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Summary abstract 

 
The consequences of environmental change for threatened species are mediated by 

complex behaviours. Understanding how variation in environmental factors shapes 

animal behaviour is therefore key to modelling the adaptive responses of species to 

human or climate driven exogenous change. This places behavioural ecologists at the 

centre of wildlife conservation. Guided by this paradigm, the current research aims 

to inform the conservation of a threatened mega-herbivore, the giraffe, through 

investigation of the spatiotemporal drivers of giraffe behaviour. 

Chapter 1 frames the thesis in terms of how deficits in our understanding of the 

behavioural ecology of large herbivores remain limiting factors in their conservation. 

It provides background detail on the ecology of the study species and study area that 

are not included in the empirical chapters, as well as identifying gaps in our existing 

knowledge of the spatiotemporal drivers of giraffe behaviour. 

Chapter 2 addresses a historical difficulty in collecting accurate long-term and fine-

scale movement data on wild giraffe. Both stationary and animal-borne trials across 

multiple geographical areas are used to test the precision and performance of a new 

solar-powered biotelemetry device. Results showed that the device had a high fix 

acquisition success rate, moderate precision error and a long functional lifespan, 

demonstrating how technological advances may be harnessed to address both the 

need to collect fine-scale movement data on terrestrial mammals and issues of 

animal welfare in biotelemetry research. 

Chapter 3 provides the first full picture of giraffe chronobiology by analysing 2.5 

years of fine-scale movement data. Results revealed a diurnal, bimodal pattern, with 

locomotor activity peaking pre-dawn and again pre-dusk. Further analyses of the 

effects of solar and lunar zeitgebers demonstrated that giraffe locomotor activity 

increased pre-dawn during the hottest months of the year and decreased above a 

30°C thermal threshold. These patterns suggest that the activity budgets of giraffe 

may be markedly restricted in the case of predicted rises in global temperatures. 

Finally, results revealed increased activity on moonlit nights (lunarphilia), providing 

some of the first evidence of the effect of the lunar cycle on the nocturnal activity 

patterns of large ungulates. 



 

Chapter 4 shifts the focus to the sociosexual drivers of giraffe behaviour. Results of 

analysis of a 3.5-year observational dataset revealed that giraffe bred year-round. 

However, further analyses of sexual segregation patterns and birth rates showed a 

possible hot-dry season conception pulse and a wet season birth pulse respectively, 

which were separated by a 15-month (giraffe gestation period) time-lag. 

Furthermore, results showed higher rates of juvenile survival for calves born before 

or during the wet season, suggesting a wet season birth pulse may convey a fitness 

advantage. In the context of climate change, these results highlight potential 

implications of phenological mismatch. 

Chapter 5 further investigates how social and environmental factors drive giraffe 

herd dynamics in a heterogeneous environment. Results showed that herd sex, but 

not the presence of juveniles, affected herd size. Further temporal analyses revealed 

increased herd sizes in the morning, but stable herd sizes year round. Finally, spatial 

analyses revealed consistently smaller herds in areas of relatively low resource 

abundance. These findings highlight the advantages of fission-fusion dynamics in the 

context of exogenous change, but also suggest that giraffe may be vulnerable to 

social fragmentation in habitats that do not support a certain threshold of resource 

abundance. 

Chapter 6 integrates the results, expanding on their conservation implications and 

underlining how they advance our understanding of the drivers of giraffe behaviour 

through space and time. 
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CHAPTER 1 – Introduction 

 

1.1 The role of behavioural ecology in conservation science 

The current global extinction rate is 100-1000 times the background rate (Pimm et 

al. 2015; Ceballos et al. 2015; de Vos et al. 2015) and over a quarter of the mammal 

species evaluated by the International Union for Conservation of Nature (IUCN, 

2020) are threatened with extinction. Due to human factors (ongoing land-use 

change, over-exploitation, invasive alien species; Klein 2015; Wilson 2016) and 

climate change (a global rise in temperature of ~1.5 - 3°C by 2100; IPCC 2018), 

existing conservation initiatives are insufficient to temper the rate of defaunation 

(Sigmond et al. 2020; Wang et al. 2020; Hughes et al. 2020; Chapin and Díaz 2020). 

