5. Appendix 5.7

Appendix 5.7. Summary of model selection statistics for path selection of lions in
southern Africa as a function of landscape features. We created candidate models for each
group of variables (land use, N=15; vegetation, N=15 and anthropogenic, N=7). Models
were ranked using AICc and relative support for each model was assessed using Akaike
weights (denoted w;). When one model was superior (w;>0.9) this was used, otherwise we
averaged parameter estimates across the models correcting for model weights. We
compared used lion paths (1) with nine matched available paths (0) using mixed effects
conditional logistic regression. Models were ranked according to Akaike weights (w;)
based on the Akaike Information Criterion for small sample size (AICc). In all models the
identity of individual lions was entered as a random factor. When one model was clearly
superior (w;>0.9) this was used, otherwise model averaging was performed. Included are
the log likelihood and the AICc differences (Ai). The tables below specify the lion
demographic category at the top, and the subsequent tables are in the order, Land use,
habitat type, anthropogenic variables. Land use types used in the models were forest
reserves (FR), national parks (NP), wildlife management areas (WMA) and rural lands
(RL). Vegetation types used in the models were grassland (grass), savannah (sav),
woodland (wood) and percentage tree cover (treeP). Anthropogenic variables used in the
models were large towns (towns), major highways (hway) and human density (human).

Descriptions of these variables can be found in the Methods section of the main text.
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Dispersing sub-adult male lions as a function of land use, habitat type and anthropogenic
variables. See pg. 145 for full explanation of table

Rank Model log likelihood  AICc Al w; d.f.
1 FR + NP+ RL -93.581 200.5 0 0.795 6
2 FR + NP + WMA + RL -93.374 205.1 461 0.079 8
3 NP + RL -98.461 205.5 5.04 0.064 4
4 FR + WMA + RL -96.807 206.9 6.45 0.032 6
5 WMA + RL -99.904 208.4 7.93 0.015 4
6 NP + WMA + RL -97.7 208.7 8.24  0.013 6
7 FR + NP -102.903 214.4 13.92 0.001 4
8 FR + NP + WMA -100.631 214.6 141 0.001 6
9 RL -106.652 217.5 16.99 0 2
10 FR+RL -104.769 218.2 17.66 0 4
11 NP -110.158 224.5 24 0 2
12 NP + WMA -108.313 225.2 24.75 0 4
13 FR -157.978 320.1 119.64 0 2
14 FR+WMA -156.215 321  120.55 0 4
15 WMA -159.641 3235 122.96 0 2
Rank Model log likelihood  AICc Al w; d.f.
1 treeP -135.16 274.5 0 0453 2
2 treeP + wood -133.639 275.9 139 0.226 4
3 sav + treeP -134.291 277.2 2.7 0.118 4
4 grass + treeP -134.614 2717.8 3.34 0.085 4
5 sav + wood + treeP -132.516 278.4 3.87 0.066 6
6 grass + wood + treeP -133.458 280.3 5.75 0.026 6
7 grass + sav + treeP -133.698 280.7 6.23 0.02 6
8 grass + sav + wood + treeP -132.251 282.9 8.36  0.007 8
9 sav -159.108 322.4 47.9 0 2
10  wood -159.433 323 4855 0 2
11  grass -159.523 323.2 48.73 0 2
12 sav +wood -157.469 323.6  49.05 0 4
13 grass _sav -157.732 324.1 4958 0 4
14 grass + wood -158.63 3259 51.38 0 4
15  grass + sav + wood -156.837 327 5251 0 6
Rank Model log likelihood  AICc Al w; d.f.
1 towns + hway + human -104.107 2215 0 0.686 6
2 towns + human -107.58 223.8 223 0.225 4
3 hway + human -109.059 226.7 519 0.051 4
4 human -111.572 227.3 578 0.038 2
5 towns _ hway -146.87 302.4 80.81 0 4
6 hway -153.507 311.2 89.65 0 2
7 towns -155.834 315.8 94.3 0 2
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Adult male lions as a function of land use, habitat type and anthropogenic variables.
See pg. 145 for full explanation of table

Rank Model log likelihood AlCc Al w; d.f.

1 NP + RL -390.823 789.8 0 0.516 4

2 FR + NP + RL -389.07 790.4 0.61 0.379 6

3 NP + WMA + RL -390.557 793.3 3.59 0.086 6

4 FR + WMA + RL -392.065 796.4 6.61 0.019 6

5 FR + NP + WMA -395.8 803.8 14.07 0 6

6 FR + RL -409.128 826.4 36.61 0 4

7 NP + WMA -436.227 880.6 90.81 0 4

8 FR + NP -446.731 901.6 111.82 0 4

9 WMA + RL -453.644 9154 125.64 0 4

10 NP -466.411 936.9 147.1 0 2

11 RL -487.063 978.2 188.4 0 2

12 FR+WMA -742.183 14925 702.72 0 4

13 FR -781.666 1567.4 777.61 0 2

14  WMA -804.352 1612.7 822.98 0 2
Rank Model log likelihood AlCc Al w; df.
1 grass + sav + wood + treeP -455.169 926.7 0 1 8
2 grass + wood + treeP -467.616 947.5 20.73 0 6
3 grass + sav + treeP -479.033 970.3 43.56 0 6
4 sav + wood + treeP -484.176 980.6 53.85 0 6
5 grass + treeP -491.679 991.5 64.73 0 4
6 wood + treeP -493.741 995.6 68.86 0 4
7 sav + treeP -514.513 1037.1 110.4 0 4
8 treeP -524.067 1052.2 125.43 0 2
9 grass + sav + wood -673.033 1358.3 431.56 0 6
10  grass + wood -682.826 1373.8  447.03 0 4
11 grass + sav -725.901 1459.9  533.18 0 4
12 grass -735.217 14745 547.73 0 2
13 sav +wood -758.692 15255 598.76 0 4
14 wood -779.618 1563.3 636.53 0 2
15 sav -829.292 1662.6  735.88 0 2
Rank Model log likelihood AlCc Ai w; d.f.
1 towns + hway + human -456.553 925.3 0 0.922 6
2 hway + human -461.077 930.3 493 0.078 4
3 towns + human -504.69 1017.5 92.15 0 4
4 human -509.49 1023 97.68 0 2
5 hway -743.267 1490.6  565.23 0 2
6 towns + hway -751.602 1511.3 585.98 0 4
7 towns -835.607 1675.2 749.91 0 2
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Adult female lions as a function of land use, habitat type and anthropogenic variables.
See pg. 145 for full explanation of table

Rank Model log likelihood AlCc Al w; d.f.

1 NP + WMA + RL -442.553 897.3 0 0.677 6

2 FR + NP + RL -443.547 899.3 199 0.251 6

3 NP + RL -447.053 902.2 491 0.058 4

4 FR + WMA + RL -446.389 905 7.67 0.015 6

5 FR + NP + WMA -461.245 934.7 37.38 0 6

6 FR + RL -501.802 1011.7 114.41 0 4

7 WMA + RL -533.338 1074.8 177.48 0 4

8 FR + NP -557.662 1123.4 226.13 0 4

9 NP + WMA -574.649 1157.4 260.1 0 4

10 NP -620.378 1244.8 3475 0 2

11 RL -624.751 12535 356.25 0 2

12 FR+WMA -882.606 1773.3 876.01 0 4

13 FR -992.172 1988.4  1091.09 0 2

14  WMA -1007.02 2018.1  1120.79 0 2
Rank Model log likelihood AlCc Ai w; d.f.
1 grass + sav + wood + treeP -754.246 1524.8 0 0.873 8
2 sav + wood + treeP -758.237 1528.7 3.86 0.127 6
3 grass + wood + treeP -784.952 1582.1 57.29 0 6
4 grass + sav + treeP -787.207 1586.6 61.8 0 6
5 wood + treeP -794.152 1596.4 71.59 0 4
6 grass + treeP -820.791 1649.7  124.87 0 4
7 sav + treeP -843.845 1695.8 170.98 0 4
8 TreeP -881.567 1767.2  242.37 0 2
9 grass + sav + wood -925.833 1863.8  339.05 0 6
10  sav +wood -933.412 18749 350.11 0 4
11  grass + sav -960.465 1929  404.22 0 4
12 grass + wood -968.455 1945 420.2 0 4
13 wood -982.687 1969.4 44461 0 2
14  grass -1005.91 2015.8 491.05 0 2
15 sav -1064.83 2133.7 608.9 0 2

Rank Model log likelihood AlCc Al w; df.

1 towns + hway + human -554.874 1121.9 0 1 6

2 hway + human -580.356 1168.8 46.87 0 4

3 towns + human -610.643 1229.4  107.45 0 4

4 human -636.197 1276.4  154.49 0 2

5 towns + hway -970.152 1948.4  826.46 0 4

6 hway -999.484 2003  881.07 0 2

7 towns -1094.05 2192.1  1070.2 0 2
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Chapter 5. Appendix 5.8

Appendix 5.8. Model averaged parameter estimates of conditional logistic regression models
investigating demographic-specific lion movement path selection in relation to different land use

types in Southern Africa

Demographic Variable Coefficient  S.E. Z-value
dispersing national park 2.762  0.738 3.746
males rural lands -7.111 3114 2.284
forest reserve 3.181  1.305 2.437
WMA -1.258  1.386 0.907
adult males national park 3.090 0.935 3.305
rural lands -15.095  3.626 4.163
forest reserve -1.265  1.035 1.222
WMA 0.614  0.727 0.844
adult females  national park 5873  2.587 2.271
rural lands -48.185 20.166 2.389
forest reserve 0.337  1.079 0.313
WMA -2.063 1482 1.392
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Chapter 5. Appendix 5.9

Appendix 5.9. Model averaged parameter estimates of conditional logistic regression models

investigating the effect of different habitat types on demographic-specific lion movement path

selection

Demographic  Variable Coefficient S.E.  Z-value
dispersing grassland -1.512  1.473 1.026
males savannah -4.646  6.883 0.675
woodland 2.167 1.238 1.751
% tree cover -0.639 0.321 1.991
Sadult males grassland 8.094 3.394 2.380
savannah 15.159  4.396 3.450
woodland -1.085 1.873 -0.580
% tree cover -1.485  0.252 -5.900
adult females grassland 0.130 1.637 0.079
savannah 4311 3.462 1.245
woodland -0.256  2.326 0.110
% tree cover -0.226  0.100 2.259

S For adult males, the all-inclusive model was clearly superior (w; > 0.9;
Appendix 5.7) and therefore estimates presented here were obtained from

that model alone.
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Chapter 5. Appendix 5.10

Appendix 5.10. Model averaged parameter estimates of conditional logistic regression models

investigating demographic-specific lion movement path selection depending on anthropogenic

variables
Demographic  Variable Coefficient S.E. Z-value
dispersing towns -42.614  20.506 2.078
males major highways -20.129  13.313 1.512
human density -0.791 0.310 2.553
Sadult males towns -28.003  22.095 -1.27
major highways -90.803 32477 -2.8
human density -1.491 0.356 -4.19
Sadult females  towns -72.527  21.608 -3.36
major highways -213.405 99.019 -2.16
human density -3.508 1.039 -3.38

S For adult males and females, the all-inclusive model was clearly superior (w;>
0.9; Appendix 5.7) and therefore estimates presented here were obtained from
that model alone.
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Chapter 5. Appendix 5.11

Appendix 5.11. FRAGSTATS metrics calculating the extent and fragmentation of the predicted
corridor network for dispersing male, adult male and adult female lions. The landscape metrics
include: PLAND - proportion of the study area occupied by predicted corridors; NIP — the number
of isolated patches in the corridor network; Correlation length — correlation length of the corridor
network; Mean shape index — area weighted mean shape index calculating the shape complexity of
the corridor network.

