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ABSTRACT

Understanding the ultimate and proximate causes of signal diversity, complexity, and flexibility is a key issue
in the study of animal communication. In this thesis, | investigated the factors affecting inter- and intraspecific
variation in the visual and acoustic displays of wild ungulates, by adopting a two-pronged approach based on
(1) comparative analyses with phylogenetic controls, and (2) playback experiments in the field. Comparative
analyses provided the opportunity to test the validity of functional hypotheses proposed to explain the
extreme diversity of sexual signals observed across ungulates (Chapter 2 and Chapter 3). Playback
experiments, on the other hand, allowed for a fine-scale examination of (i) the adaptive significance of
complex vocalizations (Chapter 4); and of (ii) the impact of anthropogenic disturbance on the flexibility of
antipredator signalling systems (Chapter 5).

In Chapter 2, | used the comparative method to identify the evolutionary drivers of courtship display
complexity in male bovids and cervids. Specifically, | tested the role of multiple selection pressures in shaping
the evolution of elaborate gestural signals. | found that the size of gestural repertoires (intended as a proxy
for complexity) was positively correlated with the potential for male polygyny, and with the number of
sympatric, closely-related heterospecifics. These patterns point to sexual selection and species recognition
as the main promoters of complexity in courtship displays. Moreover, my results showed that larger male
body mass was associated with smaller gestural repertoires, possibly due to energetic constraints imposed
to movements in very large species.

In Chapter 3, | asked why sexual dimorphism in two morphological signalling traits, namely colouration and
pelage ornaments, is absent in a large number of highly polygynous bovids, contrary to expectations from
sexual selection theory. | therefore tested whether lack of dimorphism could be explained by unsustainable
fitness costs of ornamentation from sex-biased predation in species forming social groups containing multiple
males and females (“mixed-sex herds”). Supporting this interpretation, | found that morphological
dimorphism was promoted by intense male mating competition, but reduced by the propensity of sexual
aggregation. Hence my results indicate that social integration in mixed-sex herds likely represents a powerful
evolutionary force limiting the acquisition of dimorphic ornaments, in direct contrast with the positive drive
exerted by sexual selection.

In Chapter 4, | examined the adaptive value of the complex roaring display of male impala antelopes
(Aepcyeros melampus). The roaring display is a signal of territorial advertisement, and consists of
combinations of snorts and grunts. However, similar snorts are also used in isolation as alarm calls. Using
playback experiments, | therefore focused on (i) establishing whether alarm and “advertisement” snorts
where indeed the same calls; and on (ii) examining the function of snorts in the roaring display. | found that
male impala reacted with similar risk-aversive responses to both alarm and “advertisement” snorts,
indicating equivalence in the message conveyed by the two calls (as also supported by acoustic analyses). By
contrast, grunts elicited aggressive behaviour. Roaring displays (snorts + grunts) also triggered aggressive
reactions; the presence of the snorts, however, decreased the latency of male impala to respond
appropriately to the following grunts. This suggests that snorts, which are originally alarm calls, have acquired
a secondary role in roaring displays as “attention-grabbing elements” to the grunting component. My results
therefore indicate that vocal complexity can also evolve via the co-option of pre-existing calls for secondary,
derived functions.

In Chapter 5, | aimed at determining whether human shields against natural predators along the borders of
the Maasai Mara National Reserve (Kenya) could have reduced the alarm call responsiveness of two common
antelopes, the topi (Damaliscus lunatus) and the Thomson’s gazelle (Eudorcas thomsonii). Contrary to my



predictions, | found that both topi and gazelles showed stronger rather than weaker alert reactions to
playbacks of conspecific alarm calls in areas exposed to human disturbance. | propose that this could be
explained by the eventual association of alarm calls with low-intensity but unpredictable threats linked with
human activities, which require careful evaluation by receivers.

In summary, these four studies highlight how various social, ecological, and anthropogenic factors have
contributed to the diversification of ungulate signalling phenotypes, and might provide useful insights to
evaluate the effects of global changes on the behaviour of wild ungulate populations.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 MOTIVATIONS AND AIMS OF THE STUDY

Behavioural ecologists have always been fascinated by the variety of animal communication systems:
considerable efforts have been dedicated to find adaptive explanations for signal form and function in the
160 years since the publication of “On the Origin of Species” by Charles Darwin. Nevertheless, old and new
hypotheses are still debated. Why do some animals use complex signals to communicate? And when are
certain sensory modalities (e.g. sound, smell, etc.) preferred over others? Finding answers to these questions
does not only offer the opportunity to test key assumptions of evolutionary theory, but can also stimulate a
more comprehensive understanding of the origin of human language, music, and dance. Moreover,
communication is a crucial determinant of inter- and intraspecific relationships, from intrasexual
competition, intersexual courtship to predation, and therefore plays a central but underestimated role in
influencing population, community, and ecosystem dynamics. In an age of pervasive human alterations of
the natural world, improving our knowledge of signalling behaviour might thus better inform conservation
strategies.

This study aims at identifying ultimate and proximate drivers of signal diversity, complexity, and flexibility in
ungulates. Specifically, comparative analyses and field experiments were used to address the validity of
multiple hypotheses proposed to explain: (i) the extreme interspecific variation in male sexual displays and
ornaments (Chapter 2&3); (ii) the functional significance of complex vocalizations (Chapter 4); and (iii) the
plasticity of antipredator signalling systems in response to human disturbance (Chapter 5).

The Bovidae and the Cervidae represent two species-rich (comprising, respectively, 143 and 47 species) and
highly diversified lineages of mammals (Prothero & Schoch 2002; Fernandez & Vrba 2005). Members of these
families range in body size from the royal antelope (Neotragus pygmaeus; average body mass = 2.2 kg) and
southern pudu (Pudu puda; average body mass = 9.6 kg) to the gaur (Bos frontalis; up to 1500 kg) and moose
(Alces alces; up to 700 kg), and are found in the Saharan sand seas as well as in equatorial rainforests and on
circumpolar Arctic islands (Nowak 1999; MacDonald 2010). They comprise solitary forest dwellers, gregarious
nomads forming thousands-strong herds in dryland ecosystems, and a large number of intermediate forms
between these two extremes (Leuthold 1977; Janis 2008). Some pair with life-long reproductive partners,
while others promiscuously copulate with several different mates on breeding arenas (Bro-Jgrgensen 2011).
This diversity in morphology, habitat preferences, and social mating systems provides a unique opportunity
to identify general patterns of signal evolution which may be applied to other taxonomic groups. As a matter
of fact, several authors have successfully employed bovids and cervids to formulate and test broader
hypotheses regarding the function of male weaponry (e.g. Bro-Jgrgensen 2007; Plard, Bonenfant & Gaillard
2011); the ecological correlates of mating strategies (e.g. Owen-Smith 1977; Bowyer et al. 2020); and the
association between body size and dietary specialization (e.g. Jarman 1974; Brashares, Garland & Arcese
2000). | therefore used ungulates as a model study system to investigate the role of different selection
regimes in shaping sexual and antipredator signals.

Socio-ecological differences among bovids and cervids are mirrored by a remarkable diversity in
communication systems (Walther 1984). Some species almost exclusively rely on olfactory signals, while
others heavily utilize the visual and acoustic channels (Kiley 1972; Walther 1984). Bovids and cervids
defending territories possess specialized glands for scent marking (facilitating boundary demarcation), which
arein turn reduced or absent in non-territorial species (Gosling 1982). Furthermore, while pelage colours are
uniform and cryptic in several antelopes and deer, a number of species sport bright ornaments as signals of
competitive ability and/or genetic quality (Caro 2009). Morphological displays are best exemplified by the
contrasting black-and-white coats of the Nile lechwe (Kobus megaceros) and of the blackbuck (Antilope
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cervicapra); and by the long hairy fringes of wild sheep and goats, and of the greater kudu (Tragelaphus
strepsiceros; Schaller 1977; Kingdon 2015; Lovari et al. 2015; Corlatti & Sivieri 2020). A large number of
ungulates also broadcast sexual and aggressive messages via loud vocal displays, that can often travel over
considerable distances thanks to modifications of the larynx (Reby & McComb 2003; Frey & Gebler 2010).
Long-range vocalizations are typical of the rutting behaviour of large deer (Vannoni, Torriani & McElligott
2005; Cap et al. 2008), muskox (Ovibos moschatus; Frey, Gebler & Fritsch 2005), impala (Aepyceros
melampus; Frey et al. 2020), saiga antelope (Saiga tatarica; Frey, Volodin & Volodina 2007), and goitered
(Gazella subgutturosa) and Mongolian gazelles (Procapra gutturosa; Frey et al. 2008; Blank, Ruckstuhl & Yang
2014), but profound species-specific divergences are present in the acoustic characteristics. Based on these
premises, bovids and cervids offered an ideal setting to determine the evolutionary forces underlying various
forms of communication.

Some ungulates visual and vocal signals also reveal a certain degree of complexity. For example, several
antelopes and deer employ multi-component gestural displays, corresponding to coordinated movements of
the body and appendages, in agonistic and/or sexual contexts (Schaller 1977; Walther 1984). These include
the ritualized postures adopted in the territorial contests of the blue wildebeest (Connochaetes taurinus) and
hartebeest (Alcelaphus buselaphus; Estes 1991a), and in the courtship behaviour of the male topi (Damaliscus
lunatus) and Tibetan antelope (Pantholops hodgsonii; Estes 1991a; Schaller 2000). Other species sport
multiple sexual ornaments: in male eland (Taurotragus oryx), hair tufts and dark face masks both contribute
to advertise social status (Bro-Jgrgensen & Beeston 2015). Loud vocalizations can also present elaborate
structures, with different call components arranged together into sequences and reminiscent of bird song
(Reby & McComb 2003; Frey et al. 2020). The complex displays of bovids and cervids could thus allow for
novel insights into the adaptive value of elaborate signalling systems.

Finally, ungulates also exhibit a striking behavioural flexibility in response to abrupt changes in environmental
conditions (e.g. Brashares & Arcese 2002; Found & St. Clair 2017; Gersick & Rubenstein 2017). Risk-sensitive
behaviours are particularly prone to short-term adjustments, and have been widely employed as indicators
of the type and level of human disturbance in natural landscapes (e.g. Manor & Saltz 2003; Yamashita et al.
2012; Wevers et al. 2020). Increasing vigilance rates and shifts of activity patterns towards night time, for
example, usually reflect active persecution via hunting or human-wildlife conflicts (Brown et al. 2012;
Crosmary et al. 2012; Paton et al. 2017). On the other hand, nature-based tourism and urbanization generally
result into habituation to people and loss of fearful reactions (Sawyer et al. 2017; Found 2019). Hence the
possibility exists that ungulate antipredator signalling systems, as part of risk-sensitive strategies, might also
show some degree of plasticity under exposure to humans. This could prove useful in assessing the extent of
anthropogenic impacts on animal communication.

1.2 SUMMARY OF THE RESEARCH QUESTIONS

What drives the evolution of complex courtship displays?

Courtship behaviour is characterized by prolonged signal exchanges between males and females, leading up
to either copulation or rejection of the partner (Bradbury & Vehrencamp 2011). Gestural displays, involving
stereotypic movements of the body or appendages, are typical elements of male courtship in several
terrestrial vertebrates, sometimes combined together into spectacular “choreographies” (Bradbury &
Vehrencamp 2011; Mitoyen, Wuigley & Fusani 2019; Tobiansky & Fuxjager 2020). Such sophisticated
gestures usually convey relevant information to females about male competitive ability and genetic quality
(Byers, Hebets & Podots 2010; Barske et al. 2011; Miles & Fuxjager 2018; Mitoyen et al. 2019). Well-known
examples include the “dances” of jumping spiders, sticklebacks, lizards, ducks, and birds of paradise (Ord,
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Blumstein & Evans 2001; Wong, Candolin & Lindstrom 2007; Kozak & Uetz 2016; Ligon et al. 2018). The single
components of gestural courtship displays are highly conservative in shape and function, and thereby easily
identifiable across closely-related heterospecifics (e.g. the head-bobbing displays of Anolis lizards; Ord et al.
2001). However, the overall gestural repertoires (i.e. the number of display components) present a high level
of interspecific variation, with some species engaging into substantially more complex courtship displays than
others (Miles, Cheng & Fuxjager 2017; Mitoyen et al. 2019). Such variation is brought to an extreme in bovids
and cervids, with repertoires ranging from simple head postures to elaborate gaits requiring the coordinated
movements of neck, legs, and tail (Walther 1984; Schaller 2000). Nonetheless, the factors promoting or
suppressing gestural complexity remain poorly understood.

Under sexual selection theory, the evolution of increasingly complex displays should be closely correlated
with the intensity of male competition over reproductive opportunities (Darwin 1871; Andersson 1994; Ord
& Garcia-Porta 2012; Eliason 2018). Individuals performing more elaborate courtship than competitors would
attract more females, thereby accruing a higher mating success and likely siring a larger number of offspring
(Kirkpatrick 1987; Andersson 1994). The positive drive towards complexity should thus be especially
accentuated in polygynous mating systems, where a few males compete to monopolize access to copulations
with multiple females (Emlen & Oring 1977; Andersson 1994; Arnold & Duvall 1994). However, recent
comparative studies on different bird families did not find any strong associations between gestural
complexity in courtship displays and the opportunity for polygynous mating (Ligon et al. 2018; Miles et al.
2017, 2018). A similar pattern also emerges in ungulates, since species sharing similar levels of male polygyny
seem equally likely to exhibit either large or small gestural repertoires (Schaller 1977, 2000; Walther 1984).
Hence, these observations speak against sexual selection as the sole engine of display elaboration.

Alternatively, complexity in gestural displays might arise as a result of selection pressures for pre-copulatory
barriers against interspecific hybridization (Mitoyen et al. 2019; Ota 2020). Richer gestural repertoires allow
for greater signal diversification, facilitating species recognition during courtship (Mitoyen et al. 2019).
Schaller (1977) and Walther (1984) accordingly noticed that, although single display components may appear
similar across ungulates, combinations of the various gestures and postures are highly species-specific and
might thus allow females to tell apart conspecific from heterospecific males. In Chapter 2 of this thesis, |
therefore investigated the respective contribution of sexual selection and species recognition in favouring
complex gestural displays, by applying the comparative method with phylogenetic controls.

Why is morphological sexual dimorphism absent in several polygynous mammals?

Pronounced sexual dimorphism in body size and weaponry is common across several lineages of mammals,
from primates to ungulates and pinnipeds (Lindenfors, Tullberg & Biuw 2002; Perez-Barberia, Gordon & Pagel
2012; Cassini 2020). In some cases, differences between males and females also encompass pelage colour
and other putatively ornamental traits, such as manes or beards (Caro 2009). Charles Darwin (1871) first
proposed that colourful and flamboyant male appearances were the product of sexual selection for male
signalling phenotypes. Subsequent studies have confirmed that male dimorphic colourations and ornaments
(here referred to as “morphological dimorphism”) primarily function as signals of dominance status in both
intra- and inter-sexual interactions (Simmons, Lupold & FitzPatrick 2017; Petersen & Higham 2020; Dixson
2020). For example, the face ridges in mandrill (Mandrillus sphynx), the fleshy chest patch in gelada
(Theropithecus gelada), and the lion (Panthera leo) mane, all convey information about male dominance rank
and competitive ability, and are carefully assessed during agonistic contests over access to oestrous females,
in order to prevent costly fights (West & Packer 2002; Setchell et al. 2008; Bergman, Ho & Beehner 2009).
The degree of morphological dimorphism should therefore correlate positively with the intensity of sexual
selection. Nonetheless, dimorphism is absent in a very large number of highly polygynous mammals (Caro



2009). Alternative selection regimes might therefore be at play in limiting the acquisition of male
ornamentation.

The family Bovidae presents a suitable comparative framework to determine evolutionary constraints on
morphological dimorphism. Despite the fact that some of the most exaggeratedly ornamented mammals
comes from this family, males and females in several bovids are extremely similar in appearance, leading to
a certain degree of “sexual uniformity” (Estes 1991b, 2000). The two sexes appear virtually indistinguishable
even in some highly polygynous species, including the southern oryx (Oryx gazella) and the blue wildebeest
(Estes 2000; Caro 2009). Males and females also show convergent colours and ornaments in many antelopes
which otherwise exhibit accentuated sexual differences in horns and body size (Estes 2000). A commonly
accepted explanation is that the widespread absence of morphological dimorphism is tightly connected with
the type of social organization.

Previous authors noticed that most non-dimorphic, polygynous bovids also formed prolonged associations
of multiple males and females or “mixed-sex herds” (Jarman 1983; Estes 1991b). Conversely, distinctive male
colours and pelage structures (e.g. manes, beards) seems to be largely restricted to those species with sexes
rigidly segregated into distinct social groups outside of the reproductive context (Estes 2000). Following these
observations, Jarman (1983) proposed that dimorphic traits might be deleterious in mixed-sex herds, drawing
the attention of visually-oriented predators (i.e. relying on sight during hunting) to ornamented adult males.
Sexual uniformity would therefore become advantageous against male-biased mortality, as it reduces
individual conspicuousness (Landeau & Terborgh 1986). Estes (1991b) further suggested that uniformity
could as well contribute to maintain herd cohesion, by limiting male intra-sexual aggression. In Chapter 3 of
this study, | investigated whether the formation of mixed-sex herds has prevented the acquisition of
dimorphic male ornaments in bovids, thus counteracting the effects of sexual selection.

Can complexity in vocal displays derive from signal co-option?

A central theme in the study of mammal communication is determining if elaborate vocalizations could derive
from combinations of pre-existing calls, in analogy with human language (Townsend et al. 2018; Engesser &
Townsend 2019). Call combinations supposedly evolve under selection pressures for signal diversification in
species with small and fixed vocal repertoires (Collier et a. 2014; Engesser & Townsend 2019). When
combined together, different calls can effectively generate new, emerging messages unrelated to their
original information content (Engesser & Townsend 2019; Zuberbuhler 2020). Putty-nosed monkeys
(Cercopithecus nictitans), for example, concatenate two types of alarm calls into a completely novel sequence
which elicits group movement (Arnold & Zuberbuhler 2006). Alternatively, the original message of pre-
existing calls can be modified through combinations, thereby acquiring more nuanced “meaning”
(Zuberbuhler 2020). This is evident in Campbell’s monkeys (Cercopithecus campbelli), where the addition of
a suffix decreases the urgency of alarm calls (Ouattara, Lemasson & Zuberbuhler 2009). To date, call
combinations have been mostly observed in antipredator signalling systems: but could complex vocal
displays of sexual advertisement also originate from similar combinatorial mechanisms?

Although sexual selection has been identified as an active promoter of large vocal repertoires (e.g. Herman
et al. 2013; Gustison & Bergman 2016), complex vocal displays in the majority of mammals do not derive
from combinations of pre-existing calls (Engesser & Townsend 2019). The “songs” of cetaceans, bats,
gibbons, and hyraxes consist of acoustically distinctive components which, although referring to various
signaller traits, are meaningless in isolation and only become informative when arranged into sequences
(Clarke, Reichard & Zuberbuhler 2006; Suzuki, Buck & Tyack 2006; Kershenbaum et al. 2012; Smotherman et
al. 2016). A relevant exception is the use of alarm calls preceding (and sometimes following) loud male
vocalizations, during inter- and intra-sexual interactions. Typical examples are found in black-and-white
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colobus monkeys (Colobus guereza; Marler 1972), indri lemur (Indri indri; Giacoma et al. 2010), and in a large
number of antelopes and deer (Walther 1984; Reby & McComb 2003). The function of these combinations is
however still a mystery.

One possible explanation is that emitting alarm calls in the absence of actual predation risk could favour
receiver deception in sexual-aggressive contexts. In a study on topi antelope, Bro-Jgrgensen and Pangle
(2010) found that “false” alarm calls (i.e. not associated with presence of a predator) assisted males in
herding females on territories. At the same time, Walther (1984) and Estes (1991a) proposed that alarm
calling behaviour during male-male contests could be advantageous at catching opponents off-guard (i.e. by
diverting attention to a potential predator), or at deterring intruders from territories (perceived as
dangerous). According to this line of thought, alarm calls in complex vocal display might therefore deceptively
incite fearful reactions in either females or competitors (or both), to the advantage of the signalling male
(Reby & McComb 2003).

Another possibility is that alarm calls in agonistic vocal displays contribute to enhance signal effectiveness.
Alarm calls are highly salient (i.e. connected with potential mortality risk) and have evolved for quick
attention-grabbing (Fitch, Neubauer & Herzel 2002; Blumstein & Recapet 2009). They might thus serve as
“alerting components” (Hebets & Papaj 2005), and increase the salience of the following advertisement
vocalizations which contain the relevant sexual-aggressive messages (c.f. Richards 1981 on attention
grabbing components in bird song). Co-option of pre-existing signals for secondary, derived functions has
been repeatedly proposed as an important pathway to vocal complexity (e.g. Borgia & Coleman 2000; Borgia
2006), but experimental evidence of its occurrence is scarce. Hence in Chapter 4, | used playback experiments
to identify the signalling role and the potential for co-option of alarm calls in the roaring display of male
impala.

Can antipredator signalling systems adjust to human disturbance?

Wild animals exhibit a certain degree of flexibility in communication when exposed to human disturbance
(Tuomainen & Candolin 2011; Lowry, Lill & Wong 2013). Birds living in cities modify the timing, duration, and
frequency of their songs in order to minimize interferences with background levels of urban noise
(Slabbekoorn & Ripmeester 2008; Narango & Rodewald 2018). Cetaceans switch from vocal to visual signals
when the acoustic channel is polluted by vessel sounds (Jensen et al. 2009; Dunlop, Cato & Noab 2010). Such
plastic adjustments in signalling behaviour are well documented, and usually allow animals to overcome
anthropogenic interferences with effective transmission (Tuomainen & Candolin 2011; Berger-Tal et al.
2019). It has also been argued that human disturbance could affect communication more subtly by altering
the social and ecological context of signal production (Laiolo 2010; Rosenthal & Stuart-Fox 2012). In
particular, it is likely that the disruption of predator-prey interactions due to human expansion into natural
habitats might cause a general erosion in the value of antipredator signalling systems (Geffroy et al. 2015;
Berger et al. 2020).

Human intervention has led to drastic declines in the abundance of large mammalian carnivores, creating
safe refuges for wild ungulates in proximity of human settlements and infrastructures (Berger 2007; Berger
et al. 2020). Both bovids and cervids regularly take advantage of these “human shields” against predation
risk (Berger 2007; Sarmento, Biel & Berger 2016). In the early 20" century, herds of savannah antelopes
would move closer to railways, from which lions had been extirpated (Berger et al. 2020). Female moose with
vulnerable calves in modern-day Yellowstone range near highly trafficked motorways, as grizzly bears do not
venture there (Berger 2007). Similarly, mountain nyala (Tragelaphus buxtoni) in Ethiopia forage and rest in
the vicinity of villages at night, reducing their vulnerability to nocturnal predators deterred by human
activities (Atickem, Loe & Stenseth 2014). This increasing use of shielded areas where predators are absent



or scarce, generally translates into a relaxation of risk-sensitive behaviours (e.g. Shannon et al. 2014,
Sarmento & Berger 2017). However, could shielding effects also dampen ungulate responses to antipredator
signals, such as alarm calls?