However, this overall picture of decline masks the impact of conservation successes 

(Hoffman et al. 2010). 

Conservation actions in recent decades have significantly reduced the rate of 

biodiversity loss (Sodhi et al. 2011; Johnson et al. 2017). For example, Hoffman et 

al. (2010; 2015) showed that the overall decline in the conservation status of 

vertebrates and ungulates (as categorised by the IUCN Red List; IUCN 2020) would 

have increased by approximately one fifth and eight times respectively over a period 

of three decades in the absence of conservation actions. Such research underlines the 

importance of continued conservation efforts (Johnson et al. 2017). However, for 

many species, our ability to design and inform effective conservation management 

efforts remains limited by deficits in our knowledge of the behavioural ecology of 

threatened species (Hoffman et al., 2010; 2015; Johnson et al. 2017).  

Historically, there has been surprisingly little direct focus in the field of behavioural 

ecology on ensuring that research outcomes are relevant to conservation science 

(Gosling and Sutherland 2000; Angeloni et al. 2008). For example, many threatened 

species (e.g. leopard, Panthera pardus; see Balme et al. 2014; honey badger, 

Mellivora capensis; aardvark, Oryteropus afer; see Monsarrat and Kerley 2018; or 

giraffe, Giraffa camelopardalis, Lydekker 1904; Giraffa spp., Fennessy et al. 2016; 

see Shorrocks 2016) have been the subject of multiple published papers in 

behavioural ecology research and yet their behaviour has also been highlighted as 
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under-researched to the extent that it is limiting our ability to inform their 

conservation management. 

In recent times, however, a growing body of literature is in agreement that 

researchers of behavioural ecology have an increasingly important responsibility to 

actively inform conservation management through empirical research (e.g. Soulé and 

Orians 2001; Lawler et al. 2006; Angeloni et al. 2008; Knight et al. 2008; Laurence 

et al. 2012; Balme et al. 2014). Likewise, there has been an increasing recognition in 

conservation science that the impact of environmental change on threatened species 

is mediated by complex behaviours, and that these behaviours can be most 

efficiently investigated and understood using leading edge methods in ecological 

research (Sutherland 1998; Angeloni et al. 2008; Geldmann et al. 2014; Wong and 

Candolin 2015; Bro-Jørgensen et al. 2019). As such, in the context of global 

defaunation, ecologists and conservationists are increasingly asking the same 

questions, and conservation actions are increasingly informed by empirical research 

(Gosling and Sutherland 2000; Angeloni et al. 2008). 

 

1.1.1 Leveraging technological advances 

To improve the outcomes of such research, we have the opportunity to leverage fast-

paced technological advances, for example in biotelemetry or remote sensing (Joppa 

2015; Sethi et al. 2018). When combined with advanced methods in quantitative 

analysis, these ‘big-data’ sources allow researchers to provide unprecedented 

insights into the interactions between animal behaviour and environmental factors 

through space and time (Cooke et al. 2004; Turner 2014). Such advances are 

markedly accelerating many fields of research that have direct applicability to 

conservation, such as movement ecology (e.g. Kissling et al. 2014; Garrigue et al. 

2015) or social network analysis (Snijders et al. 2017).  

Using such technological advances to maximum advantage has become key to 

accurately and efficiently modelling the behavioural responses of species to climate 

change (e.g. Brivio et al, 2019), epidemiology (Vanderwaal et al. 2014a) or 

conservation actions such as cullings (Paton et al. 2017) and translocations 

(Fennessy et al. 2019; Muller et al. 2020). For example, Brivio et al. (2019) used 

remotely sensed environmental data and advanced methods in resource selection 
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analysis to forecast the response of Alpine ibex (Capra ibex) to global warming. 