ACorrelation *Mean shape

¥ #
PLAND "NIP length index
Dispersers 14.6 3 216856 4.54
Females 11.9 7 179012 3.21
Males 10.6 7 182740 3.37

Interpretations:

¥ The extent of the landscape occupied by the corridor network was 22.6% higher for
dispersers than females and 37.7% higher for dispersers than males

* The total fragmentation of the network, as judged by number of isolated patches in the
network, was 233% higher for males and females than for dispersers

2 The correlation length of the corridor network, which measures total network extent
(McGarigal 2002), was 21.1% higher for dispersers than females, and 18.7% higher
for dispersers than males

S The shape complexity of dispersing corridor networks was 41.3% higher than for
females and 34.7% higher than for males
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Chapter 6

General discussion
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General discussion

Key findings
Chapter 2: ‘In the name of the father: dispersal mortality reveals a delayed infanticide in
African lions’
e There was a wide distribution of dispersal ages (mean = 31.5 months, range = 18-45
months)
e Male lions that disperse before 31 months of age have a high probability of mortality
during transience
e Sub-adults dispersed soon after immigrant adult males replaced the natal pride males
e Dispersal occurred primarily in the wet season, but was more likely to be in the dry
season when incoming males were not a factor
Synthesis: In ecosystems characterised by high off-take of territorial males, this may induce a
previously undescribed, ‘delayed infanticide’, as sub-adults are forced to disperse regardless of

age or condition

Chapter 3: ‘Differences in rest site selection by dispersers and adults: The case of the African
lion’
e Adult males rest in areas of high visibility, close to roads, close to water and in bushed
grassland habitats
e Dispersing males selected rest sites at random in terms of visibility and proximity to
roads and water, but did select sites in bushed grassland
e Rest sites of dispersers were further from territorial males than expected by chance
Synthesis: Dispersing males appear to be aware of the risks associated with territorial males

and thus spatially avoid them
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General discussion

Chapter 4: ‘Movements vary according to dispersal status, group size and rainfall: the case
of the African lion’
e Transient lions had higher net displacement and moved further and faster per night than
during either pre- or post-dispersal
¢ Transient lions were more likely to engage in directional rather than random or periodic
movement compared to pre- or post-dispersal
e Transient lions were more likely to engage in directional rather than random or periodic
movement compared to territorial males or females
¢ Transient males moved faster and further in smaller groups than those in bigger groups
while adult males had the opposite trend
Synthesis: Movement behaviour reflects a transition from directional movement during
transience to random or periodic use of a fixed territory after settlement. In addition group size

appears to affect the search and settlement strategies of dispersers

Chapter 5: ‘The devil is in the dispersers: predictions of landscape connectivity change with
demography’
e Transient males showed the weakest avoidance of agro-pastoral lands, followed by adult
males (twice that of dispersers), then adult females (seven times that of dispersers)
eHighways and humans were least avoided by transient males, with adult males
displaying intermediate avoidance and adult females the strongest avoidance
e Adult males and females selected bushed grassland and savannah habitats, avoiding
woodland, while transient males habitat use was the direct opposite
Synthesis: Resistance surfaces, and therefore predicted corridors, are dramatically

different depending on which demographic category is used to parameterise the models
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General discussion

Changes throughout ontogeny

Dispersal is best conceptualised and most efficiently studied as a process involving
three distinct stages: departure, transience and settlement (Ims and Yoccoz 1997, Clobert
et al. 2001, Bonte et al. 2012). However, this is frequently ignored in empirical studies and
a fine-scale investigation into the whole process has probably never been carried out on
any one species (Bowler and Benton 2005). Lions are one of the most studied carnivores,
and are thus an ideal species to accumulate information on and build up an understanding
of a single species throughout its ontogeny. The vast literature on lions generally focuses
on adulthood, particularly territorial adults, with little known on lion dispersal. |
differentiate between settlement and adulthood since settlement is the process of selecting
a settlement site, rather than long term residence within it. Figure 6.1 incorporates the
findings from this study into a schematic of the dispersal process in male lions and the
feedback loop between dispersal stages and territorial adults. Below I discuss the findings
of my study in the context of previous lion and dispersal literature. The study of dispersal
in lions is advantageous in that the rich array of literature during adulthood allows for a

comprehensive overview of the shifting processes throughout life history.
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General discussion
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Figure 6.1: A schematic framework of the dispersal process in lions incorporating the
findings from this thesis. The numbers in the grey circles refer to the chapter number
and broadly indicate for each dispersal stage (4) the movement and search strategies,
(3, 5) space and habitat use and (2) the feedback between territorial male turn-over,
leading to young dispersal and subsequent high mortality during transience. The
dotted arrows indicate how information gained in one dispersal stage can flow to

another stage.

Departure

Of the three dispersal phases, the departure stage has received the most attention in
lions (Hanby and Bygott 1987, Pusey and Packer 1987, Packer and Pusey 1993,
VanderWaal et al. 2009). This research largely focused on the evolution of dispersal and
examined the reasons and costs of philopatry versus dispersal in female lions. | therefore
did not aim to replicate these studies by exploring the decision to disperse, but rather to
add to them with a more fine-scale approach. As such, | have contributed to our knowledge

on the departure stage in two ways: Firstly, Chapter 2 examines the determinants of the
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General discussion

age at which lions disperse, with the expectation that variation in dispersal age could result
costs during transience. Secondly, the movement data presented and analysed in Chapter 4
provides a unique insight into pre-dispersal movements and how they shift as transience
ensues.

In Chapter 2, | hypothesised that the age at which lions disperse would impact upon
their survival since age is directly linked to body mass in lions (Smuts et al. 1980) and
smaller lions would be at a competitive disadvantage. It was noted in the General
Introduction (pages 10-11) that there are conflicting reports pertaining to body mass and its
influence on dispersal timing in a variety of taxa (e.g. Holekamp 1984, Stamps 2006). On
the one hand the silver spoon hypothesis suggests that individuals in good condition have a
competitive advantage and may force subordinates to disperse first (Stamps 2006). For
instance, dispersing red-cockaded woodpeckers (Picoides borealis) were lighter than their
philopatric siblings indicating that social dominance may trigger dispersal (Pasinelli and
Walters 2002). On the other hand dispersal may be initiated only once a critical mass has
been obtained, as reported for European roe deer (Capreolus capreolus), which appear to
have a threshold of 14kg, under which no dispersal occurs (Debeffe et al. 2012). Therefore
increased body size may hasten or delay dispersal.

In many taxa, dispersal occurs at a specific age and may be related to behavioural
independence, seasonal constraints, hormones or condition (Nunes and Holekamp 1996,
Nunes et al. 1998, Matthysen 2012). Thus an optimal dispersal time may reflect dispersal
ability and fitness benefits may be enhanced if an individual disperses when it is most
suited to doing so (Bowler and Benton 2005). In lions, body mass has a strong linear
relationship with age up until 36 months of age (Smuts et al. 1980). For instance, a sub-
adult male of 30 months is likely to weigh around 140kg whereas one that is 20 months

may weigh as little as 80kg (Smuts et al. 1980). Therefore, if dispersal were condition-
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General discussion

dependent it would be expected to occur after 36 months of age since this is the time that
body mass starts to approach that of adult males. In addition, as Hanby and Bygott (1987)
noted, if dispersal were to have a developmental trigger, or be age-dependent, dispersal
would be expected between 25-36 months of age, around the onset of sexual maturity.
However the wide distribution of dispersal ages found in both the Serengeti study (20-65
months; Hanby and Bygott 1987)) and the present one (18-45 months), confound the
hypotheses that dispersal in lions is either condition-dependent or age-dependent.

An alternative, but often co-occurring process is density-dependent dispersal,
which can either be positive (when increased competition induces dispersal) or negative
(when crowding impedes movement; reviewed in Matthysen 2005). Since lion home range
size is strongly correlated to prey biomass (Loveridge et al. 2009b) one might expect that
dispersal in lions is positively density-dependent as a home range may only support a
certain amount of lions. If that were the case, dispersal would be expected to occur once
pride biomass reaches a critical point, or the number of sub-adults within the natal pride
exceeds a certain limit, or new cubs are born. In the present study | found little evidence
that dispersal timing was related to any of these variables, leading to the conclusion that in
HNP lion dispersal is not density-dependent. Rather, | found that the arrival of new males
into the natal pride was highly related to the timing of dispersal. HNP is an ecosystem
characterised by a high turn-over of territorial males as a consequence of trophy hunting
and other anthropogenic mortality causes on the periphery of this protected area
(Loveridge et al. 2007c, Loveridge et al. 2010). Due to this high off-take of territorial
males and their subsequent replacement by despotic immigrants, dispersal may frequently
be occurring before individuals have reached a suitable condition for successful dispersal.
This in turn, results in the high mortality of sub-adult males that dispersed prior to the age

of 31 months. | contend then, that optimal dispersal age in lions would be at least 30
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months and ideally in the dry season in HNP, which was frequently the case in the absence
of incoming males. Dispersal during the dry season would be advantageous in HNP since
prey are concentrated in high densities around scarce waterholes and are frequently
weakened and many expire in times of drought (Loveridge et al. 2006, Valeix et al.
2012b).

However, | do not discount the possibility that density-dependent dispersal in lions
may occur in populations where the turn-over of territorial males is less severe than it is in
HNP. Indeed, while the present study did not find strong evidence of density-dependent
dispersal, two previous studies have shown it may be important: Hanby and Bygott (1987)
found that larger groups of sub-adults dispersed later than smaller groups and suggested
that larger groups may be better able to resist eviction from pride females. A second study
reported that female dispersal was more likely once pride size had exceeded the habitat-
specific optimum (VanderWaal et al. 2009). Thus dispersal in lions may be density-
dependent, particularly in ecosystems such as the Serengeti with a relatively low
anthropogenically caused male mortality, and induced by competition (specifically
incoming males). Finally, both these processes may drive dispersal in tandem, in other
words dispersal may be multi-causal (Matthysen 2012).

Movement and search strategies

In Chapter 4, | quantified the movement of sub-adult males in a six month window
prior to dispersal. This time frame was selected due to observations of both collared and
uncollared sub-adults conducting exploratory trips, sometimes for several weeks, before
re-joining the natal pride prior to eventual departure. Interestingly, these trips often
involved sub-adult females even when they eventually remained philopatric and on
occasion began up to nine months prior to final departure. For example, the ‘Balla Balla’

pride originally consisted of two adult females, four sub-adult females and two sub-adult
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males. The two sub-adult males eventually dispersed in April 2011, while the females
remained in the natal area, but all six sub-adults conducted exploratory trips outside the
home range as early as August 2010. In those nine months before dispersal the sub-adults
made 11 exploratory trips away from their mother, mostly within the natal range, and
never moving more than 20km away from it. Finally, on 08 April 2011 the two males and
one of their sisters left the natal area and travelled approximately 55km away in three days.
They then returned to the natal area, where the female remained, the two males leaving
immediately thereafter, never to return.

A similar pattern of exploratory trips was observed in all sub-adult groups prior to
dispersal. This type of movement is comparable to foray search where an individual
searches its surroundings in loops, returning to a favourable habitat (Conradt et al. 2003).
Indeed during departure | found that sub-adult males predominately displayed what |
defined as ‘periodic’ movement indicating that they were returning to one or several loci.
Similar pre-dispersal exploratory behaviour has previously been reported in other mammal
species such as juvenile flying squirrels (Pteromys volans), and in North American red
squirrels (Tamiasciurus hudsonicus; Selonen and Hanski 2006). Exploratory behaviour
may lower the costs associated with the transience phase since information gathered
through exploration can help locate or reject suitable settlement sites while spending the
majority of time in the natal home range (Stamps and Krishnan 1999, Clobert et al. 2009).
Consequently it has been found that exploration of juvenile North American red squirrels
is a strong correlate of subsequent settlement sites (Haughland and Larsen 2004).

The movement parameters of sub-adult male lions in the departure stage were in
between that of adult males and adult females. For instance, the mean nightly net
displacement for sub-adults, adult females and adult males was 3.2km, 2.8km and 5.2km

respectively (Chapter 4). Since sub-adults in the departure stage are still spending the
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majority of time with their mothers, their movement more closely resembles that of adult
females, but with slightly higher net displacement, speed and path length, indicative of the
exploratory trips. However, | did not have sufficient data during exploratory trips to
properly quantify and describe the movement parameters and search strategies utilised.
Additional data collected during departure, with a focus on exploratory trips, would help to
fill this gap and shed light on how they affect search strategies during transience and site
selection during settlement.
Sex-biased dispersal

The primary focus of this thesis was on dispersal in sub-adult males as opposed to
females. Since | aimed to assess the ecology of all three dispersal stages in lions primarily
through the use of GPS radio collars, the acquisition and deployment of which is expensive
and labour intensive, | chose to concentrate on sub-adult males since they were guaranteed
to disperse should they survive to do so. This approach was based on the following
previous studies, which indicated that female dispersal was less common or predictable.

Early studies of lions suggested that sub-adult males will always leave their pride
while sub-adult females may disperse or remain philopatric (Schaller 1972, Bertram 1975).
Over a decade later two studies investigated the ultimate causes and evolution of dispersal
in lions, examining the factors leading to philopatry or dispersal (Hanby and Bygott 1987,
Pusey and Packer 1987). Both studies confirmed the assumptions of Schaller (1972) and
Bertram (1975) and concluded that lions display sex-biased dispersal as all males disperse
while most females (two-thirds) are philopatric. Following on from this research,
VanderWaal et al. (2009) studied female dispersal decisions and dispersal costs. While all
five of the above studies were conducted in the Serengeti National Park and the
Ngorongoro Crater, Spong and Creel (2001) reached similar conclusions relating to female

dispersal in the Selous Game Reserve, reporting that around 80% of females are
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philopatric. As a result of these studies, the dispersal of lions is frequently described as
sex-biased (e.g. Funston et al. 2003, Dubach et al. 2005).