The strength of alarm call responses depends on the level of individual exposure to these signals (Hauser
1988; Magrath, Pitcher & Gardner 2009; Magrath & Bennett 2012). Antelopes and primates, for example,
have been found to react less strongly to alarm calls of other species which occur at low densities and are
rarely encountered (Cheney & Seyfarth 1994; Kitchen et al. 2010; Meise, Franks & Bro-Jgrgensen 2018). In
the presence of human shields, alarm calls are expected to be heard less frequently (due to fewer encounters
with predators), reducing the opportunity for learning about the associated danger, leading to an overall
reduction in responsiveness (Berger et al. 2020). Moreover, alarm calling in shielded areas might also become
attached to less serious threats than natural predation (e.g. nuisances caused by humans), thereby further
reducing the need for high-intensity responses (Blumstein 2016; Berger et al. 2020).

An attenuation in alarm call responsiveness could provide significant benefits to ungulates under shielding
effects, as it would allow individuals to re-allocate time budgets to foraging without incurring into the costs
costs deriving from failed predator detection (Blumstein 2016; Geffory et al. 2015). By contrast, low reactivity
might become disadvantageous in case human shields are lost, and natural predation regimes are reinstated
(Berger et al. 2020). Inexperienced or de-sensitized ungulates in formerly shielded areas might not be able
to adequately assess alarm calls and the associated threatening stimuli, thus suffering increasing mortality
(Sih et al. 2010; Moseby, Blumstein & Letnic 2016). This could contribute to the population declines often
observed following predator re-colonization or reintroduction (Beschta & Ripple 2009; Grange et al. 2012).
The potential impacts of human shields on antipredator signals should thus be taken into account by
conservation managers while planning for ecosystem restoration. In Chapter 5 of this thesis, | tested whether
alarm call responsiveness in two African antelopes were affected by human disturbance and associated
shielding effects.

1.3 STUDY AREA

The field component of this study was conducted in the Maasai Mara National Reserve. The Mara is located
in the Narok County of south-western Kenya, along the border with Tanzania (1°20'S, 35°10'E), and covers
approximately 1510 km? (Figure 1). The area was proclaimed as a game reserve in 1961, and is administered
by the Narok County Government, except for the Mara Triangle which is currently privately managed under
the Mara Conservancy. The reserve is part of the Greater Serengeti-Mara Ecosystem, spanning ~ 25 000 km?
and traditionally defined by the annual migratory movements of blue wildebeest and plains zebra (Equus
quagga; Thirgood et al. 2004). The ecosystem encompasses the Serengeti National Park, Ngorongoro
Conservation Area, and several game reserves in northern Tanzania; and the Mara and adjoining community
conservancies in Kenya. Outside protected areas, human settlements are rapidly expanding, in connection
with pastoralism in the northern and eastern regions, and with agricultural developments on the floodplains
of Lake Victoria to the west (Lgvschal et al. 2017; Veldhuis et al. 2019).

Minimum and maximum daily temperatures average 15.5°C + 0.4°C and 29.5°C £ 0.5°C (mean % S.E.; Green
et al. 2015), Annual rainfall in the Mara is about 600 mm (Norton-Griffiths, Herlocker & Pennycuick 1975).
Approximately 80% of the precipitation occurs between November and May, defining a wet and a dry season
(Ogutu et al. 2008; Green et al. 2015). A drier spell, referred to as the “short dry season”, might be observed
between December and February, but rainfall is still regularly experienced at this time of the year (Ogutu et
al. 2008). This study was conducted between September 2017 and May 2018, spanning the entirety of the
wet season, and coinciding with a year of exceptionally high rainfall caused by El Nino Southern Oscillation
(Ogutu et al. 2008).



The Mara presents an undulated topography, with elevation varying between 1486 and 2149 meters above
sea level (Sinclair 1995). Hills and rocky outcrops known as “inselbergs” are found in the East (Sekenani Hills),
along the Tanzanian border (Roan Hill, Lookout Hill), and in the north-western area (Rhino Ridge; Sinclair
1995; Figure 1). The substrate is mostly constituted by quartzitic gneiss and granites, exposed on inselbergs
(Sinclair 1995). Soils are well drained and dominated by black cotton clay, although sandy and lateritic
deposits are associated with water erosion in the vicinity of major drainage lines (Sinclair 1995). The reserve
is crossed by several watercourses, but only the Mara and, to a lesser extent, the Talek river can be defined
as perennial. Although the Talek river may stop flowing during the dry season, it usually holds water in deep
pools. A system of wetlands is connected with flat lands in proximity to the Mara river. The most extensive
is the Musiara swamp, which retains water and green grass well into the dry season and attracts large
numbers of ungulates once the ephemeral waterholes in the surrounding areas have dried out (Sinclair 1995).

Vegetation communities in the Mara largely correspond to open grasslands dotted with Acacia tortilis and
Balanites sp. trees (Sinclair 1995). The dominant grass species is Themeda triandra, which is highly nutritious
and forms tall swards favoured by migratory herds (McNaughton 1985; Holdo, Holt & Fryxell 2009). High
grazing pressures by herbivores often produce short-grass areas, or “grazing lawns”, where Cynodon dactylon
is the most common herbaceous species (McNaughton 1985). These lawns offer frequent green re-growth
and are thus attractive to selective feeders, such as Thomson’s gazelles (Eudorcas thomsonii) and warthog
(Phacochoerus aethiopicus; McNaughton 1985). Grasslands are dotted with patchy thickets of Acacia
drepanolobium and Croton dichogamus, sometimes forming relatively dense stands (Sinclair 1995). Broad-
leaved Combretum zeyheri and Terminalia sericea woodlands, on the other hand, characterize hilly areas
(Sinclair 1995). Gallery forests are found along the Mara and Talek rivers, often extending up to several
hundred meters from the banks. These communities feature very large fig trees (Ficus sp. Sinclair 1995).
Thickets, woodlands, and forests provide suitable forage for browsing and mixed-feeding herbivores (i.e.
consuming both woody and herbaceous plants), such as giraffe (Giraffa camelopardlis), eland, and impala
(Pellew 1983). Wetlands are characterized by seasonally or permanently waterlogged grasslands and stands
of reeds sought after by tall-grass grazers (e.g. buffalo Syncerus caffer, elephant Loxodonta africana;
McNaughton 1985).

Large numbers of wildebeest and zebra usually reach the Mara from the Serengeti National Park in the early
dry season (June-August), and leave as the first rain starts (October-November; Sinclair 1995; Holdo et al.
2009). In addition to the migratory species, the Mara protects abundant populations of resident wild
ungulates, including: topi, Thomson’s gazelle, Grant’s gazelle (Nanger granti), impala, hartebeest, waterbuck
(Kobus ellipsiprymnus), Cape buffalo, giraffe, and warthog. Among other herbivores, elephants, have re-
colonized the area after near-extirpation due to commercial ivory hunting, and are now present at high
densities (Dublin & Douglas-Hamilton 1987; Morrison et al. 2018). On the other hand, the black rhinoceros
(Diceros bicornis) population has been reduced to very low numbers (<30 individuals) due to poaching, and
has not recovered yet (Walpole et al. 2001). Hippopotamus (Hippopotamus amphibious) represent the most
common herbivores near perennial rivers. Among large predators, spotted hyenas (Crocuta crocuta)
outnumber all other carnivores and, although opportunistic, probably represent an important source of
mortality for medium-sized antelopes (Holekamp et al. 1997; Farr et al. 2019). Lion (Panthera leo) and
cheetah (Acinoyx jubatus) occur at some of the highest densities on the African continent, presumably due
to the wide availability of preferred prey (respectively, wildebeest/zebra and gazelles; Ogutu & Dublin 2002;
Broekhuis & Golapaswamy 2016). Leopard (Panthera pardus) are also present, but population size is
unknown (Sinclair 1995). In the rivers and swamps, Nile crocodiles (Crocodylus niloticus) feed on antelopes
coming to drink or attempting to cross during migrations.



1.4 STUDY SPECIES

The field study focused on three abundant bovids which of the Mara, namely the impala, topi, and Thomson’s
gazelle. Here | provide a brief account of the behaviour and ecology of these three antelopes, with a focus
on their social and mating systems.

Impala

The impala (Fig. 2A) is a medium-sized, gregarious antelope found across East and southern Africa, presenting
a pronounced sexual dimorphism — males are heavier than females and horned (male body mass: 53-76 kg;
female body mass: 40 — 53 kg; Estes 1991a). The phylogenetic position of this species has been disputed, but
recent molecular analyses place it as a sister-taxon to the tribe Alcelaphini (which includes wildebeest,
hartebeest, and topi; Fernandez & Vrba 2005). Impalas are classified as “mixed-feeders”, switching from a
grass-dominated to a browse-dominated diet according to seasonal variations in the quality of forage (Estes
1991a; Kingdon 2015). Therefore, they predominantly inhabit savannah-grassland ecotones where both
herbaceous and woody plants are available year-round (Estes 1991a). In the Serengeti-Mara ecosystem,
impala graze in relatively open savannah areas during the wet season, but concentrate in the forests and
thickets along drainage lines during drier periods (Jarman 1979).

Impala reproduce year-round in East Africa, but there are seasonal fluctuations in the intensity of mating
activities (Jarman 1979). Adult males (>3.5 years old) defend breeding territories against intruders of the
same sex, but the territorial network breaks down during the driest months of the year (June-August; Jarman
1979). Females live in loose herds with juvenile males, and visit male territories which contain relevant forage
resources (Jarman & Jarman 1973). Births peak in February-April, and lambs remain hidden for a week or less
before joining nursery herds (Estes 1991a; Jarman 1979). Young males are evicted from the natal herd and
become part of bachelor herds at 8 months of age (Jarman 1979). The bachelor society also include adult
males recently evicted from territories (Jarman & Jarman 1973; Jarman 1979). Bachelors form dominance
hierarchies, and top-ranking individuals in a herd would then challenge other males for territorial status
(Jarman 1979). Adult impala are mainly vulnerable to leopard, cheetah, African wild dog (Lycaon pictus), and
spotted hyena, and less frequently killed by lion. A variety of smaller carnivores pose a threat to lambs (Estes
19914, Kingdon 2015).

Impala exhibit a relatively larger repertoire of vocalizations than other antelopes. Jarman (1979) in a long
term study of the Serengeti population, described (i) snorts, emitted as alarm calls by both sexes, and during
male-male aggressive interactions; (ii) a male roaring display of sexual-aggressive advertisement, consisting
of combinations of snorts and grunts; (ii) a sneezing courtship call; (iv) a female-lamb “contact call”; and (v)
a distress call, usually emitted by lambs in dangerous situations. The roaring display (the main focus of my
investigations), has been classified as an acoustic signal of territorial status, as it is generally produced by
males actively defending a territory (Jarman 1979; Frey et al. 2020). Non-territorial males, on the other hand,
only engage into roaring displays during episodes of “mass-roaring” connected with high arousal and
excitement (e.g. a fight between neighbouring territorial males; Jarman 1979).

Topi

The topi (Fig. 2B) is a relatively large gregarious antelope (male: 111 — 147 kg; female: 90 - 130 kg) of the
Alcelaphini tribe (Estes 1991a). Horns are present in both sexes. Populations of topi are widely distributed
across African savannah ecosystems north and south of the Equator, in open or lightly wooded grasslands
(Estes 1991a; Kingdon 2015). Topi are selective grazers with a preference for green grass blades (Murray
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1993), and are thus almost exclusively restricted to areas receiving relatively high rainfall or periodic flooding
(Kingdon 2015). Wherever prolonged dry seasons cause a shortage of green grass, such as in the Nile
floodplains of South Sudan, long-range seasonal movements occur in search of adequate forage (Morjan et
al. 2018). In the Mara, topi are largely sedentary and occupy home ranges smaller than 7 km? (Bro-Jgrgensen
2003).

Adult male topi usually defend breeding territories which are visited by oestrous females during the mating
season (Bro-Jgrgensen 2008). Males sometimes aggregate on breeding arenas or “leks”, where females
compete to copulate with males holding central locations (Bro-Jgrgensen 2002). Topi are strictly seasonal
breeders and 90% of calves are conceived in a 1.5 month oestrous falling between March and May in the
Mara (Estes 1991a; Bro-Jgrgensen 2002). Calves lie out in the open and follow their mothers soon after birth,
reaching sexual maturity and adult size at two (females) or three (males) years old (Estes 1991a). However,
males do not usually reproduce before gaining territorial status (> 4 years old), and join bachelor herds before
acquiring a territory (Estes 1991a). Outside of the mating season, multiple males and females form large
mixed-sex herds (Estes 1991a). Major predators of the topi include lion, spotted hyena, leopard, cheetah,
and African wild dog, with black-backed jackals (Canis mesomelas) occasionally killing calves (Estes 1991a).

Thomson’s gazelle

The Thomson'’s gazelle (Fig. 2C) is the smallest antelope in the tribe Antilopini (males = 17 — 29 kg; females =
13 — 23.5 kg; Estes 1991a). Although horns are present in both sexes, males exhibit significantly longer and
thicker horns than females (Estes 1991a). Its distribution is restricted to the grasslands of central-southern
Kenya and northern Tanzania (Estes 1991a; Kingdon 2015). Gazelles are mixed-feeders and invariably graze
and browse, although generally favouring short, green grasses (Estes 1991a). In the Serengeti-Mara
ecosystem, some gazelles engage into long-distance migrations following local rainfall patterns, while others
appear to be mostly sedentary (Durant et al. 1988). The diameter of home ranges varies from 1 to 3 km? in
resident sub-populations, but the actual extent of migratory movements is largely unknown (Estes 1991a).

Female gazelles live in loose aggregations, with no lasting ties except between mothers and their offspring
(Estes 1991a). Adult males occupy either permanent or temporary breeding territories, with the latter usually
vacated during migrations (Walther 1978). Mating occurs over an extended breeding period in East Africa,
coinciding with the wet season (Estes 1991a). Fawns remain hidden for a minimum of two weeks after birth,
and by eight weeks are fully capable of following their mothers (Estes 1991a). Young males join bachelor
herds at 8 months of age (Estes 1991a), and are sexually mature by 15 months, but age at first reproduction
is unknown (Estes 1991a). Gazelles are preyed upon by all large savannah carnivores, but represent preferred
dietary items only for cheetah, leopard, and African wild dog (Estes 1991a). Black-backed jackal kill both
adults and fawns, which also fall victim to birds of prey and large snakes (Estes 1991a).
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Figure 1: Map of the Maasai Mara National Reserve, with prominent topographic features including rivers,
hills, and main human settlements.
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Fig. 2: Images of study species: (A) impala (male); (B) topi (male); (C) Thomson’s gazelle (males).
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CHAPTER 2: SEXUAL SELECTION AND SPECIES RECOGNITION PROMOTE THE EVOLUTION OF COMPLEX
COURTSHIP DISPLAYS IN MALE BOVIDS AND CERVIDS

ABSTRACT

Identifying the evolutionary drivers of complexity in sexual signals is a key issue in the study of animal
communication. Among mammals, male bovids and cervids often perform elaborate gestural displays during
courtship, consisting of ritualized movements of the body and appendages. However, the underlying causes
of interspecific variation in the repertoires of gestural displays remain poorly understood. | therefore applied
the comparative method with phylogenetic controls to determine which factors could have either promoted
or constrained the size of gestural repertoires, here intended as a proxy for complexity.

| found that gestural display complexity in male bovids and cervids was primarily under sexual selection.
Repertoire size correlated positively with breeding group size, an indicator of strong sexual selection on
males. Moreover, repertoires were larger in species adopting non-territorial and lek breeding systems rather
than resource-based territoriality, likely because the sharing of breeding opportunities among territory
owners in the latter leads to weaker male mating competition.

The results also indicated that gestural repertoire size increased with the number of closely-related species
occurring in sympatry. This suggests that selection against interspecific hybridization might exert a positive
drive towards increasing display complexity, facilitating species recognition during courtship. At the same
time, repertoire size appeared to be negatively associated with male body mass, possibly due to the energetic
and mechanical constraints imposed to movements in very large species. By contrast, | found no evidence
that complex gestural displays have been selected for enhanced signal efficacy in dense habitats.
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2.1 INTRODUCTION

Ever since the early observations of Darwin (1871), Lorenz (e.g. 1953, 1958, 1971), and Tinbergen (e.g. 1954a,
1954b), animal ethologists have been fascinated by the remarkable diversity in the suite of visual, acoustic,
and olfactory displays employed by males during courtship. A vast amount of empirical and theoretical
research has been subsequently devoted to address the function of flamboyant sexual signals (e.g. Mgller &
Pomiamkowski 1993; Ord & Stuart-Fox 2006; Muniz & Machado 2018; Lupold, Simmons & Grueter 2019).
However, the ultimate causes underlying interspecific differences in male courtship behaviour are less well
understood (Mitoyen, Quigley & Fusani 2019). In particular, why do some species engage into conspicuously
more elaborate courtship displays than others? In this study, | aimed at identifying which factors could
explain the extreme variation in the complexity of gestural courtship displays observed across two families
of ungulates, the Bovidae and the Cervidae.

Gestural displays, defined as ritualized movements (i.e. with no mechanical function) of the body and
appendages, characterize sexual interactions in a variety of taxonomic groups (from fruit flies to birds; e.g.
Johnson 2000; Ord, Blumstein & Evans 2002; Fusani et al. 2007; Wong, Candolin & Lindstrém 2007; Dalziell
et al. 2013; Ota, Gahr & Soma 2015; Kozak & Uetz 2016; Ligon et al. 2018; Miles & Fuxjager 2018a, 2018b;
Ota 2020). Although rare among mammals (likely due to a greater reliance on olfactory communication;
Clutton-Brock 2016; Amo & Bonadonna 2018; Coombes, Stockley & Hurst 2018), they are ubiquitous in the
courtship behaviour of male ungulates (Leuthold 1977; Walther 1984). In bovids and cervids, the repertoires
of gestural displays vary dramatically from species to species, ranging from simple head postures to
distinctive gaits requiring the coordinated movement of neck, legs, and tail (Leuthold 1977; Walther 1984,
Schaller 1977, 2000). These two families therefore provided an ideal framework to investigate how different
evolutionary forces might have promoted or constrained display elaboration.

According to sexual selection theory, male mating competition favours the evolution of complex sexual
signals as advertisements of genetic quality or attractiveness to females (Sexual Selection hypothesis; Darwin
1871; Kirkpatrick 1987; Andersson 1994; Mitoyen et al. 2019). Complexity in gestural courtship displays, for
example, might reflect quality-related male traits, such as motor skills and coordination abilities (Zahavi 1975;
Byers, Hebets & Podos 2010; Barske et al. 2011; Fusani et al. 2014; Fuxjager et al. 2015, 2017). Males
performing more elaborate courtships than competitors should therefore be preferred as mating partners
by females (Kirkpatrick 1987; Andersson 1994; Byers et al. 2010; Barske et al. 2011; Chen et al. 2012; Mitoyen
et al. 2019). Such preferences would lead to a substantial skew in mating success among reproductive males,
and ultimately exert a strong directional drive towards increasingly complex displays (Emlen & Oring 1977;
Wade & Arnold 1980; Kirkpatrick 1987; Shuster & Wade 2003). Since male mating skew scales positively with
the number of available reproductive females (Emlen & Oring 1977; Wade & Arnold 1980; Wade & Shuster
2004), the intensity of sexual selection for courtship display complexity should co-vary with the potential for
polygynous breeding (Kirkpatrick 1987; Andersson 1994).

In male bovids and cervids, polygyny is affected by the species-specific strategies adopted by males to secure
copulations (Clutton-Brock 1989, 2017; Bro-Jgrgensen 2007). A key distinction is between males defending
access to areas which contain resources sought after by females (territorial strategy); and non-territorial
males which directly defend access to oestrous females, after attaining top-ranking status in a dominance
hierarchy (non-territorial strategy; Isvaran 2005; Bro-Jgrgensen 2007). Territoriality implies a reduction in
polygyny, as females typically range over multiple territories and force rivals to share breeding opportunities
(Isvaran 2005; Bro-Jgrgensen 2007). This would attenuate the strength of sexual selection for elaborate
courtship displays in respect to non-territorial species (characterized by higher levels of polygyny; Bro-
Jgrgensen 2007, 2011). An exception might be represented by lek-based territorial systems, where males
congregate on arenas that do not contain relevant resources (Hoglund & Alatalo 1995). Oestrous females
visiting leks preferentially cluster on certain individual territories (Clutton-Brock, Deutsch & Neftd 1993; Bro-
Jgrgensen 2002): hence mating success is severely biased in favour of a small number of males holding
attractive positions (Apollonio et al. 1992; McComb & Clutton-Brock 1994; Isvaran & Jhala 2000; Bro-
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Jgrgensen 2002). Contrary to resource-based territoriality, lekking might therefore operate as a catalyst for
the evolution of display complexity.

Another possibility is that complex courtship displays have evolved under selection pressures for conspecific
mate recognition (Species Recognition hypothesis; Ord & Stamps 2009; Bradbury & Vehrencamp 2011; Hill
2015; Mitoyen et al. 2019; Ota 2020). Given the high costs of hybridization (e.g. low offspring viability,
miscarriages), male sexual signals are expected to diverge among species that can interbreed, thereby
allowing females to reject unsuitable heterospecific partners (Kirkpatrick 1982; Grant & Grant 1997; Hoskin
& Higgie 2010; Rosenthal 2013; Scholes & Laman 2018). Nevertheless, the chances for divergence are finite,
especially when several closely-related species co-exist in sympatry (Ord, King & Young 2011; Freeberg,
Dunbar & Ord 2012; Miles, Goller & Fuxjager 2018). These limitations could be overcome via the addition of
novel elements to the available repertoire, which multiply the potential for diversification and allow for
generating new signals through combinations (Freeberg et al. 2012; Taylor & Ryan 2013; Hill 2015; Miles,
Cheng & Fuxjager 2017). Since hybridization has been widely documented in both bovids and cervids under
natural conditions (e.g. Robinson et al. 2015; vaz Pinto et al. 2016), the drive for complex courtship displays
might be particularly powerful in these lineages.

Complexity in sexual signalling systems could also reflect adaptations to maximize the efficacy of information
transfer (Signal Efficacy hypothesis; Candolin 2003; Munoz & Blumstein 2012; Partan 2013, 2017).
Conspicuous, multi-component gestural displays often enhance signal detection and discrimination by
receivers under sub-optimal conditions for visual communication (i.e. low-lighting, obstruction from
vegetation; Ord, Blumstein & Evans 2002; Heindl & Winkler 2003; Doucett, Mennill & Hill 2007; Munoz &
Blumstein 2012). Examples include the “attention-grabbing” gestures and postures of terrestrial vertebrates
living in thick understorey (e.g. Anolis lizards, manakins, and birds of paradise; Ord & Stamps 2008; Fuxjager
& Schlinger 2015; Miles & Fuxjager 2018b). Based on these premises, it is thus possible that dense habitats
might have selected for complex gestural displays in the courtship behaviour of forest-dwelling bovids and
cervids.

| applied the comparative method with phylogenetic controls to address the validity of the three evolutionary
hypotheses discussed above (Sexual Selection, Species Recognition, Signal Efficacy). Following previous
authors, | used the repertoire of gestural displays (i.e. the overall number of ritualized gestures) as a measure
of courtship display complexity (cf. Ord, Blumstein & Evans 2001; Ligon et al. 2018; Miles & Fuxjager 2018b).
Under the Sexual Selection hypothesis, | expected that gestural repertoire size would be positively correlated
with breeding group size, an indicator of the level of male polygyny (Bro-Jgrgensen 2007a; Cassini 2020). |
also predicted larger repertoires in species adopting non-territorial and lek mating strategies rather than
resource-based territoriality, as the latter entails a reduction in the potential for polygynous mating (due to
shared breeding opportunities among territory owners). Under the Species Recognition hypothesis, gestural
display complexity was predicted to increase with the number of closely-related species in sympatry (“degree
of sympatry” from now onwards), which usually provides a good approximation for hybridization risk (cf.
Santana et al. 2012, 2013). Finally, according to the Signal Efficacy hypothesis, dense habitats should promote
display complexity in order to prevent signal degradation. | therefore expected a negative correlation
between gestural repertoire size and habitat openness. | further tested for an association between repertoire
size and body mass, since large size might impose energetic costs on movements and restrict the ability to
perform elaborate gestural displays (Taylor et al. 1982). Hypotheses and predictions are summarized in Table
1.
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2.2 METHODS
Scoring gestural display complexity

Data on gestural courtship displays was collected for 73 bovid and 21 cervid species. Despite the incomplete
nature of the dataset, owing mainly to the fact that courtship behaviour has never been formally described
in several species, the sample was considered as representative of overall diversity since it included at least
one species of each recognized genus, except the poorly known Pseudoryx (Bininda-Emonds et al. 2007).
Domesticated species were excluded from the study, given the potential for human intervention to have
modified behavioural traits. For Bos frontalis B. grunniens, and Capra hircus, the non-domesticated
subspecies, respectively B. frontalis gaurus, B. grunniens mutus, and C. hircus aegagrus were considered for
analyses.