Likewise, Weber et al. (2013) used data from proximity logging radio tags and 

advanced methods in social network analysis to better understand the spread of 

tuberculosis in European badgers (Meles meles). However, as biodiversity loss 

accelerates, the opportunity to address gaps in our knowledge of the behavioural 

ecology of threatened species through the study of healthy populations is eroded 

(Ripple et al. 2017). 

 

1.1.2 Addressing research biases 

Furthermore, deficits in our knowledge of the behaviour of threatened species are 

often perpetuated by a number of research biases. For example, due in large part to 

long generation times and large home ranges, large herbivores have an elevated 

extinction risk; 44 out of the 74 extant species of terrestrial herbivore with a body 

mass of >100kgs are now at risk (Dirzo et al. 2014; Ripple and Van Valkenburgh 

2010; Ripple et al. 2015; 2017). However, within large herbivore research, there 

remains a bias towards studying large herbivores that are hunted for sport and those 

whose ranges fall within developed countries (e.g. red deer, Cervus elephus; 

reindeer, Rangifer tarandus; Eurasian elk, A. alces). Likewise there is a bias away 

from studying species that are threatened with extinction and those whose ranges fall 

within developing countries (Sandom et al. 2014; Ripple et al. 2015). This trend is 

particularly concerning for large herbivores as, of the 74 extant species, 71 have 

ranges in developing countries (Ripple et al. 2015). 

 

1.1.3 Large herbivore conservation in the African context 

Of the 71 species of large terrestrial herbivore with ranges in developing countries, 

32 are found in Africa (Ripple et al. 2015). In Africa, range contraction and 

fragmentation due to climate change, competition with livestock or land-use change, 

as well as hunting for meat or body parts, are the most significant threats to large 

wild herbivores (Joppa and Pfaff 2009; Kerley et al. 2012; Hauenstein et al. 2019). 

As a result of these factors, in Africa’s protected areas alone, large mammal 
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populations are estimated to have declined by 59% between 1970 and 2005 (Craigie 

et al. 2010).  

Anthropogenic and climate induced pressures on remaining large herbivore habitats 

are predicted to further increase over the coming decades. In particular, sub-Saharan 

Africa has both the world’s highest predicted rate of human and domestic livestock 

population growth (Alexandratos and Bruinsma 2012) and a steeper predicted rise in 

temperatures than the global average (4 - 6°C by 2100; Thomas et al. 2004; 

Morishima and Akasaka 2010; Engelbrecht et al. 2015; Engelbrecht and Engelbrecht 

2016; Maúre et al. 2018). A sharp increase in conservation actions is therefore sorely 

needed to predict and protect refugia for Africa’s remaining large herbivores 

(Hoffmann et al. 2010; 2015; Sodhi et al. 2011; Johnson et al. 2017). 

A better understanding of the behavioural ecology of large mammals has been 

shown to both inform and incentivise conservation actions in Africa at multiple 

societal scales. For example, research into threatened African species, such as the 

chimpanzee (Pan troglodytes, Goodall 1977) or elephant (Loxodonta africana, Poole 

and Moss 1981), can capture the interest of a wide audience, spark public empathy 

(Ducarme et al. 2017), boost revenue-generating wildlife tourism (Naidoo et al. 

2011; Stormer et al. 2018), provide a conduit for the communication of conservation 

concerns to wider society (Angeloni et al 2008) and inform conservation actions 

(Hoffmann et al. 2010; 2015; Sodhi et al. 2011; Johnson et al. 2017). However, as 

mentioned, for many species this potential remains limited by a deficit of research 

(Ripple et al. 2015; Joppa et al. 2015; Bro-Jørgensen et al. 2019). 

 

The current research seeks to contribute towards informing the conservation of a 

threatened mega-herbivore endemic to sub-Saharan Africa, the giraffe (Muller et al. 