Due to these studies | decided that sub-adult males should be the focus group.
However, during the course of data collection, | obtained data on female sub-adults where
possible, which revealed some surprising trends. In total 53 sub-adult females were
recorded to either disperse or remain and breed within their natal pride. While my study of
lion dispersal in HNP confirms the assertion that all males disperse, a far greater
proportion of females dispersed (62%, N=33) in HNP as opposed to approximately 30%
and 20% in the Serengeti and Selous respectively (Pusey and Packer 1987, Spong and
Creel 2001). Since | did not collect behavioural data on these prides it is difficult to draw
conclusions as to the factors relating to reduced philopatry of female lions in HNP.
However, the high turn-over of adult males in this study area (Loveridge et al. 2007c,
Loveridge et al. 2010) could have contributed since incoming males evict all female sub-
adults too young to breed (Chapter 2, Hanby and Bygott 1987). It is possible then, that
pride structure and the dispersal patterns of females may by affected in populations that
experience a high turn-over of males. Increased rates of female dispersal could lead to
increased costs which may have important social and reproductive implications for lion
populations. These costs are likely to be deferred until the settlement stage (Pusey and
Packer 1987) and are discussed in full below under the heading ‘Settlement, pg. 168°. It is
important therefore to study these dispersal costs and decisions and future work should
focus on understanding the mechanisms of female dispersal and philopatry in populations
experiencing high levels of anthropogenic perturbation.

Transience
The transience phase has traditionally been the most difficult to study due to the

challenges associated with tracking organisms as they move, often over large distances and
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through inhospitable environments (reviewed in Nathan et al. 2003, Jacobson and Peres-
Neto 2010). As a result there is a paucity of data during this stage for many taxa, which
has led most population models to assume that individuals move at random in
heterogeneous environments (for a review see Patterson et al. 2008). The present study
was able to quantify and describe the movement and search strategies of lions, the costs
that are paid in transience but inherited from departure, and the habitat use and site
selection of lions in the transience phase.

Male lions that dispersed while young had a high probability of mortality during
dispersal (Chapter 2). While | maintain that the primary factor responsible for this
mortality is due to young dispersal, triggered by despotic immigrant males and exacerbated
by high anthropogenic disturbance in the study area, it is useful to discuss the processes
contributing to the observed mortalities.

As noted above, lion body mass has a strong linear relationship with age (Smuts et
al. 1980). The youngest male to disperse in this study was 20 months and, weighing
approximately 80kg, it can be reasonably assumed would be at a competitive disadvantage
when challenging for a territory with adult males that have a mean mass (+ SD) of 199 +
10kg in this study area (Loveridge et al. 2009b). This may increase the amount of time
spent, and therefore the costs, of living as a vulnerable transient, since a young disperser
may need a couple of years before being large enough to challenge for territory. The data
on sub-adult males that survived dispersal (N=17) show a tendency of support for this
hypothesis as males which dispersed when older were often transient for less months
compared to those which dispersed younger (Table 6.1). Another contributing factor to the
time length of the transience phase is group size. While we found no evidence that larger
groups of sub-adults either accelerated or delayed dispersal, it is possible that larger groups

were able to attain residence sooner than smaller groups. Of the sub-adult males that
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survived to establish a territory those in groups of one and two individuals were transient
on average for 16 months while those in groups of three and four individuals were
transient on average 10 months (Table 6.1). The movement data presented in Chapter 4
indicate support for this hypothesis: bigger groups of dispersers were shown to move
slower and less far than smaller groups. | suggest then that larger groups constitute the
‘bold’ individuals described by Baguette and Van Dyck (2007) as larger groups may have
less to fear from detection by resident adults and may challenge for territory sooner than
smaller groups. More data on dispersal distances and time-length is needed to confirm
whether group size and age of dispersal may influence the length of the transience phase

and thereby constitute both time and energetic costs (Bonte et al. 2012).

Table 6.1. Composition and dispersal characteristics for the 17 sub-adult males that dispersed and

survived to establish a territory in Hwange National Park, Zimbabwe.

Dispersal  Dispersal Age at Months
group size age establishment nomadic

4 32 51 19
3 35 44 9
3 36 37 0.4
1 31 57 26
1 38 68 30
2 42 48 6
1 40 55 15
2 42 47 5

Another factor that may contribute to mortality during transience in general and in
lions in particular, is risk taking. The transience phase is inherently risky and has many
associated costs (reviewed in Bonte et al. 2012). Numerous studies on dispersal in various
taxa have reported increased mortality costs during dispersal, and note that they are
frequently anthropogenic: vehicle collisions (Massemin et al. 1998, Klar et al. 2009);

collision with wind turbines (Smallwood et al. 2009); collision with power lines (Real and
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Mariosa 2001); human persecution (Stander 1990, Kenward et al. 1999, Real and Mafiosa
2001).

Lions in the transient stage moved slower than their territorial counterparts, but
displayed high levels of directional movement (Chapter 4). Both these strategies may
reduce the risks associated with dispersal: An individual moving at slower speeds can
perform more effective anti-predator behaviour (Zollner and Lima 2005) and by adopting
directional movement an individual reduces the number of steps it will take to reach a
suitable patch and thereby reduces the mortality risk associated with transience (Zollner
and Lima 1999). At the same time, directional movement may reflect a risky environment:
Barton et al. (2009) suggested that in an inherently risky matrix, where suitable settlement
patches are sparse or occupied, a strategy of directional movement may evolve as
unsuitable patches are quickly rejected and individuals identify a destination moving
directly towards it. On the other hand, when suitable patches are clumped, search strategies
with a lower degree of correlation may evolve (Heinz and Strand 2006). It is possible, that
in an ecosystem such as HNP, where hard edges border the protected area, that directional
movement, or ‘sequential search strategies’ (Stamps et al. 2005) are more likely to bring
lions into contact with agro-pastoralist land (Chapter 5). As Macdonald and Johnson
(2001) noted, long journeys in modern fragmented landscapes are very likely to involve
encounters with human development. A possible scenario emerges where transient lions
traverse the protected area in a directional manner, rejecting or being expelled from
occupied patches, before reaching agro-pastoral land, which is unoccupied by territorial
lions and has plentiful prey in the form of livestock. They thus escape the known threat of
territorial males, only to be confronted with the hitherto unknown risk posed by people.
Indeed of the fourteen transient lions whose cause of death was determined, thirteen were

anthropogenically induced (Chapter 2).
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Although transient lions seem relatively less averse of risky anthropogenic habitats
(Chapter 5), they do appear to be aware of, and react to, the risks associated with territorial
males (Chapters 5). The habitats used during dispersal are the exact opposite of territorial
male habitat use. Dispersers select for woodlands and avoid the two habitat types selected
for by territorial males and females: bushed grassland and shrubland. Previous research in
this ecosystem demonstrated that prey abundance was higher in bushed grassland than any
other habitat but that lions were more likely to kill in thickets (Davidson et al. 2012). In
contrast woodland areas had considerably lower prey biomass. Transient lions then face a
trade-off between prey-rich habitats that have a high probably of encountering territorial
lions, or utilising prey-poor habitats with a low encounter probability, and select for the
latter (Chapter 5). This supports the assertion by Selonen and Hanski (2006) that adult
habitat use is not a good predictor of dispersal habitat use and accords with findings of
suboptimal habitat use by dispersing lynx Lynx pardinus and tigers Panthera tigris (Smith
1993, Palomares et al. 2000). Further evidence of the reaction of transient males to
territorial males was found when investigating the rest sites of each demographic (Chapter
3). While territorial males selected sites of high visibility, close to prey-rich waterholes
and near to roads, transient males appeared to have no selection for these areas. Instead, |
found that the most important determinant of rest site selection in transient males was the
proximity of territorial males. Therefore, in their bid to remain far from territorial males,
transient males may forego optimal habitats. Thus the findings from Chapters 3 and 5
therefore add support to the scenario proposed above since transient males appear to be
averse of territorial males but perhaps naive to anthropogenic risks.

Settlement
During the settlement phase sub-adult males moved slower and less far per night

than they did during transience. In addition, while directional movement was prominent in
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the transience phase, this was replaced by periodic and random movements (Chapter 4). It
appears then that during the first six months of settlement, sub-adult males consolidate a
territory, perhaps around a focal point such as a waterhole. Their movements now more
closely resemble that of territorial males, but are more conservative. This is in line with
field observations: For instance, a coalition of two males entered a recently vacated
territory at the end of July 2011 and remained within the vicinity of two waterholes for the
next couple of months while the older of the two males began mating with the resident
females. They later began to explore more widely. Interestingly the norm during this study
appeared to be the filling of vacant territories rather than pride take-overs. In seven
instances | was able to confirm whether settlement of males occurred in a vacant territory
or an occupied one. On six occasions the settlement site was unoccupied by resident males
and in the seventh it was occupied by the sub-adults father who permitted them to join him
in the new territory. In the case of female sub-adults three groups settled in a portion of
their natal territory but did not associate with their natal pride or fathers, and two groups
settled in adjacent territories. The observed settlement in unoccupied territories is a
product of the high turn-over of males in this study area (Loveridge et al. 2007c,
Loveridge et al. 2010).

The present study did not attempt to quantify the costs during settlement. However,
a study by Pusey and Packer (1987) reported that philopatric females in the Serengeti gave
birth to surviving cubs earlier than those that dispersed (opportunity costs), and that
philopatric females in the Ngorongoro Crater were more likely to survive beyond eight
years than those that dispersed (risk and opportunity costs). In addition, the authors
reported that larger coalitions of transient males became resident younger and spent fewer

transient months (time costs) than those in smaller coalitions (Pusey and Packer 1987,
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Bonte et al. 2012). As noted above, my data tends to support this last finding (Table 6.1)
but more data is needed to confirm this.

If we take the results of Hanby and Bygott (1987) in conjunction with those of
Pusey and Packer (1987) and the present study, a scenario emerges whereby larger groups
of sub-adult males are more able to resist eviction, thereby delaying dispersal. When they
do finally disperse, their age, body size and group size combine to reduce the transience
period and enable rapid settlement. However, if an unfamiliar male enters the pride,
dispersal occurs despite group size or age. In their eagerness to avoid territorial males,
transient lions frequently leave the protected area and turn to stock-raiding (Elliot pers obs,
Stander 1990, Patterson et al. 2003, Patterson et al. 2004). This in turn translates to
increased mortality costs during transience. Where settlement is achieved, it is frequently
in patches unoccupied by territorial males (in this study area at least) but where female
adults are in residence and the immigrant males evict all sub-adults, repeating the cycle.
Territorial males and females

While this study focused on dispersal, | frequently compared sub-adult males to
adult males and females in order to determine their differences. Thus, although the
literature is replete with studies of adult lions, | was able to provide new insights into their
behaviour and strategies. For instance, Chapter 4 details the movement patterns of adult
male and female lions and how this varies according to group size and rainfall. Their
movements are predominately periodic as they rotate between waterholes, which are
known focal points for lion hunting behaviour (Valeix et al. 2010, Davidson et al. 2013).
Resident lions have a more complete spatial and temporal knowledge of their surroundings
compared to transients and so their movements reflect their ability to maximise their space
use and respond to temporal shifts in prey as a result of rainfall. My results on habitat use

in Chapters 3 and 5 confirm the findings of previous studies regarding habitat selection by
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adult lions (Hopcraft et al. 2005, Valeix et al. 2010, Davidson et al. 2013). For instance, in
Chapter 5, | demonstrated territorial male and female preference for bushed grassland and
shrubland, a finding which also reflects the night time rest sites of territorial males
(Chapter 3). Rest sites of territorial males were also typically close to waterholes, which
are rich in prey, and roads which provide direct routes between waterholes. It is likely that
these sites, with high visibility, are used as vantage points to detect prey which are then
killed in thicker habitats (Davidson et al. 2012, Loarie et al. 2013). A major contribution to
the literature on territorial lions is the strength of their avoidance of anthropogenic
landscapes (Chapter 5). Adult females were particularly averse to agro-pastoral lands
while adult males were less so. This finding, along with others presented in this thesis, has
important applications not only for the management of lions, but also other felids and
carnivores in general, as well providing new insights into the dispersal process that are
applicable to a wide range of organisms.
Applied conservation