Estimates of signal repertoires derived from available descriptions in literature have been successfully
applied as proxies for signal complexity in comparative studies (e.g. Ord & Blumstein 2002; Dunn & Smaers
2018; Miles & Fuxjager 2018b). Here | therefore adopted a similar approach and, in order to be as systematic
as possible, | applied a series of rules to calculate gestural repertoire size. Peer-reviewed publications and
authoritative books in English, French, German, Italian, and Spanish, were surveyed for ethograms detailing
the courtship behaviour of bovids and cervids. Only sources which reported a full sequence of inter-sexual
interactions leading to copulations were taken into account for data collection.

Gestural repertoire size for each study species was scored as the sum of distinctive movements of the body
and appendages, here referred to as “display components”, performed by males during courtship (Appendix
[). The classification of display components was based on the seminal work of F.R. Walther (1974, 1984).
Definitions also mirrored those provided by Walther (Appendix I). Display components could be broadly
divided into four categories reflecting the different body parts involved in the action: (i) head and neck; (ii)
forelegs; (iii) hind legs; and (iv) tail. When gestural displays occurred simultaneously on different body parts,
they were scored as independent components, since movements of single parts are largely independent from
each other (Walther 1984). In case the same component was repeated at various stages of courtship
behaviour, or in combination with other components, it was scored as present only once. The full list of
display components is provided in Appendix |, while references are provided in Appendix II.

Display components that had not been consistently described across different species were conservatively
excluded from calculations. These included head-nodding/jerking, and ear and horn orientation. These
displays primarily represent subtle modifiers of other movements (i.e. head-up and low-stretch postures;
Walther 1984), and went probably unreported in the majority of ethograms. Executive behaviours, which do
not constitute visual signals but serve to accomplish other functions, were also not scored as display
components (following indications by Walther 1984). These included: licking, smelling, grooming, and naso-
genital contact with associated Flehmen response (all involved in the olfactory investigation of sexual
receptivity).

A small number of displays consisted of movements of several body parts which were unlikely to constitute
independent signals, but rather mechanical actions aimed at facilitating the expression of a dominant
element (e.g. squatting during erectile displays; Walther 1984; Schaller 2000). These were therefore
considered as “combined displays” (Appendix 1), and each was scored as a single element; | then conducted
statistical analyses were with and without adding them to the final gestural repertoire score, and obtained
qualitatively similar results (not shown here).

Independent variables

Average male body mass (in kg) and breeding group size in bovids and cervids were extracted from sources
listed in Appendix Ill. Based on available information (Appendix Ill), male mating strategy was classified as:
(i) resource defence territoriality; (ii) lek territoriality; and (iii) non-territoriality (Appendix Il). Mating strategy
matched the strategy of the population for which gestural repertoire size was calculated.
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Habitat openness was scored as the probability of detection for terrestrial mammals in each of the seven
main habitat categories in the IUCN Red List classification scheme (www.iucnredlist.org), according to
Stankowich & Campbell (2016): (i) 0.1 tropical rainforest; (ii) 0.2 temperate forest; (iii) 0.3 wetland; (iv) 0.5
shrubland; (v) 0.7 grassland (tropical and temperate); (vi) 0.8 rocky areas; and (vii) 0.95 deserts. Scores were
assigned only to habitats reported as “suitable”. The average of detection probabilities across all habitat
categories was taken as the overall species-specific habitat openness score.

The degree of sympatry with closely-related species was considered as the number of heterospecifics in the
same tribe overlapping in distribution range. Bovid and cervid tribes reflected those proposed by Vrba &
Schaller (2000), which corresponded to monophyletic groups in the phylogeny adopted here (Bininda-
Emonds et al. 2007). | did not limit the scoring of degree of sympatry to co-generic species: among bovids,
interspecific hybridization is observed also between species not formally assigned to the same genus (e.g.
Jorge, Butler & Benirschke 1976; Douglas et al 2011). Therefore, sharing the same tribal-level classification
was considered as representative of the effective potential for hybridization in natural populations. Overlap
in geographic distribution was visually estimated by plotting distribution polygons for all species against each
of the heterospecifics in the same tribe, using QGIS 3.4.3 (QGIS Development Team 2019). Any observable
overlap in geographic range was considered as evidence for sympatry (Santana et al. 2013). Polygons of
distribution range were obtained from the IUCN Red List database (www.iucnredlist.org). Although IUCN
maps only show current geographic distribution, spatial data on historical occurrence is unavailable or at best
largely incomplete for many of the species included in this study. Hence | opted to consistently score the
degree of sympatry based exclusively on current distribution ranges.

| also considered the possibility that the gestural repertoire size calculated from literature may have been
spuriously affected by differences in research effort between species (e.g. well-studied species would also
exhibit larger repertoires). | therefore controlled for research effort by estimating the number of publications
mentioning each species (using the Linnean binomial name) in the ISI Web of Knowledge
(www.webofknowledge.com) between 1960 and 2018. The search was restricted to the categories which
were likely to include behavioural accounts, i.e. (i) Zoology; (ii) Behavioural Sciences; (iii) Ecology; and (iv)
Evolutionary Biology.

Statistical analyses

All analyses were conducted in Rv. 3.5.2 (R Development Core Team 2019) with the packages ape and caper
loaded in the main workspace (Orme et al. 2018; Paradis et al. 2019). | used phylogenetic least squares (pGLS)
regressions to identify statistically significant predictors of gestural repertoire size. The pGLS methods
accounts for autocorrelations in the dataset generated by shared ancestry, by including phylogeny as a
variance-covariance matrix in the error structure of a least squares regression models (Felsestein 1985;
Harvey & Pagel 1991; Harvey & Purvis 1991; Rohlf 2001; Housworth, Martins & Lynch 2004). The phylogeny
for this study was derived from the ultrametric molecular tree of mammals in Bininda-Emonds et al (2007),
and pruned to include only the species included in the dataset. branch length transformations. Branch lengths
were scaled according to Pagel’s lambda set to maximum likelihood (Freckleton, Harvey & Pagel 2002), which
was selected as the transformation best fitting to the dataset after graphical comparisons with delta and
kappa estimators (using the profile.pgls function in caper; Orme et al. 2018).

Gestural repertoire size was entered as the dependent variable in multivariate pGLS models. Explanatory
variables included predictors: breeding groups size, male mating strategy, degree of sympatry, habitat
openness, and research effort. Body mass and breeding group size were log-transformed prior to analyses,
in order to meet the assumptions of residual normality and homoscedasticity (graphically checked using the
plot.pgls function in the package caper; Orme et al. 2018). Model simplification was implemented via
progressive removal of non-significant predictors, in order of least significance (p < 0.05; Murthaugh 2014).
The results presented here pertain to the final model including only significant predictors: statistics for non-
significant predictors were obtained by separately adding each of them to the final model. Variance inflation
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factors (VIFs) were calculated to estimate multicollinearity between independent variables. All VIFs were <
2.04, and thus well below the commonly accepted threshold of concern (5-10; McClave & Sincich 2003).

2.3 RESULTS

The repertoire of gestural courtship displays in male bovids and cervids was significantly predicted by
breeding group size, male mating strategy, degree of sympatry, and male body mass in multivariate analyses
(Fsss=11.43; P < 0.0001; A = 0.41; R?= 0.36; Table 2). According to the expectations of the Sexual Selection
hypothesis, repertoire size was positively correlated with breeding group size (Table 2; Figure 1). Moreover,
repertoires were significantly larger in species adopting non-territorial and lek mating strategies, rather than
resource-based territoriality (in both univariate and bivariate models; Table 2; Table 3). In line with the
predictions of the Species Recognition hypothesis, gestural repertoire size was also positively associated with
the degree of sympatry with heterospecifics (Table 2; Figure 2). Male body mass had a negative impact on
gestural repertoires: larger species presented less elaborate displays than smaller species (Table 2; Figure 3),
consistent with the proposition that size-based constraints are more severe in the former. Both degree of
sympatry and male body mass only emerged as significant predictors of repertoire size in multivariate
models, after controlling for the indicators of the intensity of sexual selection (Table 3). No effects of habitat
openness (Table 2; Figure 4) and research efforts (Table 2; Figure 5) could be detected, neither in bivariate
nor in multivariate analyses.

2.4 DISCUSSION

| found that the complexity of gestural courtship displays in male bovids and cervids was primarily under
sexual selection. Specifically, the size of gestural repertoires appeared to be positively correlated with large
breeding groups, and with both non-territorial and lek mating strategies — all indicative of strong sexual
selection on males. The comparative analyses simultaneously pointed to species recognition as a driver of
complexity, since bovids and cervids living in sympatry with multiple heterospecifics also presented larger
gestural repertoires. Furthermore, larger species presented smaller repertoires, revealing the possible
presence of constraints imposed by body mass on movement-based displays.

The majority of bovids and cervids adopting resource-based territoriality scored very low (< 5) for gestural
repertoires, likely due to the smaller potential for male polygyny associated with this mating strategy (Bro-
Jgrgensen 2007; Plard, Bonenfant & Gaillard 2011; Bowyer et al. 2020). On the other hand, the large
repertoires attained by several species with dominance-mediated access to reproduction (e.g. reindeer
Rangifer tarandus, Himalayan tahr Hemitragus jemlahicus, wild goats Capra spp.) suggest that gestural
display complexity represents a key target of sexual selection in non-territorial systems (Owen-Smith 1977,
Jarman 1983). Although non-territoriality might impose restrictions on the expression of female preferences
(due to dominant individuals monopolizing copulations; Bro-Jgrgensen 2007, 2011; Clutton-Brock &
McAuliffe 2009), evidence exists that females in dominance-based societies actively avoid mating with
subordinate males (e.g. bighorn sheep Ovis canadensis; Geist 1971; Hogg 1987, 1988; American bison Bison
bison Berger & Cunningham 1991, 1994; Bowyer et al. 2007; moose Alces alces Bowyer et al. 2011). The
elaborate courtship displays of non-territorial ungulates might thus provide cues to male rank as a crucial
determinant of female mate choice (Jarman 1983; Clutton-Brock, Albon & Guinness 1986; Pelletier & Festa-
Bianchet 2006), whereas female choice in territorial species may rather be based on territorial quality (Bro-
Jgrgensen 2011; Bowyer et al. 2020).

Lek-breeding bovids and cervids presented larger gestural repertoires than species defending resource-based
territories. These patterns confirm my expectations that the disproportionate skew in male mating success
associated with lek territoriality constitutes a powerful engine for the evolution of courtship display
complexity (cf. displays in lekking birds of paradise; Miles & Fuxjager 2018b). Since leks facilitate the
assessment of multiple males by visiting oestrous females (Balmford, Albon & Blakeman 1992; Bro-Jgrgensen
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2002, 2008), my findings also suggest that gestural displays play a role in affecting the outcome of mate
choice (as observed in birds: e.g. Andersson 1989; Gibson, Bradbury & Vehrencamp 1991). However, previous
studies have found mating preferences of female ungulates on leks to be largely dictated by territory location
(e.g. central versus peripheral; Balmford, Rosser & Albon 1992; Bro-Jgrgensen 2002; Bro-Jgrgensen & Durant
2003), and there is therefore a scope for future studies to look at the interactions between territorial,
phenotypic, and behavioural male traits in determining mating success on leks.

The effects of the degree of sympatry on gestural repertoire size was significant only after controlling for
breeding group size and male mating strategy, which explained a greater amount of interspecific variation.
Courtship displays in bovids and cervids with analogous mating systems tended to be more complex in those
species overlapping in distribution with several closely-related heterospecifics. For example, the wild goat
(Capra aegagrus) and markhor (Capra falconeri) of the species-rich Himalayan region (Schaller 1977),
exhibited larger gestural repertoires than the Alpine ibex (Capra ibex), which does not occur in sympatry with
other members of the same tribe (despite equal or smaller breeding group size in the former; Appendix II).
Similar patterns were observed in various monogamous antelopes (e.g. duikers of the genus Cephalophus;
Appendix 1l). Co-existing with several heterospecifics thus appeared to promote further elaboration of
sexually-selected courtship displays, by favouring the addition of new components.

The results corroborate the hypothesis that complexity in gestural courtship displays has evolved as a pre-
copulatory barrier against hybridization. Behavioural mechanisms of reproductive isolation are of crucial
importance to bovids and cervids, which cannot innately identify conspecifics — to the point of developing
mating preferences for other species in cross-fostering experiments (Walther 1991; Kendrick et al. 2001).
Larger gestural repertoires might offer a greater opportunity for display divergence among closely-related
species (as proposed for other taxa; e.g. Miles et al. 2017; Johnson 2000; Ota 2020), and thus improve the
ability of females to recognize conspecific males during courtship (cf. Wagner, Pavlicev & Cheverud 2007
Freeberg et al. 2012). Substantiating these claims, pairing trials show that small gestural repertoires are
ineffective at averting hybridization: female red brocket deer (Mazama spp.; repertoire size < 3), readily
accept copulations with heterospecific males (Carranza, Roldan & Duarte 2018). Now it is necessary to
understand whether the opposite is also true, that higher levels of courtship display complexity can prevent
interspecific mating.

The negative correlations between gestural display complexity and male body mass demand further
exploration. Movement requires higher energetic expenditures in large-bodied mammals (Blanckenhorn
2000), and could thus impose severe costs on the ability to perform elaborate gestural displays. Moreover,
large ungulates also frequently sport exaggerated cranial weapons and neck appendages (Geist 1966; Bro-
Jgrgensen 2016), which likely constitute additional impediments to fine-scale gestures during courtship (cf.
the very small repertoires of bovines and moose, all characterized by long horns/antlers and dewlaps; Estes
1991). | therefore suggest that physiological and morphological disadvantages might have concurred to limit
gestural display complexity in very large species.

2.5 CONCLUSION

This study provides comparative evidence that the complexity of gestural courtship displays in male bovids
and cervids is promoted by sexual selection, and by the degree of sympatry with closely-related species. My
findings thus indicate that, in addition to male mating competition, the risk of hybridization connected with
sympatric distribution might also constitute a key driver of elaborate displays. Field research is now needed
to determine whether gestural complexity might effectively serve a species recognition function during
courtship in ungulates and other taxonomic groups.
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2.6 TABLES

Table 1: Hypotheses on the evolution of complex gestural courtship displays in male bovids and cervids.
Symbols in cells refer to the expected correlation between gestural repertoire size, and selected independent
variables (0 = no correlation; + = positive correlation; - = negative correlation).

Predictors of gestural repertoire size

Hypotheses Group size Mating strategy Degree of Habitat openness
sympatry
Sexual selection + + Lek 0 0
+ Non-Territorial
Species recognition 0 0 + 0
Signal efficacy 0 0 0 -

Table 2: PGLS correlations between the repertoire size of gestural courtship displays in male bovids and
cervids, and various socio-ecological traits. Coefficients estimates and statistical significance are provided for
a multivariate model containing all significant predictors (Fsgs = 11.43; A= 0.412; p = <0.001; R? = 0.359).

B S.E. t P

Mating Strategy - Lek 3.170 0.734 4.320 <0.001
Mating Strategy —

Non-territorial 2.381 0.482 4.944 <0.001
Group Size (log) 0.703 0.209 3.364 0.001
Body Mass (log) -0.601 0.210 -2.864 0.001
Degree of Sympatry 0.190 0.065 2.922 0.005
Habitat Openness -0.132 1.129 -0.117 0.907
Research Effort 0.001 0.001 1.048 0.298

Table 3: PGLS correlations between gestural repertoire size and various socio-ecological variables in bivariate
models, with only one predictor entered at a time.

B S.E. t P

Mating Strategy - Lek 2.980 0.774 3.851 <0.001
Mating Strategy —

Non-territorial 2.079 0.458 4.541 <0.001
Group Size (log) 0.634 0.205 3.100 0.003
Body Mass (log) 0.141 0.224 0.632 0.529
Degree of Sympatry 0.099 0.078 1.273 0.206
Habitat Openness 1.441 1.154 1.249 0.215
Research Effort 0.001 0.001 1.415 0.160
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2.7 FIGURES
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Fig. 1: Gestural complexity of courtship displays in male bovids and cervids plotted against breeding group
size (log-transformed). Data are not corrected for phylogeny. The slope and intercept of the regression line
were obtained using the Phylogenetic Least Square method.
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Fig. 2: Gestural complexity of courtship displays in male bovids and cervids, plotted against degree of
sympatry (i.e. the number of sympatric heterospecifics in the same tribe). Data are not corrected for

phylogeny.
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2.9 APPENDIX |
List of gestural displays
Head and neck

Low-stretch: the neck and head are held parallel, with the neck stretched forward associated with slight rising
of the chin. Head and neck are parallel to the main horizontal body axis. Modifiers of the low-stretch include
head nodding or jerking. Synonyms: head-low, over-stretch, neck-stretch.

Head down: the neck and head are aligned and point towards the ground, form a diagonal line in respect to
the body horizontal axis in a lateral view. The head down can include a jerking movement, with head and
neck suddenly raised, with a rapid vertical or sub-vertical movement.

Head-turn: from an alert/proud position, the head is turned away from the receiver (female or opponent),
with the muzzle pointing in the opposite direction and oriented either towards the left or towards the right
shoulder of the sender. The head and neck can also be moved from side to side (e.g. from normal standing
position towards left shoulder, back to central position, and towards the right shoulder), along a sub-
horizontal axis, in a rapid head-flagging sequence. Synonyms: head flagging, averted gaze, looking away, head
orienting.

Nose-up: the neck and head are lifted and held pointing towards the sky. Head nodding or jerking can act as
visual modifiers of the nose-up posture. Synonyms: nose-lifting, head-up.

Head twisting: with a stretched forward neck position, the head is rotated vertically along the neck axis, with
the dorsal head surface oriented either towards the left shoulder or towards the right shoulder, and cranial
weaponry pointing away from the intended receiver.

Swan-neck: the chin is retracted towards the ventral surface of the raised neck (maintained in a proud
posture), resulting in a frontal exposure of horns or antlers. Swan-neck posture might include a tactile
component when the male pushes the female with the base or the tip of the horns. Synonyms: horn
presentation, chin-tucking.

Tongue flicking: the tongue is protruded and retracted from the mouth, in a sequence of quick flashing
movements, or in a prolonged protrusion. Synonyms: empty licking.

Empty biting: exaggerated jaw snapping, similar to a true biting action. . Sometimes it is combined with a
chewing motion Ritualized mouth opening (i.e. with no immediate mechanical function) and exposure of the
lower incisors through retraction of the lips were also conservatively lumped under this display category.
Tooth baring during Flehmen responses, as probably constituting a mere executive behaviour, was not
included in the display complexity score. Synonyms: snapping.

1. Frontlegs

Foreleg kick: a single foreleg is lifted from standing position and extended towards the female, and may or
not may not touch the female abdomen (or other ventral areas), depending on the stage of the courtship
display (contact is usually observed just prior to attempted or successful mounting). Stiff and flexed kicking
(where the carpal joint is flexed during the action) were combined here as they might be homologous gestural
elements (Schaller 1977), and as they do not occur together in the same species (thus not affecting the final
scoring of display complexity), except perhaps for bharal (Pseudois nayaur; Schaller 1977). Synonyms: front
kick, foreleg lifting.

Kneeling or squatting: dropping down on the anterior carpal joints or on elbow joints.
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Flank stroke: slowly caressing or poking female rump or flank with a lifted front leg (the leg might be lifted to
the point that the carpal joint is at shoulder level or higher). The front leg is flexed at the carpal joint, slightly
rotated so that the inner surface of the leg or of the hoof is in contact with the female flank. Synonyms: croup
touch.

Pawing: digging in the soil with one front hoof.

2. Hind legs only

Hunching: both hind legs are retracted under the abdomen from a normal standing position, resulting into
hunching of the back and lowering of the rump towards the ground.

Cavorting: hind legs are thrown into the air in a rapid motion.

3. Front and hind legs

Bipedalism: rising on the hind legs. Forelegs usually move in a pattern often described as “empty kicking”;
however, not enough details are provided in available literature sources to determine the actual occurrence
of this gestural element as an independent display motor pattern.

High-lift gait: exaggerated rising and lowering of both front legs and hind legs, at a slow pace. Different
authors defined exaggerated gaits in different species as “prancing”, “stiff walk”, or “style-trotting”, because
of species-specific variations in the visual motor output of the gait. However, most available descriptions do
not provide enough details in order to differentiate between the different styles of high-lifting gaits.
Furthermore, only one form of exaggerated gait is included in sexual displays in each of the species
considered for this study, and thus the lumping of various behavioural categories did not affect the final
complexity score. Synonyms: prancing, stiff walk, style-trotting.

Crouching: all four legs are bent in an exaggeratedly low posture, with belly almost touching the ground.
Movements of the legs are stiff and possibly akin to those observed in prancing. It is restricted to only two
bovid and one cervid species.

4. Tail

Tail erection: the tail is moved away from its usual resting position. Here horizontal tail erection and vertical
tail erection were combined together, as data from literature was not always sufficient to discriminate
between these two motor patterns. Furthermore, both horizontal and vertical tail erection might co-occur
within a species, simply as expression of different levels of male excitation (Walther 1984). Lateral
movements of the tail, often termed as “flicking” or “slashing”, were also lumped under “tail movements”,
as descriptions of tail gestures often did not provide enough information to distinguish between simple
erection and other actions. Synonymes: tail erection, tail flagging, tail flicking, tail curling, tail exposure, tail
slashing.

5. Combined display elements

Neck fight: the male pushes downwards with the ventral part of its neck against the dorsal surface of the
female neck. The neck-head posture is similar to that adopted for low-stretch. The orientation of the male in
respect to the female varies from frontal to parallel.

Chin-resting: the male lays the ventral part of the muzzle on the dorsal part of the female rump. Neck and
head are stretched horizontally.