2016; Shorrocks 2016), through ecological research. A lack of scientific research 

remains one of the most limiting factors in giraffe conservation (Dagg 2014; 

Shorrocks 2016; Giraffe Conservation Foundation, GCF; 2019). This introductory 

chapter places the thesis in a conservation science framework and provides 

background detail on the ecology of the study species and area that are not included 

in the empirical chapters. The empirical chapters are less giraffe specific, framing 

the results in terms of a broader theoretical context.  
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1.2 Conservation status, taxonomy and distribution of giraffe 

1.2.1 Conservation status of giraffe 

The tallest extant terrestrial mammal (mean height: male, 5.3m, female 4.3m), 

giraffe are non-territorial, long-lived (up to 24 years; Dagg 2014; Shorrocks 2016; 

GCF 2019), highly vagile (Flanagan et al. 2016) have large home ranges (5km2 to 

1950km2; Fennessy 2004; Shorrocks 2016) and have a single significant predator, 

African lion (Panthera leo; Berry 1973; Strauss and Packer 2013). Giraffe numbers 

have declined dramatically (~40%) over the past three decades and a recent 

continent-wide assessment reported that less than 111,000 individuals now remain in 

the wild (Muller et al. 2018; GCF 2019). In response to these figures, giraffe have 

recently been listed by the International Union for the Conservation of Nature 

(IUCN) as Vulnerable (to extinction; IUCN 2020), as well as listed on Appendix II 

of both the Convention on Migratory Species (CMS 2018; to protect transboundary 

movements) and the Convention on International Trade in Endangered Species of 

Wild Fauna and Flora (CITES 2019; to regulate the export of giraffe products such 

as skin or bone). The greatest threats to giraffe, however, continue to be habitat loss, 

fragmentation and degradation due to climate change and other anthropogenic 

factors, with poaching (particularly for meat in areas of political unrest) and disease 

(with the added risk of transmission from domestic livestock; Karimoribo et al. 

2011; Muneza et al. 2016) playing smaller but significant roles (GCF 2019). 

 

1.2.2 A note on the taxonomy of giraffe 

Disagreement around giraffe taxonomy has persisted since the first classification of 

the taxon by Linnaeus (1758; see Lydekker 1904; Ansell 1968; East 1999) and 

persists today (see Bercovitch 2020). Until recently, classification of giraffe as a 

single species (Giraffa camelopardalis) with nine subspecies (Giraffa 

camelopardalis peralta, West African giraffe; Giraffa camelopardalis antiquorum, 

Kordofan giraffe; Giraffa camelopardalis camelopardalis, Nubian giraffe; Giraffa 

camelopardalis reticulata, reticulated giraffe; Giraffa camelopardalis rothschildi, 

Rothschild’s giraffe; Giraffa camelopardalis tippelskirchi, Masai giraffe; Giraffa 

camelopardalis thornicrofti, Thornicroft’s giraffe; Giraffa camelopardalis 

angolensis, Angolan giraffe; Giraffa camelopardalis giraffa, South African giraffe; 
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Lydekker 1904; IUCN 2020) was widely adopted in the literature. Recently 

however, multiple classifications have been proposed, categorising giraffe into 

between one and nine separate species (Seymour 2001; Wilson and Reader 2005; 

Brown et al. 2007; Groves and Grubb 2011; Bercovitch and Deacon 2015; Petzold 

and Hassanin 2020; Bercovitch 2020). This has led to a lack of consistency in the 

taxonomic classification of giraffe in current literature (see Bercovitch 2020). 