The number of free ranging African lions is declining. It is likely that in the last
thirty years the total population has halved and a maximum of 35,000 lions remain
(Ferreras and Cousins 1996, Riggio et al. 2013). As with most carnivores, the
responsibility for their decline rests almost solely with humans. Preventative and
retaliatory killings of lions in response to attacks on livestock and people (Packer et al.
2005b, Woodroffe and Frank 2005), the loss and fragmentation of their habitat and
subsequent depletion of prey (Cole Burton et al. 2011, Bauer et al. 2012, Riggio et al.
2013) and unsustainable trophy hunting (Whitman et al. 2004, Loveridge et al. 2007c) are
widely acknowledged as being the primary reasons for the decline of the lion. As a result
there has been a proliferation of lion-related research pertaining to anthropogenic

perturbations and specifically regarding human-lion conflict (for examples see Woodroffe
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and Ginsberg 1998, O'Connell-Rodwell et al. 2000, Packer et al. 2005b, Romariach et al.
2007, Kissui 2008, Gusset et al. 2009, Hazzah et al. 2009, Hemson et al. 2009, Maclennan
et al. 2009, Packer et al. 2009, Bauer et al. 2010, Loveridge et al. 2010, Mogensen et al.
2011, Funston et al. 2013, Hazzah et al. 2013, Lindsey et al. 2013, Riggio et al. 2013,
Tumenta et al. 2013, Winterbach et al. 2013). It is somewhat surprising then, that despite
the urgency and subsequent interest, the research listed above focuses on human-lion
conflict from the perspective of humans. Perhaps this is because humans are perceived to
be easier to understand and manage. However, in order to fully understand human-lion
conflict, indeed human-carnivore conflict, and effectively mitigate against it, there is a
need to understand under what circumstances lions turn to conflict and which lions are
most prone to doing so. This will allow for more effective wildlife management. To this
end, a few studies have provided vital clues (Kerbis Peterhans and Gnoske 2001, Patterson
et al. 2004, Valeix et al. 2012a, Schuette et al. 2013, Trinkel 2013). For instance, Kerbis
Peterhans and Gnoske (2001) reported that adult males were more likely to attack livestock
than adult females, while Patterson et al. (2003) reported that in Tsavo, Kenya, most
‘problem lions” were young males that were dispersing and, too young to challenge for
territory, turned to livestock killing. In Namibia a similar pattern emerged, as sub-adult
males were the most prominent livestock raiders, followed by adult males and then adult
females (Stander 1990). In Hluhluwe-Umfolozi, South Africa, twice as many males as
females were destroyed outside the protected area (Anderson 1981). Valeix et al. (2012a)
demonstrated that adult lions in the Makgadikgadi, Botswana, may have some perception
of the risk posed by humans since they not only avoided temporal overlap but travelled at
high speed when in close proximity to settlements. These studies and many of the results

presented in this thesis, provide vital information for conservation managers.
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In Chapter 5, | demonstrate that dispersing males are the least risk averse
demographic in terms of avoiding anthropogenic landscapes. Territorial males had
intermediate avoidance while territorial females had the strongest avoidance. | have
heretofore discussed the underlying mechanisms surrounding transience and conflict with
humans. In the case of HNP, and indeed many African ecosystems, a hard edge occurs
with protected land on one side and agro-pastoral land on the other. Where stock-raiding is
committed by adult lions they are typically territorial lions living on the edge of the
protected area. Woodroffe and Ginsberg (1998) proposed that species which range widely
are most exposed to threats on the boundaries of protected areas and that carnivores with
larger home ranges are more prone to conflict with people. Dispersing lions range the most
widely and male lions typically have larger territories than females (Loveridge et al.
2009b, Davidson et al. 2011).

Wildlife managers generally have three choices when faced with livestock raiding
lions: (1) employ community-based initiatives such as increased protection of livestock or
fortification of bomas; (2) destroy the ‘problem’ lions; (3) capture and relocate them.
Considering territorial females are severely risk averse, if they are the offending animal,
perhaps increasing protection surrounding livestock and people would be effective. If it is
territorial males, the situation may be more complex. Destroying them or relocating them
will have the same effect on the pride: their removal will create a vacuum (Loveridge et al.
2010), filled by incoming males, and resulting in social disruption and infanticide (Bertram
1975, Packer and Pusey 1984). It will also result in the eviction of sub-adults, which are
likely to cause the conflict that managers were trying to prevent, and if still young, will
likely suffer high mortality (Chapter 2). Therefore, neither relocation nor the managed
killing of these animals is desirable. Perhaps then, it is better to mitigate this conflict

through community-based initiatives, which have been shown to be effective (e.g. Hazzah
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et al. 2009, Schuette et al. 2013). When the offending lion is a transient male, management
decisions should be context-specific. For instance, if population connectivity is a key
objective, tolerance for wildlife will need to be enhanced, the depletion of wild prey halted
and measures put in place to facilitate desirable dispersal. Another management tool that
has recently been promoted and received much attention, is fencing.

Packer et al. (2013) reported that lions in fenced reserves are closer to their
carrying capacities and cost less to manage than populations in unfenced reserves. The
authors argue that their “analysis suggests that human-wildlife co-existence should only be
considered in areas where large-scale megafaunal (and pastoralist) migration precludes any
form of fencing” (Packer et al. 2013). By extension, this statement is effectively arguing
the case for the fencing of almost all protected areas in Africa, except those such as the
Serengeti ecosystem where large-scale wildebeest (Connochaetes taurinus) migration
occurs (Boone et al. 2006). However, fencing protected areas in an effort to mitigate
human-lion conflict will interrupt natural patterns of dispersal and gene flow, not only of
lions, but all large mammals. According to a population genetics model, a minimum of 50-
100 prides are needed to maintain long term genetic diversity (Bjorklund 2003). It is
important to note that 50-100 prides translates to a conservative estimate of 150-300 adult
female lions (saying nothing of adult males and cubs) if you consider an average pride size
of three. Take for example the study extent presented in Chapter 5. Despite containing
~446,000 km? of land managed for wildlife, this area is characterised by small protected
areas that hold under 50 lions (including all demographic groups, Figure 6.2). The
detrimental effects of inbreeding in lions was best illustrated in the Ngorongoro Crater
where a population bottleneck resulted in increased sperm abnormality and decreased

reproductive performance (Packer et al. 1991).
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Figure 6.2: Map of the same study extent depicted in Chapter 5. Here | detail the
number of African lions predicted per protected area based on the predictions of a GIS

meta-analysis modelling the distribution of lions (Loveridge et al. 2007a).

Thus, complete fencing of all protected areas would effectively isolate lion

populations and result in a loss of genetic diversity. In addition, the management of fenced

populations would require extensive genetic management and relocation of animals which

would not only be expensive, but also further disrupt lion society. Finally, past efforts at

fencing have shown that the wire is often used for snare poaching (e.g. Becker et al. 2013)

and may be ineffective: in Hluhluwe-Umfolozi, South Africa, despite a 2m high fence that

was buried 0.5m underground, and a further measure of shooting at any lion that came

within 400m of the fence, the number of cattle killed by lions continued to rise (Anderson
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1981). An alternative method to complete fencing is partial fencing or the use of ‘funnel
fences’ (Hargrove et al. 2005).

Using the resistance surfaces produced in Chapter 5, future work could assess the
factorial least cost paths across the landscape and how these may be altered by for example
funnelling fences (Figure 6.3a). One could imagine a range of scenarios that could be
tested and other questions that could be asked of this model, such as: What would happen
if all forest reserves and wildlife management areas were to disappear? Would
connectivity be increased by the protection of certain land in order to create wildlife
corridors (Figure 6.3b)? What would happen if all national parks were effectively fenced?
What impact would a doubling of the human population have on connectivity? Once the
factorial least cost paths have been created and a range of scenarios tested, future work
could run a population genetics model such as CDPOP (Landguth and Cushman 2010) in
order to assess how genetic diversity would be affected by the potential scenarios proposed
above. The results of these simulations would allow for landscape planners to make
effective management decisions that reflect the habitat use of the biologically relevant

demographic: dispersing lions.
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Figure 6.3: Proposed future work building on the resistance surfaces derived from

dispersal data and presented in Chapter 5. A range of scenarios could be tested to

determine changes in connectivity and gene flow in a landscape where (a) funnelling

fences are used to direct dispersers to certain areas and while deterring them from

others and (b) the protection of land to for corridors connecting current protected

areas.

In recent years there has been a surge of interest in identifying corridors and

maintaining connectivity between populations (for reviews see Sawyer et al. 2011, Zeller

et al. 2012, Cushman et al. 2013). Indeed, particularly in North America, corridors have

become a cornerstone of modern conservation (Noss 2003, Chetkiewicz et al. 2006). In

Africa too, connecting landscapes has become a major drive and transboundary

conservation has elevated corridors beyond being an ecological tool and into the realm of

politics. Take for example, the Kavango Zambezi (KAZA) Transfrontier Conservation

Area (TFCA), of which Hwange National Park is a part. The TFCA covers approximately

520,000 km? and in 2006 a memorandum of understanding was signed by the governments
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of Angola, Botswana, Namibia, Zambia and Zimbabwe, making this the largest
conservation area in Africa and the world’s largest TFCA. The initiation of transfrontier
conservation areas in Africa is largely facilitated by Peace Parks Foundation (PPF 2013c).
One of the major goals in the creation of these TFCAs is “to promote and facilitate the
development of a complementary network of protected areas within the KAZA TFCA
through corridors” (PPF 2013b). The formation of this TFCA and the funding that is going
into it ensure that the pursuit of connectivity in this area is no longer merely an academic
pursuit but one which will have consequences for wildlife and people. Indeed their efforts
have received considerable funding: on the 8" of March 2013 PPF reported (PPF 2013a)
that they had received €15.5 million from the German Federal Ministry for Economic
Cooperation and Development (BMZ). In June 2010 BMZ announced that KfwW
Development bank would provide €20 million towards the development of KAZA stating
that the money would be invested in, among others, wildlife corridors (PPF 2013b). With
this in mind, it is critical that any management policies should be based on accurate and
reliable data. In so doing, money and effort can be used to effectively protect existing
dispersal routes and facilitate the creation of new wildlife corridors that are directly
applicable to the species of most concern. When they are based on limited biological data,
the use of corridors can be costly and counterproductive (Chetkiewicz et al. 2006). The
results presented in Chapter 5 illustrate how different conclusions may be drawn based on
the data used. However, in the same chapter | discuss how naively promoting connectivity
may lead to increased levels of human-lion conflict. This will result in the loss of livestock
to agro-pastoralist communities, retaliatory killings of lions, infanticide committed by
incoming males and induced dispersal, resulting in more conflict and increased mortality

of dispersing lions. Therefore, any attempts at promoting connectivity should have a strong
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community-based initiative to promote tolerance of wildlife and facilitate their
coexistence.

In summary, | suggest that the results of this thesis, and particularly Chapter 2,
point towards the stability of lion society as being critical, not just for persistence of lion
populations, but also for the reduction of human-lion conflict. Traditional methods of
conflict mitigation such as relocation and destroying of problem animals may serve only to
exacerbate the problems they were designed to prevent. In addition, excessive trophy
hunting quotas may lead not only to infanticide but also to high levels of mortality among
sub-adult males, i.e. a delayed infanticide. A stable lion population, with minimal
anthropogenic induced mortality may result in sub-adults dispersing later and being able to
challenge for territory sooner, reducing the transience period when lions are most likely to
turn to stock-raiding. Dispersers that survive to establishment may enhance connectivity
between protected areas, and provided they are based on robust biological data, can be
effective. Indeed, recent research has shown that lions can exist at stable densities with
minimal human conflict in areas that maintain connectivity for wildlife (Schuette et al.
2013). At the beginning of this thesis | stated that dispersal is probably the most important
life-history trait involved in species persistence (Clobert et al. 2001) and that in the context
of increased habitat fragmentation, dispersal is a crucial process as it is the principal
mechanism by which organisms move within metapopulations and thereby maintain
population viability and genetic diversity (Clobert et al. 2012). The findings of this thesis
show that in lions, dispersal may be the most critical life-history trait and that the study of

this process in lions, and probably other carnivores, may be vital to their conservation.
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Abstract

The genetic diversity and population structure of a population of African lions in
Hwange National Park, Zimbabwe, was studied using 17 microsatellite loci. Spatial
genetic analysis using Bayesian methods suggested a weak genetic structure within the
population and high levels of gene flow across the study area. We were able to identify a
few individuals with aberrant or admixed ancestry, which we interpreted as either
immigrants or as descendants thereof. This, together with relatively high genetic diversity,
suggests that immigrants from beyond the study area have influenced the genetic structure
within the park. We suggest that the levels of genetic diversity and the observed weak
structure are indicative of the large and viable Okavango-Hwange population (of which
our study population is a part), and is attributable to the high (but now threatened) levels of
habitat connectivity that still exists between Protected Areas in this region. Given expected
increases in human populations and anthropogenic impacts, efforts to identify and
maintain existing movement corridors between regional lion populations will be important
in retaining the currently healthy genetic status of this population. Our results show that
understanding existing levels of genetic diversity and genetic connectivity has
implications, not only for this lion population, but also for management and conservation

of wild populations in other taxa.
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Introduction

A range of factors influences the genetic structure of populations. Processes such as
mutations, genetic drift, constant migration over time and selection influence populations
over evolutionary time scales while ecological factors such as social behavior, mating
systems and human impact, including harvesting, management and habitat alterations,
operate at ecological time scales (Ross 2001). The design of effective and sustainable
conservation and management plans thus depends to a great extent on the correct
identification of population genetic structure and the factors influencing it.