Erectile display: the penis is unsheathed and ejaculation might occur. The unsheathing occurring just prior to
mounting was not considered as an element of sexual display, but rather as a mechanical gesture, and thus
not included in the complexity scoring. Synonyms: penis unsheathed, penis display.
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Urine spraying: urine is sprayed from erected and unsheathed penis, targeting the flow towards different
regions of the body (targeted regions are species-specific). This gestural element might be accompanied by
other body movements aimed at intercepting the urine flow, which were however considered as mechanical
actions and not as display elements (detailed information on the single motor patterns included in the
process is also currently unavailable).
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2.10 APPENDIX II

Dataset
Species Gestural Group size  Habitat Male Body Research Degree of Mating
Display Openness  Mass (Kg)  Effort Sympatry Strategy
Complexity
Bovidae
Addax nasomaculatus 6 20 0.95 117.7 17 1 NT
Aepyceros melampus 5 20 0.75 56.9 221 0T
Alcelaphus buselaphus 3 10 0.6 178.3 26 4 T
Ammotragus lervia 6 3 0.715784 111.8 48 1 NT
Antidorcas marsupialis 7 24 0.766667 40.7 81 0T
Antilope cervicapra 8 23 0.8 40.2 24 1L
Bison bison 4 57 0.584615 795.3 1007 0 NT
Bos frontalis 4 9.5 0.1 848.4 65 1 NT
Bos grunniens 3 80 0.875 590.5 53 0 NT
Boselaphus tragocamelus 4 7 0.466667 253.3 24 1 NT
Bubalus quarlesi 4 1 0.1 150 11 1 NT
Budorcas taxicolor 4 22.5 0.5 282.7 24 0 NT
Capra falconeri 11 9 0.44 92.7 12 4 NT
Capra hircus 12 15 0.635714 53 52 4 NT
Capra ibex 9 15 0.8 80.5 329 0 NT
Capra nubiana 7 20 0.825 70 37 1 NT
Capra pyrenaica 8 10 0.5 725 129 0 NT
Capra sibirica 9 13.8 0.7875 90 32 4 NT
Cephalophus monticola 7 2 0.1 4.4 59 12 T
Cephalophus rufilatus 7 1 0.4 10.1 8 12 7T
Cephalophus silvicultor 4 2 0.35 52.5 6 12 T
Cephalophus zebra 4 1 0.1 13.9 3 7T
Connochaetes gnou 5 21 0.7 166.7 23 4 T
Connochaetes taurinus 7 15 0.766667 235.3 115 4 T
Damaliscus lunatus 9 6 0.66 137 35 5L
Damaliscus pygargus 7 8 0.666667 71.1 44 4 T
Gazella dama 4 6 0.716667 68 40 1T
Gazella dorcas 7 17 0.75 16.3 74 7T
Gazella gazella 7 6 0.875 23.3 286 0T
Gazella granti 6 10 0.72 72.1 18 2 T
Gazella soemmerringii 5 7 0.666667 45.4 4 4 T
Gazella subgutturosa 7 4 0.8 27.4 55 4 NT
Gazella thomsonii 5 28 0.75 22.7 9 1T
Hemitragus hylocrius 6 7 0.67 100 9 0 NT
Hemitragus jemlahicus 10 15 0.44 103.3 32 4 NT
Hippotragus equinus 4 13 0.525 274.4 32 37T
Hippotragus niger 4 20 0.4 235.2 57 2T
Kobus ellipsiprymnus 6 8 0.525 236.8 42 77T
Kobus kob 8 25 0.575 97.5 45 4 L
Kobus leche 8 12 0.55 104.3 16 3L
Litocranius walleri 4 3 0.7 35 9 5T
Madoqua kirkii 3 2 0,5 4.6 8 17T
Madoqua saltiana 4 2 0.3 2.3 3 2 T
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Naemorhedus baileyi
Naemorhedus crispus
Naemorhedus goral
Neotragus moschatus
Oreamnos americanus
Oryx gazella

Ourebia ourebi

Ovibos moschatus
Ovis canadensis

Ovis dalli

Ovis vignei
Pantholops hodgsonii
Pelea capreolus
Pseudois nayaur
Raphicerus campestris
Raphicerus melanotis
Redunca arundinum
Redunca redunca
Rupicapra pyrenaica
Rupicapra rupicapra
Saiga tatarica
Sylvicapra grimmia
Syncerus caffer
Taurotragus oryx
Tragelaphus angasii
Tragelaphus eurycerus
Tragelaphus imberbis
Tragelaphus scriptus
Tragelaphus spekii
Tragelaphus strepsiceros
Cervidae

Alces alces

Axis axis

Axis porcinus
Capreolus capreolus
Capreolus pygargus
Cervus albirostris
Cervus duvaucelii
Cervus elaphus

Cervus nippon

Cervus unicolor

Dama dama
Hippocamelus antisensis
Hippocamelus bisulcus
Mazama americana
Mazama gouazoupira
Muntiacus reevesi
Odocoileus hemionus

Odocoileus virginianus
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Ozotoceros bezoarticus 6 4 0.75 40 61 5 NT
Pudu puda 4 2 0.2 13.5 32 17T
Rangifer tarandus 10 25.5 0.55 250 1274 0 NT
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CHAPTER 3: LIVING IN MIXED-SEX GROUPS LIMITS SEXUAL SELECTION AS A DRIVER OF SEXUAL
DIMORPHISM IN COLORATION AND ORNAMENTS IN BOVIDS

ABSTRACT

Among mammals, bovids provide some of the most striking examples of male morphological ornaments,
including sexually dimorphic colourations and pelage structures such as beards and manes. Morphological
dimorphism is usually interpreted as the outcome of sexual selection on males for signals of quality and/or
competitive ability. However, if sexual selection is such a strong force in nature, the absence of dimorphic
traits in several species characterized by intense male sexual competition is puzzling, and points to fitness
costs imposed on ornamentation by other selection pressures. | therefore applied the comparative method
with phylogenetic controls to identify which factors either promoted or constrained the evolution of
dimorphism in coloration and ornaments across bovids.

| found that the degree of dimorphism in coloration and ornaments correlated positively with large breeding
group size, an indicator of the intensity of sexual selection, and male non-territoriality, which is also likely to
affect the operation of sexual selection. The almost complete absence of dimorphic ornaments in species
with territorial mating systems is indicative of weaker male competition over reproductive opportunities,
and suggests that sexual selection in territorial bovids might target other traits.

Morphological dimorphism was reduced in species forming mixed-sex herds. This suggests that male
ornaments may be disadvantageous in societies consisting of multiple males and females, possibly by
increasing individual conspicuousness and exposure to predation and to aggression by conspecifics. The need
for social integration into mixed-sex herds thus seemingly constitutes a powerful counter-selection regime
to the positive drive exerted by sexual selection towards increasing male ornamentation. By contrast, | found
no evidence for the hypothesis that lower visibility in dense habitats would cause an attenuation of
dimorphism in coloration or ornaments.
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3.1 INTRODUCTION

Understanding the ultimate drivers of sexual dimorphism is a central issue in the study of evolutionary
biology (Darwin 1871; Lande 1980; Andersson & Iwasa 1996). Differences between males and females
encompass various secondary sexual characters, ranging from body size and weaponry (Weckerly 1998;
Perez-Barberia, Gordon & Pagel 2002; Cassini 2020), to extravagant morphological ornaments, such as
distinctive male colourations or flamboyant appendages (e.g. in birds: Mgller & Pomiankowski 1993; Cooney
et al. 2019; in primates: Grueter, Isler & Dixson 2015; Lipold, Simmons & Grueter 2019). Ever since its original
theoretical formulation by Darwin (1871), sexual selection has been invoked as the key force behind the
evolution of dimorphic male ornaments (e.g. Badyaev & Hill 2000; Shultz & Burns 2017). However, why is
morphological dimorphism absent in a large number of species characterized by intense sexual competition?
Among mammals, the Bovidae offer some of the most striking examples of dimorphic ornamentation,
including the pied coats of male blackbuck (Antilope cervicapra), and Nile lechwe (Kobus megaceros), and the
beards and manes of wild sheep and goats (Schaller 1977; Caro 2009; Kingdon 2015). Nonetheless, equally
striking is the virtual monomorphism of several other members of this family, to the point that the two sexes
might be difficult to distinguish for a human observer (e.g. blue wildebeest Connochaetes taurinus; southern
oryx Oryx gazella; Estes 1991a; Caro 2009). In this study, | used the comparative method in order to test
multiple hypotheses proposed to explain this extreme interspecific variation in morphological dimorphism
across bovids.

Sexual selection theory posits that competition between males for mating rights promotes the evolution of
ornaments as signals of genetic quality or competitive ability (Sexual Selection hypothesis; Darwin 1871;
Lande & Arnold 1985; Andersson & Simmons 2006; McCullough, Miller & Emlen 2016). Morphological
dimorphism should thus be particularly accentuated in polygynous breeding systems, where more
ornamented males can impair the mating success of competitors by attracting more mates or winning more
signalling contests (Clutton-Brock, Albon & Harvey 1980; Jarman 1983; Grueter et al. 2015; Cassini 2020). In
bovids, the level of polygyny varies according to the species-specific strategies adopted by males to secure
copulations (Bro-Jgrgensen 2007, 2011; Vanpé et al. 2008; Shuster 2009). An important distinction is
between males defending territories, attractive to females due to their location or resources (territorial
strategy); and non-territorial males, directly following and defending oestrous females (non-territorial
strategy; Gosling 1986; Isvaran 2005). Territoriality implies a reduction in polygyny, as females usually range
over multiple territories, thereby forcing males to effectively share reproductive opportunities with rivals
(Gosling 1986; Bro-Jgrgensen 2007, 2011). By contrast, access to receptive females in non-territorial systems
is controlled by individuals attaining top-ranking status in dominance hierarchies, which monopolize breeding
groups by actively excluding subordinates from mating (Gosling 1986; Bro-Jgrgensen 2007, 2011). Non-
territorial strategies are therefore associated with a greater potential for male polygyny and translate into
heightened competition, exerting a stronger drive for male ornamental traits than in territorial systems.

Mating strategies can also affect the evolution of morphological dimorphism by determining which male
characters are primarily targeted by sexual selection (Andersson 1994). In territorial ungulates, attributes of
territories serve a more important role than male ornamentation in mediating intra- and inter-sexual
interactions (Owen-Smith 1977; Jarman 1983; Vanpé et al. 2008, 2009). For example, females usually choose
mating partners based on territory location or availability of resources, rather than on male physical
attributes (e.g. Clutton-Brock et al. 1988; Balmford, Rosser & Albon 1992; Bro-Jgrgensen 2002). Territoriality,
by offering a spatial reference to male social and reproductive status (i.e. only competitively superior males
can acquire high-quality territories; Owen-Smith 1977; Jarman 1983), might thus relax the need for
individual-based ornaments as sexual signals, resulting into an attenuation of dimorphism.

Differences in the intensity of sexual selection and in mating strategies, however, cannot account for why
morphological dimorphism failed to evolve in many non-territorial, highly polygynous bovids. Various authors
have advanced the alternative idea that the distribution of male ornaments in this lineage reflects the degree
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of spatio-temporal aggregation between the sexes (Geist 1974; Jarman 1983; Estes 1991b, 2000). Ungulates
forming social groups consisting of several males and females tend to be less dimorphic than those living in
sexually-segregated societies (Social Integration hypothesis; Jarman 1983; Geist & Bayer 1988; Estes 19913,
2000). These patterns likely reflect unsustainable survival and energetic costs deriving from male visual
conspicuousness in mixed-sex herds (Jarman 1983; Geist & Bayer 1988). In particular, ornamented individuals
would “stand out in a crowd”, offering an easier target to visually-oriented predators (a phenomenon known
as “oddity effect”; Landeau & Terborgh 1986; Estes 1991b). Moreover, distinctive cues to sexual identity -
provided by dimorphic ornaments - could also attract disproportionately high levels of aggression by other
males, catalysing intra-sexual intolerance and ultimately undermining group cohesion (Geist 1977; Estes
1991a, 2000). Non-ornamented, female-like appearances might conversely discourage aggressive behaviour
from dominant or territorial individuals (due to the risk of misdirected attacks on females), favouring the
integration of multiple males into mixed-sex social groups (Geist 1968; Geist & Bromley 1978; Main &
Coblentz 1990; Estes 1991a, 2000). The selective advantages connected with a reduction in sex-biased
predation, and in the frequency of male conflicts, might have thus led to sexual monomorphism in species
forming mixed-sex herds.

Habitat characteristics limiting visual communication could also exert selection pressures against
morphological dimorphism (Habitat-Mediated Selection hypothesis; Stuart-Fox & Ord 2004; Bossu & Near
2015; Price 2017). In terrestrial ecosystems, dense vegetation impedes long-range visibility, and therefore
the efficacy of ornaments as sexual signals (Bradbury & Vehrencamp 2011). The elaborate, sharp pelage
markings of grassland bovids, in contrast to the generally uniform or disruptive colourations of forest species,
suggest that the latter might be less reliant on vision than on other sensory channels (Stoner et al. 2003; Caro
& Stankowich 2010). Morphological dimorphism should therefore be more pronounced in open habitats,
where visual assessment of mates and/or opponents is facilitated by the absence of structural barriers.
Additionally, forest-dwelling ungulates usually employ cryptic antipredator strategies to avoid detection
(Estes 1991a; Caro et al. 2004): these could be jeopardized by traits such as bright male colourations, which
increase the risk of sensory exploitation by predators (Zuk & Kolluru 1998; Stuart-Fox & Ord 2004; Caro
2005a).

| addressed the validity of the three hypotheses discussed above (Sexual Selection; Social Integration; and
Habitat-mediated Selection), by focusing on dimorphism in colour and pelage ornaments (e.g. manes, beards)
of bovids. Throughout the study, these two traits were together referred to as “morphological dimorphism”
which thus does not include sexual body size dimorphism. Under the Sexual Selection hypothesis, | expected
the degree of morphological dimorphism on both traits to co-vary with the potential for male polygyny, and
thus to be positively correlated with breeding group size (an indicator of the number of females per mating
male; Wade & Shuster 2004) and with male non-territoriality. Conversely, dimorphism was predicted to be
rare and of small magnitude in territorial bovids, due to low levels of polygyny, and to sexual selection
operating on different male traits (e.g. attributes of territories). According to the Social Integration
hypothesis, | expected colour and pelage dimorphism to be correlated negatively with the tendency for
aggregation in mixed-sex herds. Finally, | predicted, under the Habitat-Mediated Selection hypothesis, that
morphological dimorphism would increase with habitat openness. Hypotheses and predictions are
summarized in Table 1.

3.2 METHODS
Morphological dimorphism

| collected data on morphological dimorphism in 110 of the recognized 136 bovid species. All data relate to
the subspecies for which the most detailed data could be obtained. | focused exclusively on the non-

62



domesticated subspecies (e.g. in Bos frontalis, B. grunniens, and Capra hircus), as domestication could
potentially alter adaptive colourations and morphologies.

Morphological dimorphism was visually scored on photographs (all in lateral view) obtained from Costello
(2016) and from reputable online sources (www.arkive.com; www.encyclopediaoflife.com;
www.ultimateungulate.com). A minimum of two (one male and one female) and a maximum of eight (four
males and four females) pictures were selected for each species. | used information provided by the sources
to ensure that all images referred to the same subspecies, and to the same season (for boreal species
presenting different summer and winter coats).

Colour dimorphism was assessed on eight distinct body regions (Caro & Stankowich 2010): (i) head; (ii) neck;
(iii) flank and shoulder/humerus; (iv) rump and femur; (v) upper front leg (elbow and ulna); (vi) lower front
leg (podials and metapodials); (vii) upper hind leg (knee and tibia); and (viii) lower hind leg (podials and
metapodials). Colouration in bovids cannot be considered independently from the presence of contrasting
white or black markings, in the form of distinctive stripes, blotches, or spots, against lighter or darker
background hair (Stoner et al. 2003; Caro & Stankowich 2010). In order to account for variation deriving from
differences both in hair pigmentation, and in the presence/absence of contrasting markings, | scored
dimorphism (for each body region) according to a three-point scale: 0 - no difference; 1 - difference in
background colour or contrasting markings (presence of markings in one sex only); 2 - difference in both
background colour and contrasting markings. In order to be as objective as possible in the scoring process, |
compared background hair to a reference of five colour categories, based on the proportions of eumelanin
(brown or grey-black) versus phaeomelanin (yellow-red) pigments of mammalian hair (modified from Caro
et al. 2017: Caro, Newell & Stankowich 2018): (i) white (de-pigmented); (ii) phaeomelanin - yellow/red; (iii)
eumelanin - brown; (iv) eumelanin — grey; (v) eumelanin - black (Figure 1). Background colour was scored as
dimorphic if the same body region was assigned to different categories in males and females. | conservatively
chose not to evaluate differences in colour intensity (e.g. dark versus light brown) within the established
colour categories, given that the variable lighting conditions, hair length, and gland secretions could have
altered the perceived intensity (Estes 1991a; Caro 2005b; Caro et al. 2017). Dimorphism in contrasting
markings was only considered as occurring when distinctive, hard-edged white or black patches (stripes,
spots, etc.) were present in one sex and absent in the other (I did not take into account differences in patch
size, due to the impossibility of obtaining such measures from non-calibrated pictures). The sum of the scores
across all eight body regions was considered as the overall degree of colour dimorphism for each species
(Caro et al. 2017).

Following Estes (2000), | considered the followng pelage ornaments: (i) frontal hair tuft; (ii) beard or ventral
mane; (iii) dorsal mane; (iv) cape (covering both dorsal and ventral parts of the neck); (v) front leg pantaloons;
and (vi) hind leg pantaloons. Pelage dimorphism was scored on a four-point visual scale: 0 - no difference; 1
— the ornament is larger or of different colour in one sex; 2 — the ornament is both larger and of different
colour in one sex; 3 —the ornament is present only in one sex. This scale reflected a progression from null to
maximum dimorphism (Grueter et al. 2015). The sum of scores for each pelage ornament was considered as
the species-specific score of pelage dimorphism.

A second observer, blind to the study hypotheses, double-scored all dimorphism for all bovid species included
in this study, using the same methodology: the two independent scores were very similar and highly
correlated (Kendall’'s T=0.978; p < 0.0001). This confirmed the repeatability of my approach, despite the fact
that a certain degree of subjectivity could not be avoided.
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Independent variables

Data on average breeding group size and male mating strategy was derived from literature sources listed in
the Appendix. Male mating strategy was classified as a binary character: territorial (T), or non-territorial (NT).
Lek breeding is observed in only four bovid species, and always co-exists with resource-defending territorial
strategies (Clutton-Brock, Deutsch & Nefdt 1993): due to the very small sample size (unsuitable for statistical
analyses) it was therefore lumped with territoriality.

The tendency for sexual aggregation was scored on the three-point scale proposed by Estes (1991a) and
Roberts (1996): (1) never in mixed-sex herds; (2) occasionally forming mixed-sex herds; and (3) regularly
forming mixed-sex herds. A score of 1 was assigned to all those species which never aggregate into social
groups containing multiple males and females. These included species with males either solitary or living in
segregated, unisexual social groups, and only joining female herds in search of mating opportunities. All
bovids with males associating seasonally with female herds, often during migrations and other mass
movements, or after a breakdown of territorial systems following the end of the breeding season, received
a score of 2. | assigned a value of 3 to the species in sexually-aggregated herds always containing multiple
adult males (although some males can temporarily join bachelor groups; Jarman 1974, 1983). The scoring
was based on available published material (Appendix).

Habitat openness was scored as the probability of detection of large mammals in each of the nine different
IUCN habitat categories (www.iucnredlist.org), provided by Cabrera & Stankowich (2018): tropical forest
(0.1), temperate forest (0.2), wetland (0.3), tropical shrubland (0.5), temperate shrubland (0.6), savannah
(0.7), grassland (0.8); rocky areas (0.8), and desert (0.95). The overall score of habitat openness was
considered as the average of detection probabilities across all habitat categories (Cabrera & Stankowich
2018).

Statistical analyses

All analyses were conducted in R 3.5.2 (R Development Core Team 2019), with the packages ape (Paradis et
al. 2019) and caper (Orme et al. 2018) loaded in the main workspace. | applied the Phylogenetic Least Squares
(pGLS) method to identify statistically significant predictors of colour and pelage dimorphism (Freckleton,
Harvey & Pagel 2002; Mundry 2014). The pGLS approach takes into account data autocorrelation generated
by shared ancestry, as it includes phylogeny (in the form of a variance-covariance matrix of branch lengths)
in the error structure of an ordinary least squares regression model (Freckleton et al. 2002). The molecular-
based phylogenetic tree adopted for this study was derived from Bininda-Edmonds et al. (2007), and pruned
to include only the species included in the dataset. Branch lengths were scaled according to Pagel’s lambda
(Freckleton et al. 2002) set to a maximum likelihood estimate, and selected as the best fitting branch
transformation to the dataset using the profile.pgls function in the package caper (Orme et al. 2018). Delta
and kappa branch transformations produced qualitatively similar results (not reported here).

Colour and pelage dimorphism were modelled as response variables in separate pGLS models. Explanatory
variables in all models included: (i) breeding group size; (ii) male mating strategy; (iii) sexual association; and
(iv) habitat openness. Model simplification was implemented by removal of predictors in order of least
significance (significance level set at p < 0.05; Murtaugh 2014). Coefficient estimates for non-significant
predictors were obtained by adding each of them separately to the final model. Assumptions of residual
normality and heteroscedasticity were graphically inspected using the plot.pgls function in the package caper
(Orme et al. 2018). Normal residual distribution was achieved after log-transformation (with the formula
log(x+1) when dimorphism scores equalled zero) of all continuous variables in the model for colour
dimorphism, and square-root transformation for pelage dimorphism. Variance Inflation Factors (VIFs) were
calculated in order to account for multicollinearity between explanatory variables (Kutner, Nachtsheim &
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Neter 2005). All VIFs were < 3, and thus well below the accepted threshold of concern (5-10; Kutner et al.
2005).

3.3 RESULTS

The degree of both colour and pelage dimorphism in male bovids was significantly predicted by breeding
group size, male mating strategy, and sexual aggregation in multivariate analyses (colour dimorphism: F3 g3 =
20.320; A= 0.066; p = <0.001; R? = 0.403; pelage dimorphism: F3g3 = 4.785; A = 0.952; p = 0.003; R = 0.117;
Table 2; Table 3). The two components of morphological dimorphism were positively correlated with
breeding group size and non-territorial mating strategies, as predicted by the Sexual Selection Hypothesis
(Figure 2). Only 4 of 64 territorial species exhibited some form of colour dimorphism, in contrast to 26 of the
46 non-territorial species. Similarly, pelage dimorphism characterized 19 of 46 non-territorial bovids, but only
one out of 64 territorial species (the sable antelope Hippotragus niger). Additionally, the magnitude of both
traits was negatively correlated with the level of sexual aggregation (Table 2; Table 3), supporting the Social
Integration hypothesis. None of the species that regularly aggregate in mixed-sex herds were scored as
morphologically dimorphic (Figure 3). Habitat openness did not show any significant correlations with neither
colour nor pelage dimorphism (Table 2; Table 3), contrary to expectations from the Habitat-Mediated
Selection hypothesis.

3.4 DISCUSSION

This study provides comparative evidence that sexual dimorphism in two morphological traits of bovids,
namely colouration and pelage ornaments, is promoted by sexual selection on males. In particular, the
degree of morphological dimorphism was found to be positively correlated with the size of the breeding
group and non-territorial mating strategies - two indicators of the level of male polygyny (a key determinant
of the intensity of sexual selection). My findings also revealed negative correlations between morphological
dimorphism and the tendency to form mixed-sex herds, suggesting a limiting effect of social integration on
the evolution of male ornaments.