Isolation of populations is increasingly a result of human pressure on habitats
(Ceballos and Ehrlich 2002). When a previously large and widespread population becomes
fragmented, it is important to identify conservation units correctly (Kraaijeveld-Smit 2005)
in order to mitigate threats and foster long-term population viability. As a species range
becomes increasingly fragmented, movements between sub-populations may become
scarce and hence overall population size decreases. This may lead to a loss of genetic
diversity and hence impair evolutionary potential, which in extreme cases may lead to
extinction (Coulon et al. 2004). Additionally, in small and isolated populations, increased
levels of inbreeding will accelerate loss of genetic variability and negatively affect life
history traits such as survival, reproductive success, and fecundity (Charlesworth and
Charlesworth 1987). Genetic diversity of small populations can be increased, and the
negative effects of inbreeding may be mitigated, by the immigration of even a single
individual to a focal population, highlighting the crucial importance of inter-population

connectivity (Brown and Kodric-Brown 1977; Vila et al. 2003; Madsen et al. 1999). In

many species, individuals avoid inbreeding by migrating away from their natal area and
thus dispersal might be viewed as an inbreeding avoidance mechanism (Perrin and Goudet

2001).
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Lions, like most wild felids, are faced by a suite of anthropogenic threats, usually a
combination of habitat loss leading to fragmentation of populations, conflict with people
and over-exploitation (Loveridge et al. 2010a). Isolation and diminution of populations are
both likely to be reflected in their genetic structure and diversity. The impacts of human
activities on dispersal, and hence gene flow, may be hard to predict. Habitat fragmentation
and isolation of populations will constrain dispersal while removal of individuals may
facilitate it through indirect effects on the social structure. In this study we assess the
potential genetic impacts of anthropogenic threats on a population of lions in Hwange
National Park (HNP), Zimbabwe. The HNP population has faced high mortality through
trophy hunting of adult and sub-adult males (Loveridge et al. 2007, Packer et al. 2010) and
through illegal retaliatory killing and officially sanctioned problem animal control of
livestock-raiding lions of all ages and both sexes (Loveridge et al. 2010b). High levels of
mortality in the localities surrounding protected areas may serve to isolate such areas from
surrounding populations.

Throughout Africa, lion populations are increasingly fragmented with an estimated
75% range loss in the last 500 years (Riggio et al. 2013). In lions, as in most polygynous
mammals, males are the dispersing sex, although around a third of females may disperse
(Pusey and Packer 1987). Lions not only exhibit sex-biased dispersal but also
opportunistic territory acquisition by males (Funston et al. 2003). Furthermore, dispersing
lions range widely and have the potential to disperse between populations (Macdonald et
al. 2010, A. Loveridge unpublished data). Long distance dispersal may lead to increased
gene flow and increased genetic diversity in a locality, while short distance dispersal might
heighten the risk of inbreeding and loss of diversity. These attributes make lions an
excellent model species to study socio-ecological effects on genetic diversity and

population structure (Fraser et al. 2004).
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Conflict with agro-pastoralists accounts for many of the deaths of lions and other
large carnivores that leave the safety of protected areas. Dispersing animals are particularly
vulnerable. Intense conflict occurred between local people and lions around HNP resulting
in high levels of mortality in the lion population. Between 2000 and 2012 we recorded 73
lion mortalities (22% of all mortality records) due to illegal retaliatory killing and problem
animal control in the areas directly adjacent to the park (Loveridge, unpublished data).
This is likely to underestimate the number of mortalities because illegal killing is often
concealed to avoid prosecution (see Liberg et al. 2011 for a European example). Such high
levels of mortality could potentially pose a barrier to dispersing animals. Over the 12 years
that lions have been monitored in HNP only two successful inter-population dispersals of
radio-collared study animals have been recorded (A. Loveridge pers. obs.).

Here we describe the genetic diversity and population structure of the lion
population in Hwange National Park. Levels of immigration to and from HNP are
unknown, but evidence from our long-term study reveal that animals dispersing to areas
outside the protected area and into human settlement areas to the North and East rarely
survive. Landscape genetic analysis provides the opportunity to determine whether
immigration into the population is occurring and thus to assess levels of connectivity or
isolation in the population. We deduced that despite the human dominated landscapes
preventing inward or outward dispersal on the northern and eastern boundaries of HNP,
dispersal would be unrestricted across the western and north-western boundaries which are
adjacent to wildlife areas in Botswana and Zimbabwe respectively. Thus we predicted that
dispersal events would be detected in the genetic structure of the population. In this paper
we estimate genetic diversity and examine population structure using multilocus

microsatellite markers within HNP and compare this estimate with data from other studies.
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Furthermore, we examine whether there is evidence of inbreeding or recent immigration to
HNP.
Methods
Study Area

The study was carried out in Hwange National Park (HNP) which covers 14 900
km? of savannah in Northwestern Zimbabwe (19°00°S, 26°30'E). The vegetation is
principally woodland and bushland savanna with less than 10% composed of grassland
patches (Rogers 1993), and is mostly dominated by Colophospermum mopane,
Combretum spp., Acacia spp., Baikiaea plurijuga and Terminalia sericea (Rogers 1993).
HNP is a semi-arid ecosystem, with most rainfall between November and April. During
the dry season, in years of normal rainfall, no water remains in the southern part of the
park and around 50 water holes in the northern area are artificially supplied with water
(Valeix et al. 2009, 2010). The park is entirely unfenced and agro-pastoralist communities
live on the northern and eastern sides of the park (Fig. 1) the western boundary is formed
by the Botswana- Zimbabwe border, which is the easternmost boundary of the arid
Kalahari ecosystem. The study area covered more than 5000 km? in the northern part of the
Park and estimates of lion density varied over the 12-year study from 2.7 to 4.1 lions per
100 km? (Loveridge et al. 2007, Loveridge, unpublished data).
Collection and Storage of Samples

Blood samples were collected from 91 individual lions from HNP between 2001
and 2009, when lions were immobilized to be fitted with radio-collars. In 2005, 80% of the
prides in the study area included at least one collared individual. Blood samples were
either frozen or stored in 95% ethanol at room temperature. We also obtained samples

from 24 lions from the Kolmarden Zoo in central Sweden to provide a comparison

220



between the genetic diversity of a wild and a small, potentially genetically limited captive

population.
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Fig. 1: Map of HNP and its surrounding, showing protected areas and towns.

Genotyping

DNA extractions were performed using the blood and tissue Qiagen extraction kit
following the manufacturer’s instructions (Qiagen, DNeasy kit). We selected 29 pairs of
polymorphic microsatellite loci, which have been used successfully in previous studies
(Spong and Creel 2001). These were FCA205, FCA91, FCA006, FCA567, FCAO85,
FCA229, FCA001, FCA628, FCAG9, FCA139, FCA105, FCA272, FCA441, FCA3L,
FCA275, FCA224, FCA211, FCA247, F115, FCA126, FCAO014, FCA391, FCAZ230,
FCAO008, FCA208, FCA077, FCA129, FCA506, FCA045 (Menotti-Raymond et al. 1999).
26 of these microsatellites loci were dinucleotide repeats and 3 were tetranucleotide
repeats (FCA391, FCA441 and F115) (Menotti-Raymond et al. 1999). Details on the
multiplex compositions can be found in Table 1. The markers were labelled with
fluorescent dyes (HEX, NED or FAM) and were divided into four multiplexes according
to their size (Table 1). Multiplex Polymerase Chain Reaction (PCR) reactions were run in

10 pL volumes containing 1 pL of each multiplex mix, 1 pL of diluted DNA, 5 pL of PCR
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mastermix and 3 pL of Rnase free water. PCR conditions were an initial denaturation
cycle at 95°C for 15mins, followed by 35 cycles at 94°C for 30s, annealing at 62°C for 90s
and 72°C for 90s. PCRs then had a final extension at 72°C for 10mins. Genotyping was run
on a MegaBACE 1000 (Amersham Biosciences). To ensure correct genotyping, samples
were run at least three times. Alleles scoring for each sample were done using the software
Fragment Profiler (Fragment Profiler 1.2, Amersham Biosciences, 2003) and confirmed

visually.

Data analyses

Using GENEPOP (Raymond and Rousset 1995), we tested for deviation from
Hardy-Weinberg equilibrium (HWE) for each locus and applied a global test for
heterozygote deficiency or excess at every locus and tested for genotypic linkage
disequilibrium for each pair of loci. We performed all standard population genetic analyses
(Mean number of alleles, allele frequencies for each locus, observed (H,) and expected
(He) heterozygosity levels, Fis) using the GENETIX 4.02 software package (Belkhir et al.
2004). A factorial correspondence analysis was performed using the AFC 2D option
implemented in GENETIX (Belkhir et al. 2004) on the matrix of individual genotypes to
visualize individuals and how the genetic characteristics of each individual were organized
in a multidimensional space based on allelic data.

The genetic structure of the HNP population was assessed using two different
methods. First, we used the software package STRUCTURE v.2.3 (Pritchard et al. 2000)
to find the most likely number of independent genetic clusters (K). Each cluster represents
a sample of individuals characterized by a set of allelic frequencies for each locus, which
are in Hardy Weinberg and linkage equilibrium. Initially, we ran STRUCTURE without
any prior information on the sampling location. For this, the user provides a range of K

(the number of clusters), and the software runs multiple Markov Chain Monte Carlo
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Table 1. PCR multiplex composition.

Locus Sequence DYE rglnzgee Multiplex
Forward Reverse
190 -

FCA001 TGCTTGTCCTCTCCCTCG TGACTGCGCCATAGCTTTC FAM 212 1
FCA006 GACTTCTGCCTTCTTGTGGC CCCCTAATGTGACTACAGATAGGG HEX 11%)4- 1
FCAO008 ACTGTAAATTTCTGAGCTGGCC TGACAGACTGTTCTGGGTATGG HEX 112428- 4
FCA014 AGCCAAGAGGGGAAACAACT TGTCACAAATGGCAGGTTGT FAM 11623)0- 3
FCAO031 GCCAGGGACCTTTAGTTAGATT GCCCTTGGAACTATTAAAACCA FAM 222431- 2
FCA045 TGAAGAAAAGAATCAGGCTGTG GTATGAGCATCTCTGTGTTCGTG NED 1f§0- 4
FCA069 AATCACTCATGCACGAATGC AATTTAACGTTAGGCTTTTTGCC HEX 1f fS- 2
FCAO077 GGCACCTATAACTACCAGTGTGA ATCTCTGGGGAAATAAATTTTGG HEX 11455- 4
FCAO085 CTGTACATTTCTCTTCCCATTGC CCCCTACTGGGTGCACTG FAM 11320- 1
FCA091 TGAGAACAAGCCATTAATAGCA CCCAAACATAAGGCTGCATT HEX 1]:.3;16- 1
FCA105 TTGACCCTCATACCTTCTTTGG TGGGAGAATAAATTTGCAAAGC HEX 118997- 2
FCA126 GCCCCTGATACCCTGAATG CTATCCTTGCTGGCTGAAGG FAM 1134?5- 3
FCA129 ACATAGAGCCGACACGGG CGCCTATGTTTACTGCAGCA HEX 117840- 4
FCA139 AGCATGTTTTTGAGGCAGCT TTATGGGTAGTGTGAAGTCAGGG HEX 114:7- 2
FCA205 CCTGCTCTCAAGGAGCTCC CCCATTTCTCCTACCAGTTCC HEX 239 1
FCA208 TCAGGGTTCAAAAAAAGAAAAA CAAAGCACCAGCTTAGAAGTCA HEX 339f4- 4
FCA211 TGTAGAACATAATGCCTCAGCC TCTTGAACCTATTTCCCCACA HEX 111 119_ 3
FCA224 CTGGGTGCTGACAGCATAGA TGCCAGAGTTGTATGAAAGGG NED 1156?2- 2
FCA229 CAAACTGACAAGCTTAGAGGGC GCAGAAGTCCAATCTCAAAGTC FAM 116700- 1
FCA230 AAGAATGGACTTGGGAAATGG AAACCACAACAGGCAAAAGG NED 112588_ 3
FCA247 GGAAATTAGGAGCTCTGCCA AAGATTTACCCAGTTGCCCC HEX 1f§1- 3
FCA272 ACTTTACCTCCTTCCAAAAAG CACCTTTCCATCCAATAAATTC FAM 110299- 2
FCA275 TTGGCTGCCCAGTTTTAGTT ACGAAGGGGCAGGACTATCT NED ]i]é]é 2
FCA391 GCCTTCTAACTTCCTTGCAGA TTTAGGTAGCCCATTTTCATCA FAM 223773- 3
FCA441 ATCGGTAGGTAGGTAGATATAG GCTTGCTTCAAAATTTTCAC FAM 15;3- 2

FC506 AATGACACCAAGCTGTTGTCC AGAATGTTCTCTCCGCGTGT HEX 223528_ 4
FCA567 TCAGGGTTTTCCAGAGAAACA TAGACACATACAGATGGGGTGC FAM ?.%)6 1
FCA628 CCCCTGCTCATTCTCTCTCA GTGCCTGGCACAGCATAAG NED 225 1

F115 CTCACACAAGTAACTCTTTG CCTTCCAGATTAAGATGAGA HEX 129 137_ 3
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MCMC iterations with different values of K. We ran ten independent replicates with each
K from 1 to 10. Every run consisted of 100 000 burn-in-steps, 500 000 MCMC iterations
(following Pritchard and Wen 2003). As we were primarily interested in detecting possible
genetic structure and to detect migrants (as opposed to clinal variation) we applied the no-
admixture model, and used the approach suggested by Evanno et al. (2005) to infer the
most likely number of clusters, K. Second, we used the clustering algorithm implemented
in the software BAPS (Corander et al. 2008; version 5.4) which incorporates spatial
coordinates denoting the origin of each individual specimen to deduce the number of
clusters. We performed 30 replicate runs of the algorithm, with the a priori upper boundary
for the number of clusters ranging between 2 and 15. Again we used a model without
allowing for admixture.
Results

We used the genotypes from a total of 17 microsatellite loci in the analyses since a
few of the loci did not amplify well. Four individuals failed to amplify at more than 3 loci
and were removed from the analyses. We thus included a total of 87 individuals from HNP
in our analyses, (42 females and 45 males) in addition to the 24 individuals from the
Kolmarden Zoo.
Genetic diversity

All loci were polymorphic and the number of alleles per locus varied between 5
and 17, the average number was 10.47. There was no significant linkage disequilibrium
between loci (all p>0.05). The average expected heterozygosity was 0.75 + 0.10 and the
observed heterozygosity was 0.73 +0.10. There was thus a slight but significant
heterozygote deficiency with a correspondingly significant F;s (p<0.001). When we
compared the genetic diversity of the Hwange lions with two other studies: the captive

bred population at the Kolmarden Zoo, and previously published genetic data from Selous
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Game Reserve (Spong et al. 2002), we observed that the Hwange and Selous lions
displayed similar levels of genetic variation whereas the genetic diversity of the zoo

population was significantly lower (Table 2).

Table 2. Comparison of standard population genetic parameters in three different lion populations

(means O 1. S.D.). Data on heterozygosities from Selous were taken from Spong et al. (2002).

Hwange National Park, | Selous Game Reserve, Kolmarden Zoo,
Zimbabwe Tanzania Sweden

Number of individuals 87 70 24

Number of loci used 17 14 21

Mean number of alleles 10.47 8.9 3.38

per locus

Hexp 0.75 % 0.10 0.75+ 0.10 0.53+0.19

Hops 0.73£0.10 0.69 £0.16 0.59+0.29

Fis 0.03 0.08 -0.04

HNP Population Genetic Structure

Analyses using STRUCTURE gave the highest probability for three distinct
genetic clusters (K=3). The variance between runs was at its lowest for K=2 and 3 with
variances much higher for K > 3 further indicating a genetic structure of 2-3 clusters.
Similarly, when using the Evanno method ([JK) (Evanno et al. 2005) we identified K=2 or
3 as the most probable number of clusters (Fig. 2). Since the data for K = 2 and K = 3 were
similar, graphical analyses of the STRUCTURE plots were conducted for both values of

K.
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Fig. 2: Bar Plot output from STRUCTURE of K=2 and K=3. The probability of assignment to each cluster is

given by the height of the different colors and is based on an average of 10 runs, for the 87 individuals.

The spatial arrangement of assignment probabilities for K=2 are shown in Fig. 3. In
the two clusters model, K=2, the majority of individuals was assigned to a main cluster
(blue n =55, Fig. 3). The spatial arrangement of individuals appears to be random. Along
an East-West axis through the park the correlation between assignment probability and
longitude was non significant (r=-0.11, n=87, NS) as it was along a North-South axis
(correlation of assignment probability and latitude: r=0.04, n=87, NS). Similarly, a map
with the admixture coefficients for K=3 did not show any significant spatial patterns (data
not shown).

Although there was evidence for three genetic clusters (K=3) in this study, two
clusters (K=2) seems to be the most likely for a number of reasons: Pritchard et al. (2000)
demonstrated that in simulations where STRUCTURE finds different solutions at multiple
values of K with reasonably similar probabilities, the lowest value is usually the most
reliable. Over-estimation of the true value of K can also be due to the presence of related
individuals (Pritchard and Wen 2003). Our samples were obtained during the placement of

radio-collars on individuals; some individuals were sampled within the same pride or
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coalitions, and therefore are likely to be related to each other. We therefore favour the two

clusters solution (K = 2) for inferring the genetic structure of this lion population.

Fig. 3: Geographical distribution of the 87 individuals sampled across Hwange
National Park and individual assignment probabilities of the two clusters inferred by
STRUCTURE. Assignment probabilities to either of the two clusters are proportional
to the colour of each pie chart. Cluster one and two are represented in blue and red
respectively. The placements of each pie chart indicate the sampling locality of an

individual.

When using spatial coordinates as prior information, BAPS generated a posterior
probability of 0.983 for 10 genetic clusters. The inferred clusters were, however, consistent
with the STRUCTURE results in showing the presence of one main cluster (n = 69) and 9
small clusters containing at maximum 3 individuals and the individuals assigned to the
main cluster by each method largely. Six of the nine small clusters were concentrated on

the edge of the protected area (Fig. 4).

227



50 km

Fig. 4: lllustrative spatial representation of the 87 individuals using the BAPS no-
admixture algorithm. Each polygon represents one or more individuals assigned to the
same clusters. Although based upon sampling location the figure is not intended to
represent social or territorial structure of the population, though both are expected to
influence the distribution of related individuals within the population. Polygons with
different colours correspond to genetically differentiated clusters, while identical
colours identify individuals belonging to the same cluster. The best model identified
10 clusters, with one main cluster (yellow, n = 69) and 9 small clusters containing at

maximum 3 individuals.

In the two dimensional factorial correspondence analysis implemented in
GENETIX, 11 males were identified as outliers, and thus as putative immigrants. The
corresponding numbers for females was 3 (Fig. 5). Of these 14 individuals, putatively
identified as immigrants, 11 were also identified as divergent by BAPS, and all 14 were

identified as divergent using STRUCTURE (Table 3).
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Table 3: Summary of immigrant status as inferred from observations and genetic analyses.

Inferred Inferred Identified
Observed as immigrant with immigrant with | as divergent
immigrant STRUCTURE BAPS by AFC
Males
NKWaM1 No Yes Yes Yes
KANM1 Yes Yes Yes Yes
LIvaM1 Unknown Yes Yes Yes
ULAM1 Yes Yes Yes Yes
SHUaM1 No Yes Yes Yes
LINM1 No Yes Yes Yes
UDLM2 Yes Yes Yes Yes
GUVbM1 No Yes No Yes
DETaM1 No Yes No Yes
AIRM1 Unknown Yes Yes Yes
GUVbM3 No Yes No Yes
Females
NKWaF1 No Yes No Yes
XMAF1 Unknown Yes No Yes
NEHF2 Unknown Yes Yes Yes
(a) 2000 3 X_\iAFl (b) 2000
NKWaM1 1000 4 1000 1
~ GUVbM3 NKWaD1
ULAM1 A A -
-3(;00 -23'00 -2(;00 -1;00 A)O A—52);]]{..’\;{1 S(;O l(;OO -3000 -2500 -2000 -1500 -1000 ~SDO.. ‘ ?
LIVaM1 SHUaMI  pefvi GUVBMI .
-1007 1 A -1000 1
LINM1 UDLM2 i
NEHF2

Fig. 5: Two-dimensional Factorial Correspondence Analysis of individual multilocus
genotypes computed using 17 microsatellite loci for each of the sexes (a) males n=44,

b) females n=43). The individuals considered as immigrants are indicated with

-2000 1

-3000 4

A
KANMI1
-4000 -

triangles and the ID for such individuals are indicated.

Discussion

-2000 1
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-4000 *

500

The extinction of wild mammal populations may be brought about by human

activities such as hunting or agriculture, and this may be amplified were human
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populations occur at high density (Ceballos and Ehrlich 2002). Globally, natural
populations face scenarios where many organisms can survive only in reserves or other
protected areas. Migration between such semi-isolated areas is increasingly a concern for
conservation. African lions have experienced both significant population decline and
reduction in geographic range in recent decades (Macdonald et al. 2010) with most viable
populations occurring in large protected areas (IUCN-SSG 2006). Fragmentation of lion
populations in the face of increasing pressure of habitat conversion and conflicts with
pastoralists and ranchers makes conservation and management of this species a challenge
that requires significant resources (Packer et al. 2013). An understanding of prevailing
levels of genetic integrity and potential genetic connectivity may help conceive and
prioritize future conservation efforts.
Genetic Diversity

Genetic diversity in the lion population of HNP was moderately high, with an
average expected heterozygosity of 0.75, indicating a large local population size and/or
high levels of gene flow. This is in accord with the findings of Dubach et al. (2013) whose
analysis of Africa-wide lion population genetics show the Botswana/ Zimbabwe sub
population (LCU 46, IUCN-SSG 2006) to be genetically heterogeneous with high levels of
gene flow. HNP forms the easternmost portion of the wider Okavango-Hwange sub-
population of lions, which occupies an area of 95170km? and is estimated to hold around
2300 lions (IUCN-SSC 2006). This is one of only four ‘Lion Conservation Units’ (LCUs)
in Africa to hold > 2000 animals and one of only two in southern Africa (IUCN-SSC
2006). Thus the finding that genetic diversity and probable gene flow were both high is
consistent with the current geographic extent and size of the population.

The levels of genetic diversity within HNP were comparable to the level of genetic

diversity found in Selous Game Reserve (Spong et al. 2002). The Selous ecosystem holds
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the largest population of lions (~ 5500) in Africa in an area of 190 000km? (IUCN-SSC
2006) and is thus presumably a lion population where evidence of either inbreeding or
genetic isolation is least likely to be found. This suggests that at a continental level, with
comparable measures of heterozygosity, the Hwange-Okavango population is similarly
free of genetic problems. Interestingly, in both Hwange and Selous the observed
heterozygosities were lower than expected leading to significant population inbreeding
coefficients (F;s). Deviations from Hardy-Weinberg expectations may be caused by a
Wahlund effect and occur if two or more subpopulations have different allele frequencies
reducing overall heterozygosity, even if the subpopulations themselves are in a Hardy-
Weinberg equilibrium (Wahlund 1928). In the case of HNP this might be explained by
hidden population structure, family group structure or a biased representation of close
relatives in our study sample. Our samples were obtained during the placement of radio-
collars on individuals; some individuals were sampled within the same pride or coalitions,
and therefore are likely to be related to each other as it has been demonstrated in previous
studies (Spong and Creel 2001; Pusey and Packer 1987). By comparison, the genetic
diversity of the captive lion population was low compared to the two natural populations.
Individuals in captive populations are limited in number and despite efforts to increase the
genetic diversity by exchanging individuals among zoos, this zoo population appears to
have lost genetic diversity. However, it does not seem to experience inbreeding insofar as
observed and expected heterozygosities were similar (and hence Fs was zero); presumably
due to active outbreeding approaches conducted by numerous zoos.

The consequences of high levels of hunting and anthropogenic mortality for
population genetics are difficult to assess as this may be influenced by many factors such
as potential reductions in population size and the duration over which any population

bottlenecks occur (Frankham et al. 2002). Furthermore, high mortality in habitat corridors
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connecting sub-populations could potentially result in population isolation and inbreeding.
However, based on our marker set, results suggest that despite intense hunting (prior to
2004) and overall high anthropogenic mortality (Loveridge 2010b), the Hwange lion
population has not experienced significant loss of genetic diversity. This is likely to be a
consequence of a relatively large population size and landscape connectivity that allows
dispersal between sub-populations, particularly with the wildlife areas to the West of HNP.
HNP Population Structure

We did not find any evidence for a geographical division within the population,
which was unsurprising given that no geographic or artificial barriers such as fences limit
this population. The two different Bayesian methods identified distinct genetic clusters.
Both methods described one main population including the majority of the sampled
individuals, and one or more sub-clusters.

The presence of weak genetic structure suggests that gene flow is occurring in the
area or that there has been only a very recent separation of populations (Bulgin et al.
2003). Aside from geographical barriers, dispersal of breeding individuals between
populations may be the main determinant of the genetic structure of the population
(Coulon et al. 2006). In the Serengeti ecosystem approximately 30% of female lions
dispersed (Pusey and Packer 1987) while in the Selous ecosystem, around 20% of females
did (Spong and Creel 2001). In HNP, it is likely that up to 60% of females may disperse
(Loveridge, unpublished data), likely due to the high off-take of territorial males
(Loveridge 2010). This high level of female dispersal may account for the three potential
female imigrants identified in this study. Sub-adult males on the other hand will always
disperse, generally over relatively short distances, settling within or near the natal range
(Pusey and Packer 1987, Spong and Creel 2001, Funston et al. 2003). The weak

population structure found in our study suggest that dispersal distances in the area are
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longer. This is consistent with our field observations as we have observed several males
dispersing more than 150km from the study area, often through vast areas of agro-pastoral
land.

Immigrant individuals, whom reproduce within the study area, may have an effect
on the genetic diversity (Vila et al. 2003), but only if the migrants carry alleles that are not
already present in the population (Ehrlich and Raven 1964). Packer and Pusey (1993)
determined that 69% of the males, which reproduced in their study area, originated
elsewhere. In HNP, based on the factorial correspondence and BAPS analyses, there was
strong evidence that eleven individuals (nine males and three females) were genetically
distinct from the rest of the population. We could confirm with observed behavioural data
that 3 of them were indeed likely to be immigrants while for 7 others we had observational
evidence that they were resident animals that had been born in prides resident within the
study area. For the remaining 4, we had no evidence either way. It is possible that the
individuals identified by genetic analysis as putative immigrants, but known to have been
born within the study area, might have descended from immigrants, suggesting that
historical immigration has occurred.