Male territoriality characterizes the majority of bovids (63%) and the reduced colour and pelage dimorphism
found in these species may derive from a smaller potential for polygyny (Gosling 1986; Bro-Jgrgensen 2007;
Cassini 2020). A parallel can be drawn with male weapons (horns and antlers), which are generally shorter
and less elaborate in territorial ungulates (Bro-Jgrgensen 2007; Plard, Bonenfant & Gaillard 2011).
Furthermore, the virtual absence of morphological dimorphism in several highly polygynous antelopes which
defend territories (e.g. Alpine chamois Rupicapra rupicapra; impala Aepyceros melampus; Jarman 1979;
Corlatti et al. 2015) corroborates my hypothesis that sexual selection in territorial systems could target male
traits other than ornaments. Specifically, it is possible that territoriality has favoured the evolution of male
displays more suited to advertise territory occupancy (e.g. scent marks; vocalizations; Owen-Smith 1977,
Gosling 1982), over ornamentation.

Their almost exclusive association with non-territoriality, on the other hand, implies that male dimorphic
ornaments have been selected through their signalling function in sexual competition. In non-territorial
breeding systems, the outcome of male confrontations plays a larger role than female mate choice in
determining mating success, as a consequence of enforced copulations by dominant individuals (e.g. Coltman
et al. 2002; Pelletier, Hogg & Festa-Bianchet 2006; Mainguy et al. 2008; lhl & Bowyer 2011). This suggests
that male colour and pelage ornaments could prove advantageous as displays of social status and other
aspects of competitive ability, establishing male dominance rank without the need for costly fighting
(Walther 1984; Loehr et al. 2008; Caro 2009; Holekamp & Strauss 2016; Bowyer et al. 2020). Support for this
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interpretation comes from several field studies. For example, fluctuations in the hue and size of pelage
structures in male eland (Tragelaphus oryx) and Himalayan tahr (Hemitragus jemlahicus) mirror gains and
losses in dominance rank (Bro-Jgrgensen & Dabelsteen 2008; Bro-Jgrgensen & Beeston 2015; Lovari et al.
2009, 2015). Male colours and other ornaments advertising social status are also associated with dominance-
base mating strategies in other mammals (e.g. primates: Setchell & Jean Wickings 2005; Bergman, Ho &
Beehner 2009; Petersdorf et al. 2017): non-territoriality could therefore represent an important driver of
morphological dimorphism across different taxonomic groups.

The study found morphological dimorphism in bovids to be weaker in species where males and females
aggregated into mixed-sex groups, irrespectively of the intensity of sexual selection. This is exemplified by
the absence of dimorphic ornaments across all bovids living permanently in mixed-sex herds (African buffalo
Syncerus caffer, muskox Ovibos moschatus, and oryx Oryx spp. and addax Addax nasomaculatus antelopes),
despite the expected high levels of male polygyny due to large breeding groups and male non-territoriality
(Walther 1978; Prins 1996; Forchhammer & Boomsma 1998). Some of highest scores of dimorphism were
conversely assigned to species that were probably less polygynous (due to smaller group size), but usually
segregated in unisexual herds (e.g. sitatunga Tragelaphus spekii; greater kudu Tragelaphus strepsiceros;
Owen-Smith 1984; Estes 1991b). Analogous variation can be observed within species: for example, sexually-
segregated mountain bongo antelopes (Tragelaphus eurycerus isaaci), exhibit distinctive male colourations,
while the aggregated lowland subspecies (T. e. eurycerus) is monomorphic (Hillman 1986; Estes 1991b).
These patterns indicate that male ornaments impose substantial costs in mixed-sex herds, offsetting the
fitness benefits in sexual signalling.

My findings support that social integration constitutes a powerful selection regime promoting sexual
monomorphism in colour and pelage. However, which specific advantages would males in mixed-sex herds
gain from the lack of dimorphic ornaments? In schooling fish, males and females living in the same groups
converge on similar phenotypes, as “confusion effects” generated by multiple, indistinguishable targets
decrease the attack success of predators (Penry-Williams, loannou & Taylor 2018; Rystrom et al. 2018). Since
similar confusion-based antipredator tactics are also employed by gregarious bovids (Kruuk 1972; FitzGibbon
1990; Caro 2005b), | propose here that monomorphism in mixed-sex herds might conceivably buffer males
against selective predation. Strengthening this interpretation, my data show that morphological dimorphism
is very rare (n = 4) in species with males joining female herds at critical times of the year (e.g. during seasons
of resource shortage or mass movements), when exposure to predation risk is maximized (Fryxell, Greever &
Sinclair 1988; Owen-Smith 2008). Other observations suggest an anti-harassment function for sexual
uniformity. Visual resemblance to females apparently ensures that subordinate males are tolerated in mixed-
sex herds and not forcedly evicted by dominant individuals, as long as they forego mating attempts (e.g. in
the African buffalo and in the southern oryx; Sinclair 1977; Walther 1978). Nevertheless, sexual identity is
often detected through olfactory cues, and this may possibly compromise the screening effect of female-like
morphologies against aggression (Gosling & Roberts 2001). Additional research is therefore necessary to
clarify selective benefits of sexual monomorphism.

A potential shortcoming of the social integration hypothesis arises from considering that morphological
dimorphism in bovids also includes differences in horn length and shape, not included in the present study.
Despite these concerns, horns appear to be less dimorphic in species forming mixed-sex herds (see Jarman
1983; Estes 1991b; Roberts 1996, although the function of female horns is debated), thereby conforming to
the general trend for monomorphism as a consequence of sexual aggregation.

It is possible that social integration constitutes a more pervasive evolutionary force than previously thought,
as it could explain the absence of dimorphic ornaments across several other taxa. In mammals, it is tempting
to link the surprising absence of morphological dimorphism in highly polygynous lineages, such as equids,
kangaroos, and some primates (e.g. savannah baboons Papio spp. Jarman 1983; Dixson, Dixson & Anderson
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2005), with their tendency to aggregate in mixed-sex groups. Future comparative studies on sexual
dimorphism should thus take into account social integration as a potential limiting factor on sexual selection.

No evidence was found for a positive correlation between morphological dimorphism and habitat openness.
Surprisingly, some antelopes associated with relatively dense habitat types (habitat openness <0.5), and
generally employing cryptic behaviour to avoid predators, exhibited some of the most dimorphic
ornamentation among bovids (e.g. Tragelaphus antelopes; Estes 1991b). It is likely that the observed
association between sexual monomorphism and dense habitats (e.g. Estes 2000) spuriously emerged as a
consequence of smaller breeding group size, and incidentally restricted opportunities for sexual selection, in
forest species (Jarman 1974).

3.5 CONCLUSION

| found that interspecific variation in morphological dimorphism among bovids reflects underlying differences
in the intensity of sexual selection, and in the degree of sexual aggregation. In particular, whereas male
mating competition promotes the evolution of dimorphic ornaments, social integration in mixed-sex herds
seemingly exerts a contrasting selection pressure towards sexual monomorphism. It is now necessary to test
the wider applicability of social integration as an explanation for attenuated morphological dimorphism in
other taxonomic groups.
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3.6 TABLES

Table 1: Hypotheses and predictions for the evolution of morphological dimorphism in bovids. Symbols in
cells refers to the expected correlation between the degree of colour and pelage dimorphism, and selected
independent variables (0 = no correlation; + = positive correlation; - = negative correlation).

Predictors of morphological dimorphism

Hypotheses Group size Mating Sexual Habitat
strategy Aggregation Openness

Sexual selection + + (non-territorial) O 0

Social integration 0 0 - 0

Habitat-mediated 0 0 0 +

Selection

Table 2: PGLS correlations between the degree of colour dimorphism in bovids and various socio-ecological
traits. Coefficients estimates and statistical significance are provided for a multivariate model containing all
significant predictors (Fs g3 = 20.320; A= 0.066; p = <0.001; R? = 0.403).

Coefficient S.E. t P
Group Size (log) 0.261 0.081 3.213 0.002
Non-territorial 0.795 0.172 4.621 <0.001
Mating Strategy
Sexual Aggregation -0.772 0.161 -4.791 <0.001
Habitat Openness -0.386 0.382 -1.012 0.314

Table 3: PGLS correlations between degree of dimorphism in pelage ornaments in bovids and various socio-
ecological traits. Coefficients estimates and statistical significance are provided for a multivariate model
containing all significant predictors (Fs g3 = 4.785; A = 0.952; p = 0.003; R2=0.117).

Coefficient S.E. t P
Group Size (log) 0.076 0.037 2.064 0.042
Non-Territorial 0.517 0.232 2.232 0.028
Mating Strategy
Sexual Aggregation -0.326 0.117 -2.793 0.006
Habitat Openness -0.263 0.318 -0.828 0.501
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3.7 FIGURES

De-pigmented
(White)

Phaeomelanin
(Yellow-Red)

Eumelanin
(Brown)

Eumelanin
(Grey)

Eumelanin
(Black)

Figure 1: Bovid hair colour based on the dominant type of pigment (i.e. no pigment, phaeomelanin, or
eumelanin). For each colour category, different gradations are presented as examples of variability in
pigment saturation. Bovids were conservatively scored as dimorphic for differences between these

categories. This classification was based on examination of high-quality pictures where single hair could be
easily detected by the naked eye.
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Figure 2: Colouration dimorphism in bovid species with territorial (T) and non-territorial (NT) male mating
strategies.
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Figure 3: Proportion of colour (A) and pelage (B) dimorphic species according to sexual aggregation (n = 110).
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3.9 APPENDIX

Dataset
Species Colour Pelage Group Male Sexual Habitat
dimorphism dimorphism size mating  aggregation openness
strategy
Addax nasomaculatus 0 0 20 NT 3 0.950
Aepyceros melampus 0 0 20T 2 0.750
Alcelaphus buselaphus 0 0 10 T 2 0.600
Ammodorcas clarkei 0 0 3T 1 0.500
Ammotragus lervia 0 2 3 NT 1 0.716
Antidorcas marsupialis 0 0 24 T 2 0.767
Antilope cervicapra 8 0 23 T 1 0.800
Bison bison 2 3 57 NT 2 0.585
Bison bonasus 0 0 20 NT 1 0.400
Bos frontalis 6 0 9.5 NT 1 0.100
Bos grunniens 0 0 80 NT 2 0.875
Bos javanicus 6 0 21 NT 1 0.333
Boselaphus tragocamelus 11 2 7 NT 1 0.467
Bubalus bubalis 0 0 21 NT 2 0.333
Bubalus depressicornis 0 0 1 NT 1 0.100
Bubalus mindorensis 2 0 2 NT 1 0.460
Budorcas taxicolor 0 0 22.5 NT 2 0.500
Capra caucasica 0 3 12 NT 1 0.600
Capra cylindricornis 0 3 12 NT 1 0.600
Capra falconeri 6 8 9 NT 1 0.440
Capra hircus 13 6 15 NT 1 0.636
Capra ibex 0 3 15 NT 1 0.800
Capra nubiana 4 3 20 NT 1 0.825
Capra pyrenaica 8 3 10 NT 1 0.500
Capra sibirica 6 3 13.8 NT 1 0.788
Capra walie 5 3 20 NT 1 0.750
Cephalophus adersi 0 0 15T 1 0.100
Cephalophus callipygus 0 0 17T 1 0.100
Cephalophus dorsalis 0 0 17T 1 0.100
Cephalophus jentinki 0 0 17T 1 0.100
Cephalophus leucogaster 0 0 17T 1 0.100
Cephalophus maxwellii 0 0 15T 1 0.300
Cephalophus monticola 0 0 2 T 1 0.100
Cephalophus natalensis 0 0 2T 1 0.230
Cephalophus niger 0 0 17T 1 0.100
Cephalophus nigrifrons 0 0 17T 1 0.200
Cephalophus rufilatus 0 0 1T 1 0.400
Cephalophus silvicultor 0 0 2T 1 0.230
Cephalophus zebra 0 0 17T 1 0.100
Connochaetes gnou 0 0 21 T 2 0.700
Connochaetes taurinus 0 0 15 T 2 0.767
Damaliscus hunteri 0 0 18 T 2 0.800
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Damaliscus lunatus
Damaliscus pygargus
Dorcatragus megalotis
Gazella cuvieri
Gazella dama

Gazella dorcas
Gazella gazella
Gazella granti

Gazella leptoceros
Gazella rufifrons
Gazella soemmerringii
Gazella spekei

Gazella subgutturosa
Gazella thomsonii
Hemitragus hylocrius
Hemitragus jemlahicus
Hippotragus equinus
Hippotragus niger
Kobus ellipsiprymnus
Kobus kob

Kobus leche

Kobus megaceros
Kobus vardonii
Litocranius walleri
Madoqua guentheri
Madoqua kirkii
Madoqua saltiana
Naemorhedus crispus
Naemorhedus goral
Naemorhedus_sumatraensis
Neotragus batesi
Neotragus moschatus
Neotragus pygmaeus
Oreamnos americanus
Oreotragus oreotragus
Oryx dammah

Oryx gazella

Oryx leucoryx

Ourebia ourebi

Ovibos moschatus
Ovis ammon

Ovis canadensis

Ovis dalli

Ovis vignei
Pantholops hodgsonii
Pelea capreolus
Procapra gutturosa
Pseudois nayaur
Raphicerus campestris
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Raphicerus melanotis 0 0 1T 1 0.600
Raphicerus sharpei 0 0 1T 1 0.600
Redunca arundinum 0 0 3T 1 0.575
Redunca fulvorufula 0 0 4 T 1 0.800
Redunca redunca 0 0 4T 1 0.800
Rupicapra rupicapra 0 0 20 T 2 0.600
Saiga tatarica 1 0 35 NT 2 0.875
Sylvicapra grimmia 0 0 2 T 1 0.594
Syncerus caffer 0 0 50 NT 3 0.488
Taurotragus derbianus 0 0 20 NT 2 0.400
Taurotragus oryx 6 3 45 NT 2 0.567
Tetracerus quadricornis 0 0 1 NT 1 0.230
Tragelaphus angasii 7 8 4 NT 1 0.430
Tragelaphus buxtoni 6 2 8 NT 1 0.467
Tragelaphus eurycerus 5 0 6 NT 1 0.300
Tragelaphus imberbis 7 3 5 NT 1 0.430
Tragelaphus scriptus 3 1 2 NT 1 0.300
Tragelaphus spekii 8 1 2 NT 1 0.314
Tragelaphus strepsiceros 6 4 16 NT 1 0.430
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CHAPTER 4: CO-OPTION OF ALARM SNORTS AS ALERTING SIGNALS IN THE ROARING DISPLAY OF MALE
IMPALA ANTELOPES

ABSTRACT

In some ungulates and primates, males often give alarm calls at the beginning of complex agonistic
vocalizations. Although such behaviour is relatively well documented, its adaptive value remains unknown.
Here | investigated the evolutionary basis for alarm calling as part of the territorial roaring display of male
impala antelopes (Aepyceros melampus). The roaring display consists of guttural grunting utterances,
preceded by one or more “advertisement” snorts that sound indistinguishable from the alarm snorts emitted
upon detecting predators. Using playback experiments, | therefore aimed at deciphering the information
content of snorts and grunts in isolation, and of their combinations into roaring displays.

| found that male impala reacted with similar risk-aversive responses to playbacks of both alarm and
advertisement snorts, i.e. retreating from the sound source. The two snorts also shared a similar acoustic
structure, suggesting they were likely the same calls used in different contexts. Playbacks of both grunts in
isolation and roaring displays (snorts + grunts) on the other hand elicited aggressive behaviour (i.e.
approaching the sound source and vocalizing), consistent with a territorial signalling role. However, the
presence of snorts in roaring displays significantly reduced the latency of an approaching reaction to the
following grunts. | propose that the snort, which has its evolutionary origin as an alarm call, has been co-
opted into the roaring display as an “alerting element”, possibly increasing the salience of the grunting
component, and thereby enhancing the effectiveness of information transfer. My findings indicate that alarm
calls are used in the agonistic signalling systems of terrestrial mammals owing to efficacy-based selection
pressure, which could therefore act as promoters of vocal complexity.
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4.1 INTRODUCTION

Complex vocal displays, consisting of sequences of multiple acoustic elements, characterize male agonistic
interactions in a variety of taxonomic groups: well-known examples include the “songs” of birds, whales, and
some primates (Cowlishaw 1996; Marler & Slabbekoorn 2004; Clarke, Reichard & Zuberbuhler 2006; Gamba
et al. 2016; Herman 2017; Searcy & Nowicki 2019; Garland & McGregor 2020). A vast amount of empirical
and theoretical research has been devoted to understand the evolutionary origins and drivers of such
elaborate vocalizations (e.g. Searcy & Anderson 1986; Catchpole 1987; Read & Weary 1992; Gil & Gahr 2002;
Bolhuis, Okanoya, & Scharff 2010; Soma & Garamszegi 2011; Hill et al. 2018; Kareklas et al. 2019). However,
it remains unclear whether or not songs and other multi-component vocal displays could derive from the
combination of pre-existing calls, that have a different purpose when emitted in isolation (Collier et al. 2014,
Manser et al. 2014; Manser 2016; Zuberbuhler & Lemasson 2014; Engesser & Townsend 2019). Available
evidence suggests that this is usually not the case, as single components of aggressive utterances only acquire
signal value when arranged into ordered strings (Marler & Mitani 1989; Berwick et al. 2012; Berwick &
Chomsky 2013; Sainburg et al. 2019; Engesser & Townsend 2019). One possible exception may be
represented by the “alarm-like” introductory notes in the loud agonistic vocalizations of several ungulates
and monkeys (Marler 1972; Reby & McComb 2003; Passilongo et al. 2013; Schlenker et al. 2017). Are these
equivalent to the alarm calls emitted during encounters with predators? And if so, what is their function in
the agonistic context? In this study, | aimed at answering these questions by deciphering the information
content of the roaring display of male impala antelopes (Aepyceros melampus).

The roaring display is an intra-sexual signal of territorial advertisement, and consists of an explosive nasal
snort, or a series of snorts, followed by guttural grunting calls (Jarman 1979; Kingdon 1982; Frey et al. 2020;
Fig. 1). Although the grunts are almost exclusively associated with confrontations over territory ownership
(Jarman 1979; Murray 1982; Oliver, Skinner & Van der Merwe 2007; Frey et al. 2020), the “advertisement”
snorts in the display exhibit surprisingly similar acoustic features to the alarm snorts elicited by the detection
of an approaching predator (Caro 1994; Palmer & Gross 2018; Frey et al. 2020). The commonly accepted
interpretation is that the alarm and advertisement snorts are the same calls, used in two different contexts
(Jarman 1979; Kingdon 1982). This is however puzzling, as it could lead to an erosion of the original alarm
message of the snorts, and undermine the reliability of the impala antipredator signalling system (Magrath
et al. 2015; Mokkonen & Lindstedt 2016). In the face of such costs, snorting as part of roaring displays should
thus provide substantial selective benefits to signallers.

Given their association with predation risk, alarm calls in agonistic vocal displays could prove advantageous
to signallers by manipulatively inciting fearful reactions in competitors (Manipulative Signal hypothesis;
Semple & McComb 1996; Wheeler 2009). A deceptive use of antipredator signals during conflicts has been
widely documented among terrestrial vertebrates. For example, various birds and primates utter “false”
alarm calls (i.e. in the absence of realized danger) to scare off conspecifics from foraging grounds and
appropriate food items (in primates: Cheney & Seyfarth 1985; Wheeler 2009; in birds: Munn 1986; Flower,
Gribble & Ridley 2014). A similar strategy is adopted by subordinate male chimpanzees (Pan troglodytes) in
order to disrupt the courtship behaviour of dominant individuals, and gain access to oestrous females (de
Waal 1986; Miles 1986). It is thus conceivable that snorting in the impala roaring display might as well reflect
an attempt to deceive rivals into believing that a predator has been spotted, and discourage them from
trespassing into occupied territories (regarded as dangerous). This could prevent the escalation of signalling
contests into costly fights, and even prolong the duration of territorial tenure, with potentially positive effects
on individual reproductive success (Murray 1982; Oliver et al. 2007).

Another possibility is that alarm calls have become co-opted into complex agonistic vocalizations as alerting
elements (Alerting Signal hypothesis; Hebets & Papaj 2005; Partan & Marler 2005; Bro-Jgrgensen 2010; Wiley
2013). An “alert” draws the attention of the receivers to the delivery of another signal that follows, thereby
facilitating the detection and/or recognition of the latter, and ultimately reducing reaction times (Guilford &
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Dawkins 1991; Ord & Stamps 2002; Hebets 2004; Hebets & Papaj 2005; Grafe & Wagner 2007; Bradbury &
Vehrencamp 2011; Wiley 2013). Since alarm calls are both highly salient and pre-adapted for attention-
grabbing (e.g. Manser 2001; Volodina et al. 2018), they might be ideally suited as alerts. The snorts of male
impala are no exception, due to their perceived connection with imminent danger, and to their noisy acoustic
structure (i.e. lack of harmonics), broad bandwidth, and abrupt onsets and offsets (Frey et al. 2020): all
properties known to be particularly evocative to listeners (Morton 1977; Fitch, Neubauer & Herzel 2002;
Reby & Charlton 2012). Hence, snorting at the beginning of a roaring display might assist receivers in
concentrating on the relevant agonistic information broadcasted by the following grunting calls. In the
relatively dense vegetation of impala breeding territories, where the opportunity for visual communication
between competitors is limited (Owen-Smith 1977; Jarman 1979), this would ensure that the threat posed
by vocalizing rivals is promptly evaluated and dealt with.

Here | tested the validity of the adaptive hypotheses discussed above (Manipulative Signal, Alerting Signal),
by exposing male impala to playbacks of (i) snorts and grunts in isolation, and (ii) their combinations into
roaring displays (cf. Partan & Marler 2005). | first investigated whether the advertisement snorts in the
roaring display were indeed indistinguishable from the alarm snorts. Accordingly, | expected the two types
of snorts to have similar acoustic structure, and to both evoke retreats from the sound source during
playbacks, in line with a putative alarm role (cf. Bro-Jgrgensen & Pangle 2010). | then proceeded to
investigate the message contained in grunts and roaring displays (snorts + grunts). Since grunting calls are
exclusively emitted during sexual-aggressive interactions, | predicted that, contrary to snorts, they would
provoke approaching and vocalizing behaviours typical of territorial disputes (Jarman 1979; Murray 1982).
On the other hand, the responses to roaring displays were expected to vary depending on the main function
of the snorting component: (i)Under the Manipulative Signal hypothesis, | predicted that male impala would
associate the snorts in the roaring displays with imminent danger, and thus be less likely to approach
playbacks of roaring displays than playbacks of grunts in isolation. This should be especially evident with
roaring displays containing a very large number of snorts (snort-dominated displays from now onwards),
which may denote a high-risk situation (Caro 1994; Meise, Franks & Bro-Jgrgensen2018). Under the Alerting
Signal hypothesis, | conversely predicted that snorting in roaring displays would not modify the aggressive
message of the grunting calls, but instead increase their salience. Hence, | expected that male impala
presented with playbacks of roaring displays would start approaching the sound source at a shorter latency
than those exposed to grunts in isolation. Hypotheses and predictions are summarized in Table 1.

4.2 METHODS
Study system

The study was conducted in the Maasai Mara National Reserve, a protected area in south-western Kenya
which covers varied landscapes ranging from open grasslands to dense thickets. The Mara is characterized
by bimodal rainfall patterns, with peaks in November-December and March-May. Male impala in the
Serengeti-Mara ecosystem maintain breeding territories and are vocally active for most of the year, except
during the driest months (June-August; Schenkel 1966; Jarman 1979; Ogutu et al. 2015). Territories are
defended against intruding adult males and contain relevant forage resources that attract female herds
(Jarman 1979; Murray 1982).