Interestingly 6 of the 9 small clusters identified in the BAPS analysis were located
close to the edge of the population, near the park boundary (Fig. 4). Prides living on the
edge of the park experience significantly higher mortality, have lower chances of
persistence and have higher male turnover (due to high male mortality on the park
boundary) (Loveridge et al. 2010b). It is possible that opportunities for dispersing
individuals to acquire a territory and breed are higher in peripheral areas where territorial
vacuums are created by anthropogenic mortality, (Loveridge et al. 2007) and high levels of
conflict with people increases the chances entire prides will be removed. Thus the influx of

new genes derived from immigrants is more likely closer to the perimeter of the park.
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Conservation Genetic Implications

In order to design appropriate management strategies it is necessary to understand
both the history and the structure of the study population and also the level and distribution
of genetic diversity (O’Brien 1994). Genetic diversity plays an important part in the
adaptation of populations to changing environmental conditions (Reed and Frankham
2003). Frankham (1998) also suggested that loss of genetic diversity could add to the risks
of extinction for endangered or managed populations. In this study genetic diversity was
high and we could infer that gene flow to and from the study site was likely.

Relatively high levels of heterozygosity found in this population suggest that either
the area and population are large enough to sustain genetic diversity, or the population is
already connected to other sub populations. Probably immigration into HNP occurs from
Protected Areas to the West and North-West through habitat corridors formed by Wildlife
Management and Safari Areas. Connectivity is less certain to the North and East of HNP
where there is significant human settlement (Fig. 1). Nevertheless recent records of radio-
tagged lions from HNP migrating into Zambia (straight line distance of 120 km from
HNP) and to Chete Safari Area (Zimbabwe, 150 km from HNP) suggest that at least a few
lions are still able to traverse these areas, which in turn suggests that genetic linkages may
remain between protected areas within the wider sub-region. Further studies should focus
on detecting genetic structure at a larger scale and try to identify putative corridors of
connectivity and maintain them.
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Influence of immediate predation risk by lions
on the vigilance of prey of different body size
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The effects on vigilance behavior of environmental cues that affect perceived risk of predation have been widely measured in
gregarious herbivores. How extrinsic (e.g., predator activity within certain habitats) and intrinsic (e.g., within-group competition)
cues interact depends on the biology of the prey species. However, very little is known about the impact of the actual presence of
the predator in the vicinity on fine scale prey vigilance behavior. For this study, we monitored the vigilance of plains zebra (Equus
quagga) and impala (Aepyceros melampus) in and around Hwange National Park, Zimbabwe. We assessed how the presence of
radio-collared lions (Panthera leo) affected the vigilance of their prey. To evaluate the factors affecting vigilance behavior, we
measured routine and intense vigilance. Routine vigilance can be conducted while chewing, although during intense vigilance
chewing is halted and thus imposes foraging costs as food processing is delayed. As the most acute form of vigilance, we predicted
that the presence of lions would lead to an increase in intense vigilance in both species. We found this to be the case for zebra,
a key prey species for lions, while impala adjusted their intense vigilance to risk cues less specific to the presence of lions.
Potential predation risk posed by lions in the immediate vicinity differs not only between species but also for a given species in
different contexts. Our results also reveal how other environmental risk indicators influence the structure of vigilance behavior of
large prey species in a manner that reflects their respective ecologies. Key words: antipredatory behavior, impala, intense vigi-

lance, Panthera leo, zebra. [Behav Ecol]

INTRODUCTION

igilance behavior contributes to herbivore fitness in sev-
V eral ways, including avoidance of within-group competi-
tion (Blanchard et al. 2008), facilitation of group cohesion
(Treves 1999), and predator detection (FitzGibbon 1989). In
the latter, it is part of a suite of behavioral adaptations that
facilitate increased prey fitness via predation avoidance (Lima
and Dill 1990; Hunter and Skinner 1998). These adaptations
have repercussions for the ecology of prey species, including
effects on group size (Hamilton 1971; Pulliam 1973; Childress
and Lung 2003), spatial, and temporal habitat use (Ripple
and Beschta 2004; Valeix, Fritz, et al. 2009; Valeix, Loveridge,
et al. 2009).

The majority of observational studies of antipredatory vigilance
are limited by the fact that accurate behavioral data on prey,
which are generally abundant and easy to observe, are rarely com-
plemented by comparable information on their predators, which
are often rare and difficult to observe (Lima 2002). Group size
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and distance to cover have been widely used as proxies for the
risk of predation (Pays et al. 2012), but recent work indicates
that the physical presence of predators itself influences prey
behavior (Creel and Winnie 2005; Valeix, Fritz, et al. 2009;
Valeix, Loveridge, et al. 2009; Périquet et al. 2010), with prey
adjusting antipredator vigilance differently to these parameters
when a predator is detected in the immediate vicinity.

Vigilance generally involves foraging costs (Brown 1999;
Fortin, Boyce, Merrill, et al. 2004). Time spent vigilant can
conflict with foraging, thereby reducing rate of food intake
(Houston et al. 1993). Optimal foragers should therefore
reduce their vigilance as the marginal value of energy in-
creases (Brown 1999; Fortin, Boyce, and Merrill 2004). Sea-
sonality in forage quality (Blanchard and Fritz 2008) implies
that costs of vigilance are most pronounced in the dry season
because forage quality is lower and therefore intake needs to
be greater, a phenomenon hereafter referred to as the forage
quality hypothesis (see Rubenstein 1994 and Blanchard et al.
2008 for social amplification of this effect in zebra, Equus
quagga and impala, Aepyceros melampus, respectively).

In some species, such as maras (Dolichotis patagonum), vigi-
lance costs are shared among mates, as males keep guard
while their female is feeding (Taber and Macdonald 1992).
Other prey mitigate foraging costs by being vigilant while
handling food. This antipredatory behavior has been referred
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to as a routine vigilance (sensu Blanchard and Fritz 2007). Such
multitasking can be observed in birds handling seeds (Baker
et al. 2010, 2011) or herbivores swallowing or chewing food
while vigilant (Fortin, Boyce, Merrill, et al. 2004; Blanchard
and Fritz 2007; Pays et al. 2012). The main disadvantage of
routine vigilance is that the quality of information gathered
for predator detection is impaired as the chewing process dis-
turbs both hearing and, to a lesser extent, vision (Fortin, Boyce,
and Merrill 2004; Molinari-Jobin et al. 2004; Amft et al. 2005).
Therefore, it might not be an optimal strategy for predator
detection if routine vigilance does not allow prey to detect
the predator in time. In some cases, such as when a specific
risk-stimulus is detected, a more acute form of vigilance can be
advantageous (Brown 1999). During such “intense vigilance”
(induced vigilance, sensu Blanchard and Fritz 2007), the indi-
vidual postpones all other activities while conducting vigilance,
including chewing. As it is exclusive, this high-quality vigilance
therefore involves higher immediate foraging costs than does
routine vigilance (Blanchard and Fritz 2007) that can be per-
formed while continuing to eat. Very few studies have made
such a distinction between the 2 vigilance types. This is despite
their relative contributions to total vigilance being different in
that the costs of intense vigilance in terms of forging are much
higher than the ones of routine vigilance (Fortin, Boyce, and
Merrill 2004). To understand the ecological role of vigilance,
it might be advantageous to distinguish between routine vig-
ilance and intense vigilance because these 2 vigilance types
impose different foraging costs and provide information of
different quality on predation risk. Accordingly, the func-
tional relationships between the optimal level of vigilance
and habitat features should vary depending on the type of
vigilance examined (Fortin, Boyce, and Merrill 2004). None-
theless, few vigilance studies have made this distinction.
Here, we used radiotelemetry data from African lions (Pan-
thera leo) to measure the effect of immediate predator pres-
ence on both components of individual vigilance: routine
vigilance and intense vigilance. Because of the high quality
of intense vigilance, we tested the hypothesis that prey
increase their intense vigilance rather than their routine vig-
ilance when a predator is known to be in the vicinity. We also
explored the role of body size and associated vulnerability to
predation in vigilance behavior by studying 2 contrasting her-
bivore species: zebra and impala whose average body masses
are 200 and 45 kg, respectively (Cumming D and Cumming G
2003). Although both species are potential prey for lions
(Owen-Smith and Mills 2008), lions preferentially prey on
species within a weight range of 190-550 kg (Hayward and
Kerley 2005), and zebras are known to be highly preferred
prey of lions. This is the case in Hwange National Park
(HNP) where zebra represent ~7.1% of all prey killed by
lions, whereas impala represent only 2.5% (Loveridge et al.
2006) while both species are approximately equally abundant
in the study area (1.15 zebras/km® [standard deviation
{SD} 0.42]; 1.43 impalas/km2 [SD 0.63], Chamaillé-Jammes
et al. 2009). Additionally, lions account for most predation
of zebra, but impala are more often taken by other predator
species. Indeed, impala are significantly preferred by African
wild dogs, cheetahs, and leopards (Hayward and Kerley 2008).
In light of this, we expected these 2 species, which differ in
their body size, perception of predation risk, predator prefer-
ence, and energy requirements to differ in their strategy for
dealing with predation risk (i.e., to optimize their survival)
and limiting costs on foraging. Additionally, we expected vig-
ilance to be negatively associated with group size, and as lions
are ambush predators, we expected zebra vigilance to increase
when close to cover. We did not expect impala to react
strongly to the presence of lions because they are preyed on
by predator species with a wide range of hunting tactics (Pays

Behavioral Ecology

et al. 2012). However, we expected them to adjust their be-
havior according to their group size and distance to cover in
the same way as do zebra.

MATERIALS AND METHODS
Study site

Data collection was carried out in the Main Camp area of
Hwange National Park (HNP), located in north-west Zimbabwe,
19°00’S, 26°30'E. The habitat is dystrophic semiarid savannah,
composed primarily of vegetation characteristic of woodland
and bushland, though this is interspersed with small grassland
patches (Roger 1993). The long-term mean annual rainfall for
the area is 606 mm and characterized by high variability. During
the dry season, natural water is scarce, and surface water avail-
able to animals is mainly found in artificial water holes, which
are pumped with ground water. Lion density in HNP has been
estimated at 2.7 lions,/100 km? (Loveridge, Searle, et al. 2007).
The rainy season occurs from the end of October to the end of
April. Field observations were conducted in both the wet season
from February to April 2008 and in the early dry season from
mid-July to September 2010.

Vigilance monitoring

Vigilance data were collected from plains zebra and impala.
Both are gregarious ungulates that form harem groups.
Whereas zebras are grazers and usually stay in grassland areas,
impalas are mixed feeders utilizing grassland and bushland
habitats. Due to the practicalities of maintaining visual contact
with the focal individual throughout the observation period,
data collection was conducted when animals were feeding in
areas open enough to film for 5 min. Filming was conducted
from a parked vehicle between 100 and 150 m from the focal
individual, following a period of habituation (the observers
waited until no vigilance was directed toward them, usually be-
tween 2 and 5 min) allowed between switching off the vehicle’s
engine and data collection, so as best to capture their natural
behavior.

Focal individuals were chosen randomly within the pool of ani-
mals corresponding to criteria designed to remove intraspecific
variation in vigilance levels. First, observations focused on adult
females without dependent offspring (Burger and Gochfeld
1994). Second, selecting individuals from the center of their
group meant that we collected conservative estimates, without
amplification of vigilance levels as a product of within-group
positioning (Blanchard et al. 2008).

For each 5-min filming session, additional information was
collected for individuals successfully recorded. This included
date, time of day, location (GPS coordinates), and whether
lions could be detected using a very high frequency receiver
(if no detection, it meant than no radio-tagged lion was pres-
ent within 2 km of the prey). Individual’s species and group
size were also recorded (group size was defined as the number
of individuals foraging within 50 m of each other). Addition-
ally, the distance between the focal individual and the closest
cover was determined using a range finder.

For impala, pseudoreplication was avoided by only filming
an individual from a given group once per day. As impala
groups are very dynamic in terms of composition and numbers,
this method reduced the chance of focusing on the same in-
dividual twice. For zebra, we avoided pseudoreplication by fo-
cusing on different individuals, based on their unique stripe
patterns.

Using the footage collected from appropriate individuals,
the type, order, and duration of behavior categories were
recorded. Analysis of film footage was carried out without
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reference to individual- and case-specific data to avoid intro-
ducing bias. Vigilance types were distinguished using the
following criteria:

Routine vigilance

Individual’s head is raised above shoulder height in an alert
posture, usually with ears pushed forwards, and the individual
is scanning its environment while chewing or walking. Routine
vigilance could be used to detect food competition between
conspecifics or be an antipredatory behavior.

Intense vigilance

Individual’s head is raised above shoulder height in an alert pos-
ture, both ears pushed forwards fully, exclusively scanning their
surroundings without chewing or moving. This type of vigilance
is often referred to as “induced” vigilance (Blanchard and Fritz
2007) and is mainly used to describe antipredatory behavior.
We chose to use the term “intense” as the cause of the vigilance
is not always known.