Impala of both sexes snort when detecting ambush predators (in the study area: lion Panthera leo, leopard
Panthera pardus, cheetah Acinonyx jubatus, and humans; Estes 1991; Meise et al. 2018), assuming a typical
alert posture, with neck erected and ears pricked. By contrast, roaring displays are almost exclusively emitted
by adult males that have attained territory ownership (Jarman 1979; Murray 1982; Oliver et al. 2007).
Territorial males roar spontaneously, when chasing and confronting intruding males, and even during herding
of females (although the latter do not seemingly pay attention to the display, which is primarily directed at
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same-sex competitors; Schenkel 1966; Jarman 1979; G. D’Ammando, pers. obs.). The male posture during
roaring is characterized by a forward-stretched neck, lifted muzzle and tail gradually raised to about 45
degrees, often during fast walking or running (Fig. 2; Leuthold 1977; Jarman 1979).

Stimulus acquisition

Roaring displays were recorded at a distance of 35-40 m using a directional microphone (Sennheiser ME67)
connected to a digital audio recorder (Marantz PMD670). Roaring was incited by broadcasting an unaltered
recording of a roaring display (duration = 3.870 s; recorded by J. Bro-Jgrgensen) to 25 territorial male impala,
using a loudspeaker (Mipro MA707) positioned at ground level and connected to a digital audio recorder
(Tascam H2-P2). Vocalizations were surveyed in Praat v. 6.0.3 (Boersma & Weenink 2017), and high-quality
exemplars (i.e. with no overlapping sounds) from eight different individuals were selected for the
construction of playback stimuli. Recordings of alarm snorts were obtained, using the same equipment, by
presenting territorial male impala (n = 10) with a cardboard model of a leopard (based on a high-resolution
photo), placed at 50-80 m and at a ~90° angle from the focal animal. Four high-quality recordings were chosen
for further playback experiments.

Acoustic analyses

| analysed the duration and peak frequency of alarm and advertisement snorts in Praat (Boersma & Weenink
2017). | focused on 28 different male impala (including additional recordings from this study, and from a
previous research project on the same population; Meise et al. 2018), and examined an average of 1.607 +
0.139 (range 1-4) snorts per individual. Snort duration was measured in narrow-band spectrograms
generated by fast Fourier transformation (Gaussian window length=0.025 s; time steps=1000; frequency
steps=2500). Peak frequency was considered as the frequency of greatest energy observed on a power
spectrum after cepstral smoothing at 1000 Hz.

Construction of playback stimuli

All recorded exemplars were edited in Audacity 2.1.0 (Audacity Team 2017) in order to obtain four types of
playback stimuli: (i) snorts (alarm or advertisement); (ii) grunts; (iii) snort-dominated roaring displays (10
snorts + 1 grunt); and (iv) grunt-dominated roaring displays (1 snort + 1 grunt; defined as “grunt-dominated”
given the considerably longer duration of the grunting component). | manipulated the number of snorts (1
or 10), and the number of syllables in the grunts (2, 4, or 16), in order to reflect natural variation in call
duration (Appendix ). All stimuli were standardized to natural amplitudes (60-63 dB), measured in the field
at a distance of 35 m with the aid of a sound level meter (UNI-T, Model UT352).

Playback experiments

| conducted 222 playback trials on territorial male impala, in an attempt for a balanced design (mean + SE =
55.5 + 3.5 trials per stimulus type). Stimuli were presented to both solitary (n=114) and harem-holding males
(n=108), following a randomized order. Each exemplar was never broadcasted more than five times (mean +
SE = 3.763 + 0.183 trials per exemplar). To prevent double-sampling, | identified individual male impala by
reporting distinctive morphological traits (horn shape and ridges, ear notches, albinisms, and scars; Jarman
1979) on custom-made identity cards, and avoided conducting trials on animals which had been previously
targeted. Moreover, | travelled > 800 m between playback sites on the same day (beyond the active space of
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impala vocalizations; G. D’Ammando, pers. obs.), and played back stimuli at distances greater than the
maximum estimated diameter of impala territories (~ 250 m; Jarman 1979) on different days. The risk for
pseudo-replication to affect the results was therefore minimal. The territorial status of male impala was
inferred from behavioural cues observed over a period of = 10 minutes before the start of each playback trial
(Appendix I1).

Stimuli were presented to stationary, foraging individuals after 20 seconds of uninterrupted grazing. All
responses were recorded on a digital video camera (Sony HDR-PJ810E). Filming was ended once the focal
animal had returned to grazing for at least 10 seconds, or moved out of view. Trials were only conducted in
conditions of low wind speed (< 3.0 m/s), measured with an anemometer (Proster Digital LCD); and at a
distance of 45-80 m, measured with a laser rangefinder (Bushnell Scout DX 1000 ARC). Grass height and
distance to woody vegetation cover at playback sites were visually estimated by comparison with the body
height and length of an adult male impala (measurements taken from Estes 1991; and Kingdon 2015). For
harem-holding males, | also counted the number of adult females (> 3 years old, with a visible udder;
Averbeck et al. 2010) forming the harem, using 8x42 Nikon Aculon binoculars. Playback procedure is
summarized in Fig. 3.

Behavioural analyses

Video recordings of playback trials were processed in BORIS (Behavioural Observation Interface Software;
Friard & Gamba 2016) using frame-by-frame analyses (temporal window length = 0.04 s). Behavioural
responses occurring within 2 minutes from stimulus presentation were categorically classified as: (i)
approaching the speaker; (ii) retreating from the speaker and (iii) vocalizing (only roaring displays, as snorts
and grunts in isolation occurred very infrequently: n = 6). | conservatively considered as genuine approaches
or retreats only movements of > 10 steps in an uninterrupted walking bout. This ensured that small-scale
orienting behaviour was excluded from analyses. The latency to approach the speaker was calculated, for the
playbacks of grunts and roaring displays that elicited this response (n = 97), as the time interval from grunting
onset (measured on a BORIS spectrogram) at which the first movement of the front legs of a focal individual
could be observed. Impala in the study population did not react to control bird sounds (ring-necked dove
Streptopelia capicola) in a previous study which adopted a similar playback design (Meise et al. 2018). | could
therefore be reasonably sure that observed responses were not an artefact of my experimental setting.

Statistical analyses

All statistical analyses were conducted in R 3.5.2 (R Development Core Team 2019). The duration and peak
frequency of alarm and advertisement snorts were compared using Wilcoxon rank-sum tests. Differences in
the response frequencies (approach, retreat, or vocalize) to playbacks of the two type of snorts, on the other
hand, were estimated using chi-square tests of independence. Multivariate analyses did not show any
significant effects of socio-ecological variables (i.e. distance to focal individual, grass height, etc.) on the
reactions of male impala to alarm and advertisement snorts, and the results are thus not reported here.

The probabilities of retreating, approaching, and vocalizing in response to playbacks of snorts, grunts, and
roaring displays were modelled as binary response variables in Generalized Linear Mixed Models (GLMM:s)
with binomial error distribution and logit link function (McCullouch & Neuhaus 2003). Separate models were
fitted to each of the three different behavioural responses. Latency to approach the speaker was re-scaled
to milliseconds in order to obtain integer values, and entered as a response variable in GLMMs with zero-
truncated negative binomial error distribution (Zuur et al. 2009; Yau et al. 2013). This method has been
successfully employed to analyse highly skewed “time-to” data in previous studies (e.g. Duffield, Wilson &
Thornton 2015), and was preferred over survival analysis due to the violation of residual proportionality
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assumptions in my dataset (Kutner, Nachtsheim & Neter 2005). Fixed effect explanatory variables in all
models included the type of the playback stimulus (snorts, grunts, snort-dominated roaring display, and
grunt-dominated roaring display), and the following socio-ecological variables: male status (solitary or
harem-holding); distance from the speaker; wind speed; proximity to cover; and grass height. Harem size was
converted from continuous to categorical (“male status”) in order to resolve multiple convergence warnings
in model fit (Allison 2004). All continuous explanatory variables were log-transformed to make them suitable
for analyses. Stimulus duration (as defined by the number of snorts and of syllables in the grunts; Appendix
1), and stimulus identity were entered in the models as random effects, in order to control for noise generated
by variability among exemplars. All modelling was performed in the glmmTMB package (Magnusson et al.
2019).

Model selection was implemented via progressive removal of predictors in order of least significance (p >
0.05; Murtaugh 2014). Multicollinearity between explanatory variables was checked by calculating Variance
Inflation Factors (VIFs). All VIFs were < 2.09, thus well below the accepted threshold of concern of 5-10
(Kutner et al. 2005). In negative binomial GLMMs, the theta parameter was not significantly different from
1 (6 =0.86—1.35), thereby excluding the risk of residual over-dispersion. The statistical significance of post-
hoc contrasts for categorical variables was calculated by applying The Hollman-Bonferroni correction in the
Ismeans package (Lenth & Lenth 2018).

4.3 RESULTS
Differences between alarm and advertisement snorts

| did not find any detectable differences between advertisement and alarm snorts, neither in peak frequency
(1716 £ 127 Hz; Mann-Whitney U = 268.5; n; = 22 alarm snorts, n; = 25 advertisement snorts; P=0.932), nor
in duration (293 + 12 ms; Mann-Whitney U = 344.5; n; = 22 alarm snorts, n, = 25 advertisement snorts; P
=0.129; Fig. 4). Furthermore, the two types of snorts elicited similar responses during playbacks
(approaching: x2 =0.002, df = 1, P = 0.963; retreating: x* = 0.046, df = 1, P = 0.831; vocalizing: x> = 0.002, df =
1, P =0.963; n1 = 19 alarm snorts, n, = 20 advertisement snorts), with retreats from the speaker observed in
the majority of trials (68 %; Fig. 5). This implies that all snorts in isolation conveyed equivalent messages, and
were likely perceived as alarm calls irrespectively of the original context of production.

Information content of snorts, grunts, and roaring displays

Playbacks of snorts in isolation evoked retreating behaviour in territorial male impala significantly more often
than playbacks of grunts (log-odds ratio = 1.587 + 0.408: t = 3.888; P < 0.001; Table 2; Fig. 6), consistent with
an alarm function. By contrast, playbacks of grunts were more likely than snorts to cause territorial male
impala to approach the speaker (log-odds ratio = 2.903 + 0.693: t = 4.189; P < 0.001; Table 3; Fig. 6), and to
vocalize (log-odds ratio = 2.579 + 0.887: t = 2.906; P = 0.021; Table 4; Fig. 6). This is consistent with these
calls primarily encoding agonistic information. Playbacks of roaring displays (snorts + grunts) also provoked
aggressive behaviour (i.e. approaching and vocalizing) more frequently than snorts (Table 3 & Table 4; Fig.
6). However, contrary to the expectations of the Manipulative Signal hypothesis, focal individuals were not
less likely to approach the speaker in response to roaring displays than in response to grunts (grunt-
dominated displays versus grunts: log-odds = 0.234 = 0.565; t = 0.414; P = 0.976), not even when roaring
displays contained a large number of snorts (snort-dominated displays versus grunts: log-odds = 0.021 +
0.580; t=-0.036; P = 1.000; Fig. 6). Conversely, male impala approached the speaker with significantly shorter
latency after hearing both grunt-dominated (latency mean = SE = 10.458 + 2.745 s; b =-0.915 £ 0.329; t = -
2.778; P = 0.018) and snort-dominated roaring displays (mean + SE = 7.512 + 3.225; b = 1.45 + 0.466; t =
3.116; P = 0.007) than when hearing grunts in isolation (mean * SE = 21.694 + 3.581; grunt-dominated vs
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grunts = -0.915 + 0.329; t = -2.778; P = 0.018; Fig. 7). These response patterns support the Alerting Signal
hypothesis.

4.4 DISCUSSION

| found that the advertisement snorts in the roaring display of territorial male impala were indistinguishable
from the alarm snorts emitted upon detecting predators. The two types of snorts had similar acoustic
structure, and elicited similar risk-aversive behaviour (i.e. retreating from the sound source) during playback
trials. Nonetheless, snorts did not evoke retreats when combined with grunting calls into roaring displays. By
contrast, their presence significantly reduced the latency of an aggressive response (i.e. approaching the
sound source) to the following grunts. This suggests that the snort, with its evolutionary origin as an alarm
call, has been co-opted for a secondary, derived function as an alerting element in the roaring display.

The results confirm that the roaring display is a combination of two pre-existing calls, snorts and grunts,
which are meaningful in isolation, and contain different, non-overlapping information. In particular, snorts in
isolation are seemingly perceived as notifications of predation risk (cf. Bro-Jgrgensen & Pangle 2010; Palmer
& Gross 2018; Meise et al. 2018). On the other hand, the approaching and vocalizing behaviours incited by
playbacks of grunts in isolation are consistent with aggressive signalling during territorial disputes (Jarman
1979; Oliver et al. 2007). In this respect, grunts may be functionally equivalent to the loud agonistic
vocalizations of other ungulates, and, pending further investigations, also encode relevant cues to individual
competitive ability (e.g. body size, stamina; cf. red deer Cervus elaphus Reby et al. 2005, Charlton & Reby
2016; fallow deer Dama dama Vannoni & McElligott 2008; and goitered gazelle Gazella subgutturosa Blank,
Ruckhstul & Yang 2014). However, if grunting on its own is sufficient to convey an unambiguous agonistic
message, what is the value of snorts in the roaring display?

In playback trials, snorts combined with grunts did not substantially alter the message content of the latter,
as evidenced by the qualitatively similar responses of male impala (i.e. approaching and vocalizing) to both
grunts in isolation and roaring displays (snorts + grunts). Nevertheless, focal individuals usually moved
towards playbacks of grunts only long after the stimulus had ended. To the contrary, those presented with
roaring displays often started an approach immediately after the grunting component of the stimulus had
been broadcasted. Therefore, the introductory snorting phase appeared to lower the threshold for an
appropriate reaction to the subsequent grunts, in agreement with alerting signal theory (Guilford & Dawkins
1991; Hebets & Papaj 2005; Wiley 2013). | propose that the snorts might have a “priming effect” on receivers
(Hebets & Papaj 2005; Bradbury & Vehrencamp 2011), by making them aware to the possibility that a
grunting call may follow. This would decrease the time required for discriminating and processing the
agonistic information contained in the grunts, and improve the overall effectiveness of the display.

A striking parallel can be drawn with the territorial song of the rufous-headed towhee (Pipilo
erythrophthalmus). In this North American bird, males also react earlier, with aggressions and vocalizations,
to singing bouts introduced by an alerting “trill” (Richards 1981). Shorter response latencies to agonistic
signals preceded by alerts have also been documented in other birds (Nelson 2017), and even in the gestural
displays of male Anolis lizards (Ord & Stamps 2008). The snorts of male impala are anyway unique among
alerting elements, in the primary role of alarm calls. Since the impala has a small and rather fixed vocal
repertoire (only four different vocalizations described to date; Jarman 1979; Frey et al. 2020), selection for
signal efficacy may have favoured the integration of the snort, a highly salient vocalizaton shaped to get
attention, over the evolution of an entirely novel component (cf. Gould & Vrba 1974).

With regard to the exact alerting mechanism of the snorts, | can only advance speculative explanations. One
possibility is that the harshness and chaotic acoustics of these utterances could promote selective attention
in receivers, and hence speed up the recognition of the grunting calls transmitted on the same sensory
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channel (Guilford & Dawkins 1991; Hebets & Papaj 2005; Hebets et al. 2016). Supporting this interpretation,
harsh sounds have been demonstrated to generate heightened responsiveness in different lineages of
mammals (humans included; Slocombe & Zuberbuhler 2007; Townsend & Manser 2011; Reby & Charlton
2012). Alternatively, the close link between snorts and imminent danger could increase fear-mediated
testosterone production, and thus induce arousal and, subsequently, increased reactivity to external stimuli
(Gyger et al. 1988; Blumstein & Recapet 2009; Fedurek et al. 2016). At the moment, the respective impacts
of snort design and information content on the salience of the roaring display remain difficult to tell apart.
This issue might be solved through re-synthesis techniques, which allow for controlling variation on different
acoustic parameters; and by monitoring the hormonal changes of impala exposed to different call types.

A potential problem arising from the double use of snorts as both alarm calls and alerting display elements,
is that it might confuse their interpretation by receivers, with deleterious consequences on individual survival
and/or reproductive success (Schlenker, Chemla & Zuberbuhler 2016; Dezecache & Berthet 2018). My
playback experiment showed that, in some instances, focal individuals reacted aggressively to snorts in
isolation — a costly decision in the presence of an actual predator (Sherman 1985; Bergstrom & Lachmann
2001). At the same time, the introductory snorts in roaring displays occasionally triggered retreats, which
could be disadvantageous during confrontations with intruders (i.e. due to the higher chance of losing
territory ownership; Maynard-Smith 1979; Krebs 1982). Such errors were however very rare, and, in most
cases, male impala appeared able to discern that snorts followed by grunts were not to be interpreted as
alarm calls, and vice versa. Grunting thus appears to operate as a “contextual modifier” (cf. Quattara et al.
2009; Berthet et al. 2019; Engesser & Townsend 2019), with its presence or absence helping receivers in
retrieving the exact context of snort production (advertisement or alarm, respectively), and reducing the
inherent ambiguity associated with snorting.

Surprisingly, the large number of snorts in snort-dominated roaring displays did not further reduce impala
response latencies, when compared to a single snort (i.e. in grunt-dominated displays). Since the production
of fast snort sequences (up to 13; Appendix |) might be costly in energetic terms, this demands evidence of
communication benefits. A tentative explanation could be that the repetitions serve as backup signals to
increase display redundancy and thus favour detection by receivers (Johnstone 1996; Brumm & Slater 2006;
Hebets et al. 2016).

My findings delineate a possible adaptive path for the inclusion of alarm calls as part of mammalian
aggressive displays. A comparative approach would be helpful in determining whether or not the alerting
signal hypothesis could also explain the convergent adaptations to male impala observed across other
species. These include, but are by no means restricted to, the alarm barks introducing the roars of red deer
(Reby & McComb 2003; Passilongo et al. 2013), and the alarm-like components incorporated in the loud
territorial utterances of various forest primates (e.g. black-and-white colobus monkey Colobus guereza
Marler 1972; gibbons Hylobates sp. Mitani 1985; indri lemur Indri indri Giacoma et al. 2010; howler monkeys
Alouatta ssp. Kitchen et al. 2015).

In mammals, the evolution of complex vocalizations has usually been attributed to sexual selection
(Cowlishaw 1996; Gustison & Bergman 2016), or to the need for a greater variety of social signals in large
groups (cf. the “social complexity hypothesis”; McComb & Semple 2005; Freeberg, Dunbar & Ord 2012;
Gustison, Le Roux & Bergman 2012; Bouchet, Blois-Heulin, & Lemasson 2013; Manser 2016; Dunn & Smaers
2018). Here | show that call combinations can also emerge under efficacy-based selection pressures in
agonistic contexts. Future studies should therefore take into account the potential for multiple evolutionary
forces to generate complexity by analysing vocal repertoires as the building blocks of signal elaboration and
diversification.
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4.5 CONCLUSION

This study provides experimental evidence that the alarm snort of male impala antelopes has been co-opted
into the roaring display of territorial advertisement for an alerting function. Specifically, | observed that
snorting reduces the response latency of the receivers to the agonistic message encoded in the grunting
component of the display, and thus seemingly enhances efficacy of this communication system. Additional
research is now necessary to test the applicability of my alerting signal interpretation at a broader taxonomic
scale.

95



4.6 TABLES

Table 1: Summary of the hypotheses proposed to explain the function and information content of the
different call components of the roaring display of territorial male impala.

Predicted responses

Snort Grunt Roaring display
(Snort + Grunt)

Manipulative signal A .
Alerting signal A é
7/ : = Retreat

Hypotheses

= Approach and/or display
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Table 2: GLM model of the probability of male impala retreating from the speaker during playback
experiments as a binary (1/0) response variable. The reference level for the playback stimulus predictor is
the “grunt — dominated” (i.e. one snort + grunting) roaring display.

Coefficient S.E. t P
Stimulus - Grunt 0.251 0.427 0.588 0.557
Stimulus — Snort- 0.028 0.470 0.059 0.953
dominated roaring
display
Stimulus - Snort 1.838 0.421 4.361 <0.001
Male - Solitary -0.573 0.312 -1.836 0.066
Distance (log) 1.435 0.982 1.462 0.144
Grass Height (log) 0.168 0.189 0.889 0.374
Cover (log) 0.136 0.097 1.462 0.161
Log(Wind Speed) 0.783 0.321 2.438 0.015

Table 3: GLM model of the probability of male impala approaching the speaker during playback experiments
as a binary (1/0) response variable.

Coefficient S.E. t P
Stimulus - Grunt -0.234 0.565 -0.414 0.679
Stimulus — Snort- -0.213 0.584 -0.365 0.715
dominated roaring
display
Stimulus - Snort -3.137 0.699 -4.488 <0.001
Male - Solitary 0.210 0.317 0.663 0.501
Distance (log) -1.791 0.996 -1.797 0.072
Grass Height (log)  -0.173 0.196 -0.881 0.378
Cover (log) 0.084 0.098 0.848 0.396
Wind Speed (log) -0.468 0.330 -1.416 0.157

Table 3: GLM model of the probability of male impala engaging into vocal displays during playback
experiments as a binary (1/0) response variable.

Coefficient S.E. t P

Stimulus - Grunt -0.1154 0.839 -0.136 0.892
Stimulus - Snort- 0.396 0.874 0.452 0.651
dominated  roaring

display

Stimulus - Snort -2.693 0.880 -3.060 0.002
Male - Solitary 0.053 0.354 0.149 0.882
Distance (log) -0.620 1.101 -0.564 0.573
Grass Height (log) -0.438 0.222 -1.979 0.048
Cover (log) 0.037 0.108 0.345 0.730
Wind Speed (log) -0.700 0.394 -1.779 0.075
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Table 5: GLM zero-truncated negative binomial model of the latency of male impala to approach the speaker
during playbacks as the response variable (n=97). Latency to approach was measured from the onset of the
grunting call in all stimuli. The reference level for the playback stimulus is the grunt-dominated roaring
display.