Each observation period began when the focal individual
was displaying feeding behavior. All forms of vigilance bout
were considered finished when the individual had lowered
its head, even momentarily. Similarly, intense vigilance bouts
were considered finished when one or both ears were pushed
back, even briefly, or the animal began chewing again.

Lion data

Data on lion presence in the study area were collected from
radio-collared lions. We used data from 17 female and 10 male
adults that were already instrumented with GPS radio collars in
the framework of the long-term monitoring of the lion popula-
tion in HNP (for details, see Loveridge, Davidson et al. 2007).
Consequently, we could detect whether lions were in the vicinity
during the observations. The presence of lions was detected
during observations by radio tracking using a four-element
yagi antenna (Sirtrack Ltd.) and either a Telonics TR4 or TR5
(Telonics Inc., Mesa, AZ) or Televilt RX900 telemetry receiver
(Televilt Positioning AB). Such radio tracking permits detection
of collared lions within a range of ~ 2 km. Even though the
cues on which herbivores base their knowledge of the presence
of the lions in this vicinity are far from being understood, pre-
vious studies have shown that herbivores adjust their behavior
to lion presence within such a radius (Valeix, Fritz, et al. 2009,
Valeix, Loveridge, et al. 2009). Hence, hereafter, presence of
lions in the vicinity is taken to mean the presence of radio-
tagged lions within 2 km of the observation site.

The presence of undetected lions or other predators may be
a source of noise in our data. However, we feel that this noise is

Table 1

likely to be minimal. Indeed, there was at least one collared
lion in all known lion prides and coalitions in the study area,
and preliminary analyses revealed that lions from the same
group stay together most of the time (with all females from
a pride sighted together in 89.2 * 7.4% of sightings). No com-
parable data were available for other large predators in the area,
but the presence of untagged large predators would simply
make any vigilance response to lion less detectable rather than
create an artificial effect. Our assumptions are therefore conser-
vative in terms of the hypothesis we are testing.

Statistical analyses

We considered a baseline model that accounted for group size,
absence or presence of lion, distance to cover, and season to de-
termine how these parameters influenced the proportion of
time spent in intense vigilance and routine vigilance as well
as the frequency of intense vigilance and routine vigilance bouts.
Whenever needed, these independent variables were trans-
formed to linearize the relationship. We also tested the interac-
tion between these variables and only presented the significant
ones (P < 0.05). We used the function Im in the package nlme
in R (version 2.13.1 for Mac OS X 10.7.2).

RESULTS
Impala

The proportion of time spent in routine vigilance per observa-
tion period averaged 27.5% (confidence interval [CI] 95%
24.5-30.4) and was best predicted by log group size and season
(Table 1, Figure 1). Similarly, the group size and season influ-
enced the frequency of routine vigilance bouts (Table 2). In
both cases, vigilance was negatively associated with group size
and higher in the wet season relative to the dry season. The
proportion of intense vigilance per observation period aver-
aged 8.8% (CI 95% 6.4-11.2) and was determined by group
size and distance to cover (Table 1, Figure 1). Impala spent
less time in intense vigilance when they were in larger groups
or farther from cover. None of the variables explained varia-
tions in the frequency of intense vigilance bouts (Table 2).

None of the interactions tested had a significant impact on
impala vigilance behavior.

Zebra

The proportion of routine vigilance per observation period was
negatively associated with group size as was the frequency of
routine vigilance bouts (Tables 1 and 2) and averaged 24.5%

Average coefficient for multiple regressions relating the effect of different parameters on the proportions of routine and intense vigilance

Proportion of routine vigilance

Proportion of intense vigilance

Zebra Impala Zebra Impala
Parameter Value SE Value SE Value SE Value SE
Intercept 0.40 0.05 0.57 0.07 0.02 0.03 0.27 0.06
Log(group size) —0.22%%* 0.05 —0.15%** 0.03 —0.01 0.04 —0.09* 0.04
Season® NS NS —0.] 5% 0.04 NS NS NS NS
Lion ) NS NS NS NS 0.33 *** 0.07 —=0.02 0.03
Distance cover? NS NS NS NS NS NS —0.00006* 0.00002
Log(Gr size) X lions NS NS NS NS —0.29%%* 0.07 NS NS

SE, standard error.
* Dicotomic variable with wet season being the season of reference.
*P < 0.05, #P < 0.01, ***P < 0.001, and NS, not significant
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Table 2
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Average coefficient for multiple regressions relating the effect of different parameters on the frequencies of routine and intense vigilance

Frequency of routine vigilance

Frequency of intense vigilance

Zebra Impala Zebra Impala

Parameter Value SE Value SE Value SE Value SE

Intercept 1.13 0.2 2.65 0.39 0.078 0.062 0.48 0.18
Log(group size) —0.63%* 0.2 —0.90%** 0.24 NS NS NS NS
Season” NS NS —0.62%* 0.19 —0.02 0.05 NS NS
Lion NS NS NS NS 0.032 0.05 NS NS
Distance cover® NS NS NS NS 0.00007 * 0.00003 NS NS
Season X lion NS NS NS NS 0.55 *#* 0.01 NS NS

SE, standard error.
* Dicotomic variable with wet season being the season of reference.
*P < 0.05, ¥*¥P < 0.01, ¥**P < 0.001, and NS, not significant.

(CI 95% 21.6-27.4). The proportion of time spent in intense
vigilance, averaging 4.7% (CI 95% 2.8-6.6), was best predicted
by the model that contained the group size X lion presence
interaction term (i.e., the proportion of time spent in intense
vigilance increased in the presence of lions more in small
than large groups, Figure 2) and positively associated with
distance from cover (Table 1). The frequency of routine vig-
ilance bouts was only influenced by group size, with members
of larger groups raising their head less frequently to scan their
surroundings (Table 2). The intense vigilance bouts fre-
quency was best predicted by the model with the season X
lion presence interaction term, where lion presence increased
intense vigilance frequency more in the dry than the wet sea-
son (Table 2, Figure 3).

None of the other interactions tested had a significant impact
on zebra vigilance behavior.

DISCUSSION

The body size of prey species largely determines the suite and
characteristics of their predators, and consequently, prey of
different body sizes have different susceptibility to predation
(Sinclair et al. 2003; Owen-Smith and Mills 2008; Fritz et al.

0.7

asin (proportion of vigilance)

0 20 40 60 80
group size

Figure 1

Proportion (arcsine transformed) of routine (solid line and filled
circles) and intense (dotted line and empty circles) vigilance for
impala in function of their group size.

2011). Our study revealed size-dependent differences in the
vigilance behavior of 2 herbivore species in response to
dynamic and static features of their habitat. We found that
the presence of lions in the vicinity, which varies dynamically
over time and space, led to a 5.2-fold increase in frequency
of intense vigilance bouts in zebra and a 3-fold increase in
the average proportion of intense vigilance. In contrast,
we detected no change in the vigilance of impala in the
presence versus absence of lions. This predator might be
a greater threat for zebra than impala, given that lions would
be responsible for at least 80% of zebra mortality but cause
only less than 25% of impala mortality (Hayward et al. 2007;
Owen-Smith and Mills 2008; Thaker et al. 2011). Further-
more, as impala and zebra are approximately equally abun-
dant in HNP (Chamaillé-Jammes et al. 2009) but impala are
found in larger groups (impalas mean group size: 23.3
[CI 95% 20-26.6, n = 122], zebras mean group size: 9.2
[CI 95% 8-10.5; n = 131]), a given attack would represent
a smaller “per capita” risk for impala than for zebra. Our
finding that impala do not reduce the risk imposed by the
proximity of lions through changes in individual vigilance
supports the hypothesis that they react in a different way
to zebras to the presence of the predator. Finally, it is also
possible that their antipredatory behavior to decrease the
risk of predation by lions is based on other behavioral
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asin (proportion of routine vigilance)

0.00 ; .
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Figure 2

Proportion of intense vigilance (arcsine transformed) for zebra in
function of the group size with (filled squares) and without lions
(empty circles) in the vicinity.
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Figure 3

Frequency of intense vigilance for zebra in function of the distance to
cover during the 2 seasons (squares: dry season; circles: wet season)
with (filled symbols) and without lions (empty symbols) in the
vicinity.

adjustments, such as changes in habitat selection or group
formation.

As we expected in the presence of lions, zebra increased
their use of intense vigilance. Intense vigilance is a high quality
process of information acquisition to improve predator detec-
tion, thus allowing prey to respond to an immediate temporal
and spatial predator risk. However, they avoid using intense vig-
ilance when lions are not in the vicinity because it is a costly
posture. Thus, they limit foraging costs of vigilance.

We further observed a 13-fold increase in the proportion of
intense vigilance in the presence of lions in the dry season
compared with only a 2-fold increase in the wet season,
indicating that zebra perceive lions as a greater threat during
the dry than the wet season. This conclusion is supported by
lion kill data from HNP, which indicates that lions consume
a greater proportion of zebra in the dry (6% in the early dry
season, increasing to 13% in the late dry season) than the wet
season (4%) (Hwange Lion Research Project, unpublished
data). No such seasonal pattern in predation risk was detected
for impala. The seasonal effect for zebra is also consistent with
the food quality hypothesis: because there is more high-quality
forage available in the wet than the dry season at our study site
(Blanchard and Fritz 2008), the foraging costs of vigilance
should have a greater impact on herbivore behavior in the
dry season (Fortin, Boyce, Merrill, et al. 2004). Indeed, opti-
mality principles predict a decrease in vigilance following an
increase in the marginal value of food (Brown 1999).

In the dry season, herbivores have to face several constraints:
low forage quality but also the need to access surface water reg-
ularly to meet their drinking requirements. As a consequence,
herbivore distribution is largely influenced by the distance to
a water source in the dry season (Redfern et al. 2005; Valeix,
Loveridge, et al. 2009) and predators such as lions tend to
hunt and ambush their prey in the vicinity of these water
sources (Valeix, Fritz, et al. 2009; Valeix et al. 2011). Hence,
vigilance behavior in herbivores is likely to be maximal when
in the vicinity of a water source: in Hwange, kudu and giraffe
spend on average 30% and 40% of their time at water sources
being vigilant (Périquet et al. 2010). Although our study did
not address the interplay between season, food quality, and
distance to a water source, these factors are likely to interact in
the prey to exhibit vigilance.

In addition to the effect of the presence of lions and season,
we found that group size and distance to cover also affected the
structure of individual vigilance both in zebra and impala. The

negative correlation between vigilance and group size has be-
come a classic example of adjustable predator avoidance behav-
ior (Roberts 1996). A number of mechanisms are thought to
contribute to this, including Hamilton’s (1971) dilution effect,
the confusion effect (Welty 1934), and Pulliam’s (1973) “many
eyes” effect. The reduction in individual risk that these factors
collectively convey is widely considered as a driving force
behind the evolution of aggregation behavior in social herbi-
vores (Turchin and Kareiva 1989; Reluga and Viscido 2005;
Wood and Ackland 2007). In addition, interindividual compe-
tition for food access in large groups might also force individ-
uals to reduce the time spent in intense vigilance. Indeed, in
such groups constrained by a large number of competitors but
taking advantage of a dilution effect, the best strategy should be
an increase of the foraging time limiting vigilance posture and
using the low-cost posture (i.e., routine vigilance). A group-size
effect can also interact with individual choice to determine
time allocated to vigilance (intense or routine vigilance), as
individuals might bet on a dilution effect (and collective
detection) in large groups, thereby limiting intense vigilance.
This is in accordance with our result that the effect of group
size on zebra intense vigilance only became evident in the
presence of lions (Figure 2). However, the group-size effect
was a far more dominant factor for impala in shaping intense
vigilance levels. This suggests that, because they have more
potential predators than do zebra, impala assess their preda-
tion risk based more on their group size rather than the actual
presence or absence of one of these predators in the vicinity.
In contrast to our predictions, and other results (Burger et al.
2000; Beauchamp 2010), distance to cover was positively asso-
ciated with zebra vigilance (Figure 3), though the effect was
comparatively small.

Finally, the way in which impala and zebra adjust their
intense vigilance in response to risk cues is noteworthy. Zebra
do so primarily by changing vigilance bout frequency. This
strategy minimizes the length of time spent with the head low-
ered, hence increasing the likelihood of detecting an ambush
predator, such as a lion. In contrast, impala adjusted the pro-
portion of vigilance but not the frequency of bouts (Pays et al.
2007; Carter et al. 2009; Sirot and Pays 2011). This may reflect
a more generalized approach to predator detection, fitting
the risk posed by potential predators with a range of hunting
strategies.

In conclusion, our results illustrate that prey body size and
ecology influence how herbivores gage risk of predation,
including from lions in the vicinity, and how they reduce this
risk through changes in individual vigilance. These patterns
are most obvious when the distinction is drawn between routine
and intense types of vigilance. During the wet season, kudu
(Strepsiceros zambesiensis) are the main prey of lions (Loveridge,
Davidson, et al. 2007; Davidson 2009) so a study of their
reaction to the presence of lions would add depth to the
conclusions drawn here. To our knowledge, this study is one
of the first to assess the effect of the immediate presence of
a predator on prey behavior at such a fine scale.
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