Coefficient S.E. t P

Stimulus - Grunting 1.083 0.418 2.592 0.009
Stimulus - Snort- -0.370 0.453 -0.818 0.413
dominated roaring

display

Male - Solitary 0.645 0.268 2.594 0.009
Distance (log) 0.900 0.750 1.200 0.230
Grass Height (log)  0.556 0.172 3.225 0.001
Cover (log) -0.064 0.072 0.892 0.372
Wind Speed (log) 0.102 0.299 0.342 0.732
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4.7 FIGURES
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Figure 1: Narrow-band spectrogram of a male impala roaring display (Gaussian window length

2500). This exemplar contains four snorts (left), followed by a multi-syllable
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grunting call (right).
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Figure 2: Territorial male impala during a roaring display. The male is in the typical roaring posture, with
stretched neck, lowered larynx (to mid-neck position), and raised, fanned tail. Picture by Claudio Graziani.
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Figure 3: Playback experimental protocol. Movements of territorial male impala in reaction to playback
stimuli were classified as either approaching to, or retreating from, a loudspeaker hidden by the car
silhouette.
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(A) Alarm snorts (B) Advertisement snorts

10 kHz

Frequency(kHz)

0 kHz

Figure 4: Narrow-band spectrograms of two male impala alarm snorts (A), and of two advertisement snorts

extracted from a roaring display (B; Gaussian window length=0.025 s; time steps=1000; frequency
steps=2500).
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Figure 5: Responses to playbacks of alarm (n; = 19) and advertisement snorts (n, = 20).
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Figure 6: Proportion of trials eliciting approaches, retreats, or vocal displays in response to the four different
playback stimulus types.
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Figure 7: Latency (in seconds) to approach the speaker by territorial male impala in response to: (i) grunt-
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calculated from the onset of the grunting component in roaring displays. Top horizontal bars indicate levels
of statistical significance in multiple pairwise comparisons (*<0.05; **<0.01; ***<0.001; NS=Non-Significant).
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4.9 APPENDIX |
Playback stimuli construction

Playback stimuli of male impala roaring displays (snorts + grunts) were obtained by manipulating high-quality
recordings from 8 different individuals. The recordings were edited as to reflect variation in call duration,
while respecting the structure and arrangement of the single vocalizations. Acoustic characteristics of the
calls were measured in Praat 6.0.4 (Boersma & Weenink 2017), while sound editing was conducted in
Audacity 2.1.0 (Audacity Development Team 2017).

All available recordings of roaring displays from the study area (n = 36; including low-quality exemplars)
began with a snort or a sequence of snorts (range = 1-13 snorts; cf. Schenkel 1966; Jarman 1979; Frey et al.
2020). | therefore edited the recordings in order to include both a small number (1) and a large number (10)
of snorts, mimicking natural variation. Silent intervals between snorts were standardized to an average
duration (0.387 seconds). Similarly, the silent interval between the snorts and the following grunts was
standardized to the average value (0.302 seconds). Single snorts were not altered during the editing process.

Snorts were followed by a grunting call in all recordings of roaring displays (although additional snorts
sometimes also followed grunts; Frey et al. 2020; G. D’Ammando pers. obs.). Grunts are multi-syllable
vocalizations (range = 2-20 syllables) emitted through a mobile larynx (Frey et al. 2020; G. D’Ammando, pers.
obs.). Larynx retraction generates vocal tract elongation, reflected by a gradual decrease in formant
frequencies (similarly to other bovids and cervids with retractable larynxes; Reby et al. 2005; McElligott et al.
2006; Vannoni & McElligott 2008; Frey et al. 2009, 2011). Using the “To Formants (Burg)” command in Praat
(Maximum Formant = 5000 Hz; number of formants = 6; window length = 0.025 s; Frey et al. 2020), | was thus
able to distinguish different types of syllables according to the shape of formants and the position in the
grunt. All grunts presented a syllable with descending formants at the beginning (introductory phase), a series
of syllables with stable formants in the middle (middle phase), and a syllable with ascending formants at the
end (final phase; cf. Frey et al. 2020).

| edited recordings in order to obtain grunts containing a varying number of syllables, while respecting the
observed arrangement into an introductory, middle, and final phase. Three exemplars included only 2
syllables (introductory and final phases), and were left unmodified for playbacks. The other five exemplars
were standardized to either a 4-syllable grunt (introductory and final phases plus two middle syllables); a 16-
syllable call (introductory and final phases plus fourteen middle syllables). This corresponded to small and
large numbers of syllables within the observed range of variation. The roaring display stimuli used during
playbacks therefore included the following combinations:

(i) 1 snort + 2 syllable grunt;

(i) 1 snort + 4 syllable grunt; Grunt-dominated roaring displays
(iii) 1 snort + 16 syllable grunt;

(iv) 10 snorts + 2 syllable grunt;

(v) 10 snorts + 4 syllable grunt; Snort-dominated roaring displays

(vi) 10 snorts + 16 syllables grunt.

All stimuli were kept at <15 s in maximum duration in order to avoid unnecessary disturbance to the animals.
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4.10 APPENDIX I
Individual identification of territorial male impala

Playback trials were conducted on unmarked individual male impala. Under ideal conditions, individually-
identified males should have been repeatedly located on different days and presented with different
playback stimuli. However, impala in the Mara proved impossible to be tracked on a daily basis, most
probably owing to short territorial tenure (13 days to 3 months; Jarman 1979; Kingdon 2015), and to the
dense thickets where individuals could remain hidden for long periods. | therefore opted to minimize the
possibility of exposing the same individual males to playback trials by: (i) avoiding presentation of stimuli to
males with the same body characteristics; and (ii) ensuring a high level of spatial and temporal segregation
between playback trials. Distinctive horn shape and horn ridging, and the presence and location of ear
notches/tears and albinisms, and of prominent scars, were all noticed and reported on custom-made identity
cards. Individuals with matching characteristics were not presented with more than one playback. On the
same day of experiments, the same route was never followed twice in order to avoid re-sampling the same
individuals; playback sites were spaced at a minimum distance of 800 m (beyond the observed active sound
space of impala calls, as per direct observations in conditions of low wind; G. D’Ammando, pers. obs.). The
GPS location of experimental trials was also recorded, so that, on different days, playback trials were not
conducted within 80 m of previous ones. This distance was larger than the estimated diameter of the largest
estimated male impala territory (300 m?) in the Serengeti-Mara ecosystem (Jarman 1979; Estes 1991). These
combined precautionary measures should have thus likely minimized the possibility for pseudo-replication.

In order to limit my playback experiments to territorial males, | searched for males with fully-grown lyrate
horns (2 3.5 years old; Spinage 1971); and which were either solitary (with no other adult males were visible
within ~100 m) or tending to a harem of females (males in bachelor herds were excluded). Territorial status
was inferred by observing male impala for a minimum of 10 minutes prior to playback presentation. This
allowed me to confirm territorial status by observing typical traits connected with territoriality, namely: (i)
“proud” posture in elevated terrain; (ii) linked urination-defecation displays; and (iii) dark skin patches
around the eyes (Jarman 1979). Only individuals which exhibited at least two of these traits were deemed as
territorial and selected for playback trials.

References

Audacity Development Team (2017). Audacity(R): Free Audio Editor and Recorder [Computer application].
Version 2.1.0. URL: https://audacityteam.org/ [1].

Boersma, Paul & Weenink, David (2017). Praat: doing phonetics by computer [Computer program]. Version
6.0.4. URL: http://www.praat.org/.

Bro-Jgrgensen, J., & Durant, S. M. (2003). Mating strategies of topi bulls: getting in the centre of
attention. Animal Behaviour, 65(3), 585-594.

Carrasco, M. F., & Blumstein, D. T. (2012). Mule deer (Odocoileus hemionus) respond to yellow-bellied
marmot (Marmota flaviventris) alarm calls. Ethology, 118(3), 243-250.

Estes, R. D. (1991). The Behaviour Guide to African Mammals. University of California Press, Berkeley (USA).

Frey, R., Gebler, A., Olson, K. A., Odonkhuu, D., Fritsch, G., Batsaikhan, N., & Stuermer, I. W. (2008). Mobile
larynx in Mongolian gazelle: retraction of the larynx during rutting barks in male Mongolian gazelle (Procapra
gutturosa Pallas, 1777). Journal of Morphology, 269(10), 1223-1237.

Frey, R., Volodin, I, Volodina, E., Soldatova, N. V., & Juldaschev, E. T. (2011). Descended and mobile larynx,
vocal tract elongation and rutting roars in male goitred gazelles (Gazella subgutturosa Giildenstaedt,
1780). Journal of Anatomy, 218(5), 566-585.

114


https://audacityteam.org/
http://www.praat.org/

Frey, R., Volodin, I. A, Volodina, E. V., Efremova, K. O., Menges, V., Portas, R., & von Dérnberg, K. (2020).
Savannah roars: The vocal anatomy and the impressive rutting calls of male impala (Aepyceros melampus)—
highlighting the acoustic correlates of a mobile larynx. Journal of Anatomy, 236(3), 398-424.

Jarman, M. V. (1979). Impala social behaviour: territory, hierarchy, mating, and the use of space. Parey.
Kingdon, J. (2015). The Kingdon field guide to African mammals. Bloomsbury Publishing.

McElligott, A. G., Birrer, M., & Vannoni, E. (2006). Retraction of the mobile descended larynx during groaning
enables fallow bucks (Dama dama) to lower their formant frequencies. Journal of Zoology, 270(2), 340-345.

Meise, K., Franks, D. W., & Bro-Jgrgensen, J. (2018). Multiple adaptive and non-adaptive processes determine
responsiveness to heterospecific alarm calls in African savannah herbivores. Proceedings of the Royal Society
B: Biological Sciences, 285(1882), 20172676.

Murray, M. G. (1981). Structure of association in impala, Aepyceros melampus. Behavioral Ecology and
Sociobiology, 9(1), 23-33.

Palmer, M. S., & Gross, A. (2018). Eavesdropping in an African large mammal community: antipredator
responses vary according to signaller reliability. Animal Behaviour, 137, 1-9.

Reby, D., McComb, K., Cargnelutti, B., Darwin, C., Fitch, W. T., & Clutton-Brock, T. (2005). Red deer stags use
formants as assessment cues during intrasexual agonistic interactions. Proceedings of the Royal Society B:
Biological Sciences, 272(1566), 941-947.

Spinage, C. A. (1971). Geratodontology and horn growth of the impala (Aepyceros melampus). Journal of
Zoology, 164(2), 209-225.

Vannoni, E., & McElligott, A. G. (2008). Low frequency groans indicate larger and more dominant fallow deer
(Dama dama) males. PloS One, 3(9), e3113.

115



CHAPTER 5: HUMAN SHIELDS ASSOCIATED WITH LOWER VIGILANCE, BUT STRONGER ALARM CALL
RESPONSES, IN TWO AFRICAN ANTELOPES

ABSTRACT

Anthropogenic activities can lead to substantial alterations in antipredator behaviour, with relevant
implications for the conservation and management of wildlife populations. The antipredator responses of
wild ungulates might be reduced by so-called ‘shielding effects’ in the proximity of human settlements,
caused by the extirpation of large carnivores. Here | investigated whether human shieldsat the borders of
the Maasai Mara National Reserve (Kenya) affected two antipredator behaviours, vigilance and
responsiveness to alarm calls, in two savannah antelopes, the topi (Damaliscus lunatus) and the Thomson’s
gazelle (Eudorcas thomsonii). | compared vigilance levels and reactions to playbacks of both conspecific and
heterospecific alarm calls between “disturbed areas” along the boundaries of the reserve, where conflicts
with pastoralists had depressed the abundance of predators; and “undisturbed areas” at the core of the
reserve away from human settlements. | found that both species were less vigilant in disturbed than in
undisturbed areas, indicating a reduction in the overall exposure to predation risk. However, contrary to my
expectations, the two antelopes responded more strongly to conspecific alarm calls in disturbed areas. |
suggest that alarm calls in disturbed areas might denote unpredictable anthropogenic threats, and therefore
require more careful assessment. No detectable differences in reactions to heterospecific alarm calls
between disturbed and undisturbed areas may reflect less finely tuned responses to such less important calls.
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5.1 INTRODUCTION

Wildlife is increasingly coming into contact with humans due to global population growth and encroachment
into natural habitats (Ceballos & Ehrlich 2002; Nyhus 2016; Margulies & Karanth 2018; Treves & Santiago-
Avila 2020). Some anthropogenic activities represent a major source of disturbance to terrestrial vertebrates,
and can lead to profound behavioural alterations (Cooke et al. 2014; Stabach et al. 2016; Greenberg &
Holekamp 2017; Paton et al. 2017; Benitez-Lopez 2018; Gaynor et al. 2018; Marion et al. 2020). For example,
hunting and human-wildlife conflicts can instil strong fear in large mammals, causing substantial
intensifications in risk-sensitive behaviours (e.g. vigilance rates: Ciuti et al. 2012a, 2012b; Crosmary et al.
2012; Schuttler et al. 2017). By contrast, more benign forms of disturbance, such as urbanization and nature-
based tourism, often coincide with a relaxation of overall alertness to danger (Thompson & Henderson 1998;
Lowry, Lil & Wong 2013; Hansen & Aanes 2015; Uchida et al. 2019; Wevers et al. 2020; Berger et al. 2020).
This is likely a consequence of “shielding effects” against natural predators implemented via the eradication
or deterrence of large mammalian carnivores from human-dominated landscapes (Berger 2007; Atickem, Loe
& Stenseth 2014; Sarmento, Biel & Berger 2016; Berger et al. 2020). On these premises, conservationists
have voiced concerns over the potential for human shields to interfere with the ability of prey species to
correctly discriminate and assess cues and signals of predation risk (Coleman et al. 2008; Carrasco &
Blumstein 2012; Geffroy et al. 2015; Carthey & Blumstein 2018). In this study, | addressed whether shielding
effects in a protected area could have dampened the responsiveness to alarm calls in two species of African
antelopes.

Several studies have demonstrated that wild ungulates perceive settlements and other anthropogenic
infrastructures as safe refuges from natural predators, since large mammalian carnivores, following a long
history of persecution, tend to avoid human presence (e.g. Ordiz et al. 2011; Wilmers et al. 2013; Oriol-
Cotterill et al. 2015; Gehr et al. 2017). Accordingly, ungulate populations in agricultural or urban contexts are
significantly less vigilant than those inhabiting more pristine wilderness (Shannon et al. 2014; Saltz et al.
2019). Some evidence also exists that shielding effects can diminish ungulate sensitivity to interactions with
predators: mountain goats (Oreamnos americanus) are less prone to flee from grizzly bears (Ursus arctos) at
tourist sites from which the latter are actively deterred (Sarmento & Berger 2017). However, the impact of
human shields on antipredator signals remains poorly understood.

Ungulates emit alarm calls primarily as notifications of detection to ambush predators (relying on stealth),
signalling the loss of the surprise element and the unprofitability of launching an attack (Caro 1994; Bro-
Jgrgensen & Pangle 2010). In social species, group members also become immediately alert after hearing an
alarm call, gleaning information about imminent threats (Caro et al. 1995; Bro-Jgrgensen & Pangle 2010).
The same occurs in mixed-species herds, where individuals often rely on the signalling behaviour of
heterospecifics in order to locate approaching predators (Palmer & Gross 2018; Meise, Franks & Bro-
Jgrgensen 2018). The strength of the responses to alarm calls would be expected to reflect the severity of
the threat associated with the signal (Meise et al. 2018). Here | propose that if human shields reduce the
likelihood of encountering natural predators, alarm calls would become associated with less severe threats,
and therefore elicit attenuated reactions.

The Maasai Mara National Reserve (Kenya; the Mara from now onwards) offers an ideal setting to test the
potential for human shields to affect ungulate alarm call responses. Along its north-eastern boundaries, the
Mara is characterized by the large-scale livestock herding practices of local Maasai communities, connected
with a sprawling growth of urban centres (Butt & Turner 2012; Butt 2014; Green et al. 2019; Veldhuis et al.
2019). Maasai pastoralists do not usually hunt wild ungulates (Ceppi & Nielsen 2014; Kiffner et al. 2015), but
regularly persecute large carnivores (Mogensen, Ogutu & Dabelsteen 2011; Mukeka et al. 2019; Broekhuis
et al. 2020), leading to markedly reduced density of of some predator species in areas of the reserve next to
unprotected village land (Ogutu, Bhola & Rheid 2005; Green et al. 2018). At the same time, the core regions
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of the Mara are relatively inaccessible to herders and unaffected by conflicts with predators (Farr et al. 2019).
| therefore compared the vigilance behaviour and the reactions to playbacks of alarm calls of two abundant
antelopes, the topi (Damaliscus lunatus) and the Thomson’s gazelle (Eudorcas thomsonii), between
“disturbed areas” at the periphery of the Mara, presumed to be relatively shielded against natural predators,
and “undisturbed areas” away from settlements. | expected that, if topi and Thomson's gazelles benefit from
human shields, baseline vigilance levels would be lower in disturbed areas near humans, than in the
undisturbed core regions of the reserve. | also predicted weaker responses to alarm calls in disturbed areas,
assuming that signals of predation risk were more likely to be elicited by less dangerous stimuli. Furthermore,
given the overlapping information content in the alarm calls of the two study species (i.e. they largely denote
the same predators; Meise et al. 2018), | predicted that shielding effects should have a similar effect on the
responsiveness to both conspecific and heterospecific alarm calls.

5.2 METHODS
Study area

The Mara is an unfenced protected area covering expanses of short and tall grassland, interspersed with
patches of thickets and riparian forests. The reserve is traversed by the Talek River, and the Mara River forms
its Western border. The area is characterized by bimodal rainfall patterns, peaking in November-December
and March-May. The present study was conducted between November 2017 and May 2018, thus coinciding
with the period of high rainfall. Pastoralist settlements are concentrated in the unprotected Talek Enclave,
which has seen a burgeoning increase in human and livestock populations over the last two decades (Pangle
& Holekamp 2010; Green et al. 2019).

Topi and gazelles are common year-round in all areas of the Mara (Green et al. 2019). These antelopes are
usually found in open plains, and frequently aggregate in mixed-species herds (Estes 1991). Both species
regularly emit alarm calls at the sight of ambush predators, which in the Mara include lion (Panthera leo),
cheetah (Acinonyx jubatus), and leopard (Panthera pardus; Estes 1991; Meise et al. 2018).

Selection of disturbed and undisturbed areas

Two open plains along the boundaries of the Mara with the Talek Enclave were selected as “disturbed areas”.
These areas were exposed to livestock grazing, according to maps of livestock distribution made available by
the Mara Predator Conservation Programme (www.marapredatorconservation.org), published evidence
(Butt 2010, 2014), and personal observations. All playback trials and vigilance observations were conducted
within 1.5 km of the heavily settled Talek town. In order to represent undisturbed areas, | chose three open

plains, all > 15 km away from the border with the Talek Enclave, well beyond the maximum penetration range
of pastoralists and their herds (~ 6 km; Pangle & Holekamp 2010, www.marapredatorconservation.org). This
distance also ensured limited movements between disturbed and undisturbed areas for both study species,

based on estimated home range diameter (~ 3 km for resident populations of Thomson’s gazelles; Walther
1972; 7 km for the topi; Bro-Jgrgensen 2003). Individuals in the two areas were thus assumed to have
experienced markedly different levels of human activity over their lifetime.

Baseline vigilance observations

| recorded vigilance behaviour during grazing bouts (duration = 5 minutes) on a digital video camera (Sony
HDR-PJ810E) for ten different topi and gazelles (5 males, 5 females) in disturbed and undisturbed areas,
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respectively. Observations were limited to individuals in small herds (< 4 individuals), and at sites with grass
< 30 cm, in order to exclude confounding effects on vigilance of group size (Hunter & Skinner 1998; Creel,
Schuette & Christianson 2014; no significant associations were found between vigilance and minimal group
sizes, topi: z=0.258, n = 10, p =0.796; gazelle: z = 0.326, n = 10, p = 0.745) and grass height, with taller grass
providing cover for ambush predators (Funston, Mills & Biggs 2001; Meise et al. 2018). The rate of head-lifts
(at shoulder level and above) during grazing bouts was considered as an indicator of baseline vigilance levels.

Playback stimuli

Exemplars of alarm calls from six different individual gazelles and topi (three from each sex) were recorded
during the course of a previous study (Meise et al. 2018; Fig. 1). Each of these two species has a highly
stereotypic alarm call, without obvious differences in acoustic structure between calls elicited by different
predator species (Estes 1991; Meise et al. 2018). Recorded vocalizations of the ring-necked dove (Streptopelia
capicola), comparable in volume to the alarm calls, were used as control sounds (Meise et al. 2018; Fig. 1).
All playback stimuli were standardized to natural amplitudes measured in the field at a 35 m distance, using
a handheld recorder (UNI-T, model UT352).

Playback experiments

| conducted a total of 144 playback trials. Each stimulus (topi, gazelle, and dove) was presented to 11-13
different adult individuals per species in each area (disturbed and undisturbed), balancing trials between
males and females (stimulus per sex per area: range = 5-6). In order to minimize the risk of pseudo-
replication, individual exemplars, which were presented in a randomized order, were not played more than
three times to the same species in the same area, and | noted down visible morphological traits (shape of the
horns, forehead markings, presence of albinisms, visible scars; Walther, Mungall & Grau 1983; Bro-Jgrgensen
& Durant 2003) to ensure that each playback trial was conducted on individuals not previously targeted. |
also travelled >250 m between playback trials on the same day (beyond the active space of alarm calls; Meise
et al. 2018), and visited the same plains at a minimum of five-day intervals. For male antelopes, | focused on
territorial individuals (recognizable by distinctive behaviours; Estes 1991; Bro-Jgrgensen 2003), and played
back stimuli on different days at distances larger than the estimated territory diameters (Walther 1972; Bro-
Jgrgensen 2003). Considering also the very large population of the two study species in the Mara (Bhola et
al. 2012), the risk of pseudo-replication affecting the results in this study is minimal.

Adult topi and gazelles were located while driving along the existing road network of the Mara. | selected the
closest grazing animal in a relaxed and stationary herd as the focal individual, and played back the stimulus
after a 20s period of uninterrupted grazing (Meise et al. 2018). Stimuli were broadcasted using a digital audio
recorder (Tascam H2-P2) connected to a loudspeaker (Mipro MA707) positioned at ground level and hidden
by the car silhouette (ungulates in the Mara are habituated to vehicles; Bro-Jgrgensen & Pangle 2010). All
trials were recorded on a digital video camera (Sony HDR-PJ810E). To ensure stimulus detection, playbacks
were conducted at distances of 45-80 m (measured with a laser rangefinder, Bushnell Scout DX 1000 ARC),
and at a wind speed of < 3 m/s (measured with an anemometer, Proster Digital Lcd Meise et al. 2018). | also
estimated grass height, distance from vegetation cover, and group size at each playback site (Appendix).

Behavioural analyses

Videos from playback trials were processed in BORIS (Behavioural Observation Research Interface Software;
Friard & Gamba 2016) using frame-by-frame analysis (temporal window length = 0.04 s). A response was
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scored as occurring if focal individuals lifted their head at shoulder level within 10 seconds from the onset of
the stimulus. Response intensity was measured as: (i) response latency (time to head-lifting); and (ii)
response duration (interval between head-lifting, and first head-lowering to resume grazing; Meise et al.
2018).

Responses to controls

| found that topi and gazelles lifted their heads significantly more often after playback of alarm calls, than
after playback of the control dove sound (topi: ¥* = 32.237, p < 0.001; gazelle: x* = 27.036, p < 0.001).
Additionally, individuals of both study species were not more likely to lift their heads after playback of the
control sound than during randomly-selected 10 second intervals from grazing bouts (topi in disturbed areas:
x%=0.002, p = 0.961; topi in undisturbed areas: x*> = 0.000, p = 1.000; gazelle in disturbed areas: x> = 0.552, p
= 0.458; gazelle in undisturbed areas: x* = 0.000, p = 1.000). These patterns support that the playback itself
does not elicit responses and that heightened responsiveness is due to the information contained in the
alarm calls.

Statistical analyses

All statistical analyses were conducted in R v. 3.5.2 (R Development Core Team, 2019). | compared response
latency to alarm calls (re-scaled from seconds to milliseconds) between disturbed and undisturbed areas
using the log-rank statistic of time-to-event Kaplan-Meyer survival analysis, in the packages survival and
survminer (Therneau & Lumley 2014; Kassambara et al. 2017). In case of no response, data were considered
as right-censored, and entered in the model with a value of 10 000 milliseconds (the maximum cut-off point
| allowed for a response to occur). Response duration to conspecific and heterospecific alarm calls was
compared between areas using unpaired Wilcoxon rank-signed sum tests (statistical significance was set at
p £ 0.05). Wilcoxon rank-signed sum tests were also applied to compare differences in the number of head-
lifts during grazing bouts according to the level of human disturbance.

The relatively small sample size (23-25 playback trials per each combination of stimulus - receiver) prevented
the use of multivariate analyses to account for the simultaneous effects of multiple predictors on the
intensity of the observed responses. In order to determine whether the impact of human disturbance could
be confused by other factors, | therefore tested for differences in socio-ecological variables at playback sites
between disturbed and undisturbed areas (distance to focal individual, group size, grass height, distance to
vegetation cover, and wind speed), using Wilcoxon rank-signed sum tests. | then explored the potential
correlations between these variables and the two measures of response strength (latency and duration) using
Kendall’s rank correlation tests.

5.3 RESULTS

Topi and gazelles living closer to humans lifted their head less often during grazing bouts than those in
relatively undisturbed areas (topi in disturbed areas mean + S.E. = 1.9 £ 0.458 head-lifts per bout; topi in
undisturbed areas = 5.6 £ 0.6, W = 7, p =0.001; gazelle in disturbed areas: 7.8 + 0.8; gazelle in undisturbed
areas: 15 £ 1.398; W = 3.5, p = 0.0005), in accordance with my predictions.

However, contrary to my expectations, topi and gazelles in disturbed areas exhibited stronger rather than
weaker responses to conspecific alarm calls. Individuals of the two study species in the vicinity of humans
were quicker to react to playbacks, although the difference was not significant for gazelles (topi: ¥* = 12.100,
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p < 0.001; Fig. 1A; gazelle: x* = 3.300, p = 0.071; Fig. 1B). Responses to conspecific alarm calls also lasted for
longer in disturbed areas for both topi (disturbed areas, mean £ S.E. = 39.941 + 9.605 s; undisturbed areas =
13.215 + 2.405 s; W = 111, p = 0.023; Fig. 2A) and gazelles (disturbed areas = 30.501 * 6.49 s; udisturbed
areas = 15.382 + 4.737 s; W = 114, p = 0.013; Fig. 2B). On the other hand, human presence had no
demonstrable effect on the reactions to heterospecific alarm calls, with no detectable differences found
between disturbed and undisturbed areas in either response latency (topi to gazelle: x> = 0.400, p = 0.530,
Fig. 1C; gazelle to topi: x* = 0.000, p = 0.860, Fig. 1D), or duration (topi to gazelle: W = 14, p = 0.145, Fig. 2A;
gazelle to topi: W =77, p = 0.293; Fig. 2B).

The majority of socio-ecological variables did not differ between disturbed and undisturbed areas, and
showed no significant correlations with response latency and duration (Appendix): this suggests that my
attempts at limiting variation in environmental conditions among playback sites were successful. An
exception was made by grass height, significantly shorter in proximity to human settlements, likely due to
livestock grazing pressures (Appendix). Ungulates are generally more reactive to antipredator signals in tall
grass (providing ambush cover to predators): the stronger responses to conspecific alarm calls in disturbed
areas therefore occurred in spite of the shorter grass, and most likely reflected genuine effects of human
disturbance rather than differences in grass height (Appendix).

5.4 DISCUSSION

| found that human disturbance significantly influenced the vigilance behaviour and the responsiveness to
alarm calls of topi and gazelles, though in opposite ways. Individuals of the two study species living in
disturbed areas were less vigilant than those in undisturbed areas, but at the same time devoted heightened
attention to playbacks of conspecific alarm calls. This was contrary to my expectation that a human shield
against predation, provided by pastoralism and urbanization, would attenuate both antipredator behaviours.
Moreover, exposure to humans did not modify the strength of the responses to heterospecific alarm calls.

The lower rate of head-lifts during grazing bouts suggests that topi and gazelles perceived areas around
humans as safer from predation risk than those further away. As head-lifting in ungulates is generally aimed
at preventing undetected approaches (Periquet et al. 2012; Owen-Smith 2019), these patterns likely reflected
a decrease in the probability of encountering ambush predators (Berger, Swenson & Persson 2001; Shannon
et al. 2014). In support of this claim, long-term monitoring has revealed a severe local decline in the
population densities of all large carnivores relying on stealth to catch prey, most notably lion (Panthera leo)
and cheetah (Acinonyx jubatus), in what | considered as “disturbed areas” (Broekhuis, Madsen & Klaassen
2019; Farr et al. 2019). The only exception is the spotted hyena (Crocuta crocuta); however, even if not
affected numerically, this species still avoids pastoralists (Pangle & Holekamp 2010) and may in any case be
less likely to affect vigilance levels as it adopts a coursing hunting strategy, not relying on ambush or stalking
(FitzGibbon 1989; Droge et al. 2019). The results therefore corroborate the existence of human shields, at
least against ambush predators, along the borders of the Mara.

In contrast to its effects on vigilance, proximity to humans appeared to increase the strength of topi and
gazelle responses to conspecific alarm calls. Here | propose that anthropogenic threats, may introduce a
higher degree of unpredictability to the information content of alarm calls, which may therefore require more
intense scrutiny (Caro 2005; Bradbury & Vehrencamp 2011; Favreau-Peigne et al. 2016). Alarm calls of African
antelopes are invariably elicited by both large carnivores and humans on foot (Caro 1994; Bro-Jgrgensen &
Pangle 2010; Meise et al. 2018). However, humans behave more unpredictably than natural predators,
engaging in a wider variety of disturbances: some are relatively low cost to wild ungulates (e.g. harassment,
nuisances), but others, even if infrequent, can be associated with extremely high mortality (notably shooting
by firearms or bow-and-arrow; Proffitt et al. 2009; Zbyryt et al. 2018). This variability is likely to shape
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responses to alarm signals. Although hunting and wild meat consumption are rare among the Maasai (Kiffner
et al. 2015), herders in the Mara also occasionally harass large herbivores due to perceived competition over
forage resources (Okello 2005; Western et al. 2019). Additionally, livestock is often accompanied by
unrestrained guarding dogs which are known to chase, injure, and sometimes kill wild ungulates (Pelletier
2006; Ekernas et al. 2017; Young et al. 2011; G. D’Ammando pers. obs.). Alarm calls in areas heavily used by
pastoralists might have thus become associated with a less sustained but more diversified array of
threatening situations (i.e. harassing humans, domestic dogs, sporadic predators) than those experienced at
undisturbed sites (i.e. only natural predators). This could explain the observed combination of lower vigilance
levels (threats are less common) and higher alertness to alarm calls (threats are more unpredictable) in
disturbed areas. Following this interpretation, topi and gazelles co-existing with humans would have reacted
more quickly and for longer to playbacks of alarm calls, in order to promptly assess the context of the signal,
and to correctly evaluate the exact type of risk. Irrespectively of the reduced frequency of danger caused by
shielding effects, the presentation of an alarm call would have therefore required a greater level of attention.

The human impact on alarm call responses was more marginal for gazelles than for topi (when considering
response latencies). This might be explained by the fact that some gazelles range over long distances,
encompassing both disturbed and undisturbed areas (Durant et al. 1988; Fryxell & Berdhal 2018).
Nomadic/migratory individuals would have thus failed to develop responses specific to localized
anthropogenic conditions.

As to why reactions to playbacks of heterospecific alarm calls were not affected by human disturbance, | can
only advance speculative explanations. One possibility is that alarm calls of other species are heard less
frequently than those of conspecifics, thereby limiting the opportunities for topi and gazelles to learn about
potential associations with anthropogenic threats, and ultimately precluding the development of flexible
adjustments in antipredator responses (Mery & Burns 2010; Magrath et al. 2015). Alternatively, ungulates
could lack the cognitive ability to decipher subtle modifications in the communication system of another
species (Heyes 1998; Seyfarth & Cheney 2010). As an example, vervet monkey (Chlorocebus aethiops) cease
to react fearfully to their own alarm calls when repeatedly associated with non-threatening stimuli, but fail
to do the same in response to the calls of familiar birds and antelopes (Cheney & Seyfarth 1992). Future
studies are needed to confirm whether this is a general pattern.

5.5 CONCLUSION

This study provides evidence that even where human shields against predators reduce vigilance levels, they
do not necessarily also reduce alarm call responsiveness, and may even increase it. An explanation for the
increased attention paid to alarm calls BY ANTELOPES in human-dominated landscapes may be an association
between these signals and more unpredictable anthropogenic threats. The extent to which human
disturbance contribute to modify wildlife behaviour is a matter of on-going debates: my findings highlight
that the impact of human presence on antipredator behaviours may be more complex than often assumed,
and sometimes manifest itself in unexpected ways.
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5.6 FIGURES
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Figure 1: Spectrograms of stimulus exemplars used for playback experiments: (A) topi alarm call; (B)
Thomson’s gazelle alarm call; (C) ring-necked dove call (control sound). Spectrograms were generated in
Praat version 6.1 (window length = 0.01 s; dynamic range = 50 dB).
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Figure 2: Cumulative incidence curves Kaplan-Meyer survival analysis comparing response latencies of topi
and gazelles to playbacks of conspecific (A, B) and heterospecific alarm calls (C, D) between disturbed and
undisturbed areas. Data are right-censored at 10 seconds.
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Figure 3: Response duration of topi (A) and Thomson’s gazelle (B) to playbacks of conspecific and
heterospecific alarm calls, in disturbed and undisturbed areas of the Maasai Mara National Reserve. Black
dots represent outliers.
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5.8 APPENDIX
Differences in social and ecological variables according to the level of human disturbance

| tested for differences in socio-ecological variables between disturbed and undisturbed areas using Wilcoxon
rank-signed tests. | found no significant differences in group size (W = 1135.5, p = 0.7713), distance to cover
(W =968.5, p=0.1352), and wind speed (W = 1300.5, p = 0.368). Grass was conversely taller in undisturbed
rather than disturbed areas (W = 588, p < 0.0001). This means that, except for grass height, the variation in
environmental conditions was similar between disturbed and undisturbed areas, and thus unlikely to confuse
the over-arching effects of human disturbance on the responses to playback stimuli.

Correlations of alarm call responsiveness with socio-ecological variables

Potential effects of socio-ecological variables on response strength were explored by applying Spearman’s
rank correlation tests. In both topi and gazelles, there were no significant correlations between the response
latency to conspecific alarm calls and: distance to the focal individual (topi: z = 0.696, p = 0.487; gazelle: z =
1.494, p = 0.135), group size (topi: z=0.555, p = 0.344; gazelle: z=-0.425, p = 0.671), distance to cover (topi:
z=-0.05, p = 0.960; gazelle: z = 1.645, p = 0.100), and wind speed (topi: z = 0.548, p = 0.584; gazelle: z = -
0.805, p = 0.421). Similar results were found for latency to respond to heterospecific alarm calls, with no
significant correlations with distance to focal individual (topi: z = 0.667, p = 0.498; gazelle: z = 0.903, p =
0.366), group size (topi: z = 0.963, p = 0.335; gazelle: z = 0.538, p = 0.590), distance to cover (topi: z=0.091,
p = 0.927; gazelle: z = 0.198, p = 0.843), and wind speed (topi: - 1.795, p = 0.274; gazelle: z = - 0.850, p =
0.395).

| found no significant correlations, for the two study species, between response duration to conspecific alarm
calls and distance to focal individual (topi: z = 0.133, p = 0.825; gazelle: z = 0.025, p = 0.98), group size (topi:
z=-0.605, p =0.545; gazelle: z=1.196, p = 0.232), distance to cover (topi: z = 0.596, p = 0.551; gazelle: z = -
1.218, p=0.223), and wind speed (topi: z=-0.597, p = 0.551; gazelle: z = 0.025, p = 0.58). The same was true
for responses to heterospecific alarm calls, which were not correlated with distance to focal individual (topi:
z=0.58, p =0.627; gazelle: z=- 1.383, p = 0.167), group size (topi: z = 0.050, p = 0.950; gazelle: z=0.737, p
=0.461), distance to cover (topi: z=0.23, p = 0.818; gazelle: z=- 0.678, p = 0.498), and wind speed (topi: z =
0.747, p = 0.455; gazelle: z=0.651, p = 0.515).

Correlations of alarm call responsiveness with grass height

| observed stronger responses of topi and gazelles to conspecific alarm calls at playback sites with shorter
grass. In particular, the response latency of topi to conspecific alarm calls was positively correlated with grass
height, corresponding to longer times to become alert in areas of tall grass (z = 2.289, p = 0.022). Such
correlations were however not significant for gazelles (z = 0.399, p = 0.690). In both species, response
duration to conspecific alarm calls was negatively associated with grass height, meaning that individuals
remained alert for longer in short grass (topi: z=-2.434, p=0.015; gazelle: z=-2.511, p = 0.012). By contrast,
the intensity of the reactions to heterospecific alarm calls was not significantly correlated with grass height,
neither for response latency (topi: z = - 0.743, p = 0.458; gazelle: z = 0.952, p = 0.366), nor for response
duration (topi: z=0.46, p = 0.560; gazelle: z=0.311, p = 0.756).

These results imply that: (i) alarm call responsiveness was counter-intuitively weaker at sites with taller rather
than shorter grass, despite the greater vulnerability to predation risk for antelopes (Caro 1994; Kitchen et al.
2010; Meise et al. 2018); and that (ii) the observed patterns were inexplicably restricted to playbacks of
conspecifics. The most likely explanation is that these correlations were spurious: they simply reflected a
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heightened responsiveness to conspecific alarm calls in disturbed areas, where grass was consistently shorter
than in undisturbed areas. Further evidence comes from the lack of an association between gazelle response
latency to conspecific alarm calls and grass height: this closely reflected the non-significant difference on this
behavioural measure between disturbed and undisturbed areas (see the Results section). Similarly,
responses to heterospecific alarm calls were also not affected by the level of human disturbance, and again
did not show any significant correlations with grass height. The observed variation in the responsiveness to
conspecific alarm calls between disturved and undisturbed areas could therefore be attributed to differences
in the level of anthropogenic interference with antipredator behaviour, not in grass height.
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CHAPTER 6: GENERAL CONCLUSIONS

In this final chapter | provide a summary of my key findings, and of possible future lines of research that could
be pursued. The main goal of this thesis is to further our current understanding of the ultimate and proximate
drivers of complexity, diversity, and flexibility in ungulate visual and acoustic signals. In Chapter 2-4 | tested
the validity of multiple adaptive hypotheses advanced to explain the adaptive significance of elaborate sexual
signalling systems (namely gestural displays, morphological ornaments, and complex vocalizations), using
both comparative analyses and playback experiments in the field. In Chapter 5, | addressed the impact of
human disturbance on the plasticity of ungulate antipredator signalling systems. There are several
implications for the conservation of wild ungulates emerging from the results of each chapter, which are
discussed below.

Mating strategies and sexual signals (Chapter 2 and Chapter 3)

My comparative analyses suggest that the strategies adopted by male ungulates to secure mating
opportunities is of key importance for the evolution of both behavioural and morphological sexual signals.
Specifically, male non-territoriality appears as a strong promoter of highly elaborate gestural courtship
displays in bovids and cervids (Chapter 2), and of exaggerated sexual dimorphism in morphological traits such
as colourations and pelage ornaments in bovids (Chapter 3). By contrast, species adopting territorial mating
strategies exhibit smaller repertoires of gestural courtship displays, and less pronounced morphological
dimorphism. Although these patterns may be explained mainly by the smaller potential for polygyny in
territorial systems (i.e. oestrous females are shared among territorial males), such an interpretation is not
always applicable. For example, some territorial ungulates which are highly polygynous exhibit simpler
courtship displays and a smaller magnitude of dimorphism than non-territorial species which accrue lower
levels of polygyny (i.e. forming smaller breeding groups). | here propose that sexual selection might target
different male traits according to the mating strategy. In particular, since territories provide references to
male quality and competitive ability, this might attenuate the drive for individual-based gestural displays and
ornaments. Additional research is now warranted to determine whether the role of territories as “extended
sexual phenotypes” could effectively modify the operation of sexual selection in bovids and cervids.

Species recognition as a driver of courtship display complexity (Chapter 2)

The results in Chapter 2 show that the complexity of gestural courtship displays in male bovids and cervids is
positively correlated with the number of closely-related species living in sympatry. | suggest that these
patterns genuinely reflect a causal connection: the costs associated with hybridization risk in contexts where
several species co-exist might have driven larger display repertoires, facilitating diversification and thus the
recognition of conspecifics during courtship. This is in agreement with previous authors (e.g. Freeberg,
Dunbar & Ord 2012; Hill 2015), who theorized that sexual signals would become more elaborate in species-
rich communities, under selection pressures for hybridization avoidance. Despite ample theoretical support
for this hypothesis, comparative-based evidence has been relatively scarce until now. My findings thus open
up the possibility for further explorations of species recognition as a promoter of signal complexity.

Mixed-sex herds and sexual dimorphism (Chapter 3)

One of my most intriguing findings is that social integration in mixed-sex herds seemingly counter-acts the
positive drive of sexual selection towards the evolution of dimorphic morphological traits in male bovids. This
hypothesis has been circulating among behavioural ecologists for more than 40 years (with slightly different
formulations: Geist 1974; Jarman 1983; Estes 1991, 2000), but lacked robust statistical testing. In Chapter 3,
| reveal a strong negative correlation between bovid sexual aggregation (i.e. the propensity to join social
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groups containing multiple males and females), and sexual dimorphism in colour and pelage ornaments,
providing the first comparative evidence of the social integration hypothesis. My interpretation is that
morphological dimorphism is inherently costly in mixed-sex herds, most notably because it amplifies male
exposure to predation risk due to oddity effects. Ornamented males would be very conspicuous and easily
targeted by visually-oriented predators in mixed-sex herds: such high survival costs might have thus
prevented the acquisition of dimorphic visual traits, including contrasting colourations and flamboyant hair
structures such as beards or manes. My explanation based on oddity effects however requires further
confirmation from field studies. For example, one could focus on dimorphic species which are seasonally or
occasionally aggregated in mixed-sex herds (e.g. eland Taurotragus oryx, saiga Saiga tatarica, and white-
eared kob Kobus kob leucotis), and compare the rates of predation on ornamented males in male-female
versus male-only herds. Alternatively, individuals in mixed-sex herds could also be equipped with artificial
“ornaments” in order to quantify the potential for odd appearances to attract predators (pending ethical
considerations).

Alarm call co-option and the evolution of complex vocal displays (Chapter 4)

My results in Chapter 4 show that the snorting component of male impala roaring displays is equivalent to
the alarm snort emitted upon detecting predators. To my knowledge, this is the first evidence to date that a
pre-existing alarm call can be included as part of a complex vocal display of sexual-aggressive advertisement.
The outcome of playback trials also indicates that the presence of snorts in roaring displays shortens the
latency of male impala to respond aggressively to the following grunting calls (the other component of the
display), thus suggesting that snorting serves an attention-grabbing function. Additional research is now
required to determine which selective advantages could derive from the co-option of snorts into roaring
displays. For example, direct observations of male impala agonistic behaviour could clarify the costs
associated with producing grunting calls (i.e. the energetics associated with the lowering of the larynx), and
if these are found to be considerable, this may explain the benefits prefixing grunts with snorts to enhance
signal efficacy. The information content of the grunts also warrants further investigation.

My findings could also lead the way for the exciting opportunity to investigate the evolutionary drivers of
alarm call co-option into complex vocal displays at a broader phylogenetic scale. Analogies with the impala
roaring display can be found in a variety of mammals, and are not limited to ungulates. One striking similarity,
for example, is offered by the multi-component utterances of the black-and-white colobus monkey: the male
aggressive roars (which advertise territorial occupancy) are usually preceded by short, explosive “snorts”,
sounding identical to those emitted in response to approaching leopards (Marler 1972). The playback
experimental framework described in Chapter 4 could therefore be applied to identify whether or not the
alarm calls in the elaborate vocalizations of the colobus monkey and of other species also correspond to
attention-grabbing display components.

Human impacts on ungulate antipredator signalling systems (Chapter 5)

My results in Chapter 5 show that human disturbance can substantially alter ungulate antipredator signalling
systems. Specifically, | found that topi and Thomson'’s gazelles in the Maasai Mara National Reserve (Kenya)
exhibited heightened responsiveness to playbacks of conspecific alarm calls in areas closer to human
settlements. This contrasted with my expectation that the shielding effect against natural predation risk
provided by anthropogenic activities would have reduced individual exposure to alarm calls and thus
attenuated response intensities. | propose that, although human disturbance does deter natural predators
from settled areas, alarm calling might have become associated with unpredictable, but infrequent,
anthropogenic threats which demand careful assessment by wild ungulates.

This interpretation needs additional research. Observational studies might provide a more detailed
understanding of why anthropogenic threats might require a greater degree of attention by antelopes than
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those posed by large carnivores. One possible approach could be to quantify the reactions of topi and gazelles
to various types of stimuli associated with human disturbance, and to the reactions elicited by natural
predators. Also, similar studies in other taxa and locations may provide insights into the generality of my
“human unpredictability hypothesis”.

Implications for ungulates conservation

The results discussed in this thesis have several implications for ungulates conservation. The comparative
analyses in Chapter 2 and Chapter 3 emphasize the remarkable interspecific variability in the shape and
elaboration of ungulate gestural courtship displays and ornaments. Such diversity demands dedicated
conservation efforts, as the extinction of single species would translate into the loss of unique behavioural
and morphological phenotypes. Although conserving behaviour is a relatively new idea in conservation
biology (Whitehead 2010; Greggor et al. 2016, it is increasingly regarded a crucial element for the successful
preservation of long-term evolutionary processes (Saether & Engen 2019; Carthey et al. 2020). Effective
conservation strategies should therefore focus not only on ensuring the viability of wild ungulate populations,
but also on promoting the long-term persistence of adaptive variation in signalling traits.

The results from my playback experiments on male impala (Chapter 4) stress the importance of ungulates as
a model system for the study of acoustic communication. Deciphering the “meaning” of elaborate
vocalizations in impalas and other antelopes might provide novel insights into the functional value of call
combinations, and enable comparisons with the signalling behaviour of other mammals and even with
human language. The conservation of wild ungulates, including those species which are relatively common
(impalas are classified as “Least Concern” by the IUCN), should therefore be prioritized by wildlife managers
not only on ecological grounds, but also as an asset for evolutionary biologists to explore the ultimate drivers
of complexity in animal and human communication.

The results presented in Chapter 5 provide insights that may potentially be useful for the management of
ungulates in protected areas. The heightened alarm call responsiveness of topi and gazelles along the
boundary of the reserve indicates that human disturbance might be exacerbating the time devoted to risk-
sensitive behaviours, with potentially deleterious effects on population performance. These two species have
been rapidly declining in local densities across the entire Serengeti-Mara ecosystem over the past three
decades (Ogutu et al. 2009, 2011). Although such declines can be largely attributed to rangeland degradation
(Ogutu et al. 2011), my findings suggest that fear-mediated anthropogenic impacts on activity patterns and
energy budgets may also be a contributing factor.

My research endeavours ultimately suggest that behavioural ecology should not be neglected while planning
for the conservation and management of wild ungulate populations. An improved understanding of animal
communication systems may indeed offer useful insights to conservationists, and help us understand how
human impacts on behaviour alter ecological functionality. Finally, it is my hope that this thesis will ignite
scientific curiosity and prompt renewed attention to the preservation of ungulates and of their environment.
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