In particular, the IUCN still adopts a single species taxonomic classification (Muller 

et al. 2018; IUCN 2020) while, based on recent genomic, nuclear and mitochondrial 

DNA analyses (Fennessy et al. 2016; Winter et al. 2018a), the GCF (the only NGO 

to concentrate solely on the conservation of giraffe throughout Africa; GCF 2019) 

has firmly adopted a new four species (Giraffa camelopardalis, northern giraffe; 

Giraffa giraffa, southern giraffe; Giraffa reticulate, reticulated giraffe; Giraffa 

tippelskirchi, Masai giraffe), five subspecies (Giraffa giraffa angolensis, Angolan 

giraffe; Giraffa giraffa giraffa, South African giraffe; Giraffa camelopardalis 

camelopardalis, Nubian giraffe; Giraffa camelopardalis antiquorum, Kordofan 

giraffe; Giraffa camelopardalis peralta, West African giraffe) taxonomic 

classification. The current research does not seek to directly contribute to the on-

going debate surrounding giraffe taxonomy. However, as this research was 

undertaken in partnership with the GCF, the four species classification as proposed 

by Fennessy et al. (2016) is the nomenclature used throughout this thesis. 

 

1.2.3 Geographical distribution of giraffe 

The extant range of giraffe falls within 21 countries of sub-Saharan Africa (Table 

1.1; Fig.1.1). Giraffe population numbers (Muller et al. 2018) and range sizes 

(O’Connor et al. 2019) have contracted in recent years, however, there is substantial 

variability in the conservation status of species and subspecies (Fennessy et al. 2016) 

across the geographic range of the taxon (see Table 1.1), with population increases 

largely due to on-going conservation efforts. 
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Table 1.1: Taxonomy, distribution and conservation status of giraffe (Giraffa 

giraffa; Fennessy et al. 2016; O’Connor et al. 2019; GCF, 2019). 
 

Species Sub-species Geographic range Population 
estimate 

Population stability 
(conservation status) 

Masai giraffe  
(G. tippelskirchi) 
 

 Kenya, Tanzania and 
Zambia 

~35,000 Stable (endangered) 

Northern giraffe  
(G. camelopardalis) 

Kordofan giraffe 
(G. c. 
antiquorum) 

Chad, CAR, 
Cameroon, the DRC 
and South Sudan 
 

~2000 Rapidly declining 
(critically 
endangered) 

 Nubian (G. c. 
camelopardalis) 

Ethiopia, South 
Sudan, Kenya and 
Uganda 
 

~3000 Increasing (critically 
endangered) 

 West African (G. 
c. peralta) 
 

Niger ~600 Increasing 
(vulnerable) 

Reticulated (Giraffa 
reticulata) 
 

 Northern Kenya, 
Somalia and southern 
Ethiopia 
 

~15,500 Increasing 
(endangered) 

Southern giraffe 
(Giraffa giraffa) 

Angolan giraffe 
(G. g. angolensis) 

Namibia and 
Botswana 
 

~17,750 Stable (least 
concern) 

 South African (G. 
g. giraffa) 

Botswana, 
Mozambique, South 
Africa, Zambia and 
Zimbabwe 
(and extralimital 
introductions) 

~37,000 Stable (least 
concern) 

*CAR = Central African Republic, DRC = Democratic Republic of the Congo 
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Fig.1.1: Current geographical distribution of wild giraffe in Africa (GCF 2019), 
with species and subspecies based on the taxonomic classification proposed by 
Fennessy et al. (2016). 

 

The current thesis comprises a long-term (3.5 year) study of a healthy population of 

wild Angolan giraffe in the northern Namib Desert, Namibia. 

 

1.3 Study area and population 

1.3.1 The history of giraffe in northwest Namibia 

Extant populations of Angolan giraffe inhabit Etosha National Park and the 

communal lands of northwest Namibia. Recent genetic evidence (mitochondrial 

DNA sequence analysis and microsatellite marker analyses, Brown et al. 2007; 

Brennaman et al. 2009; Winter et al. 2018b) suggests that, outside of a translocation 

of 22 giraffe from Etosha National Park to northwest Namibia in 1991 (to bolster the 

population), there has been little to no matrilineal exchange between these 

populations over the past 40,000 years. This is despite giraffe being highly vagile 

(Flanagan et al., 2016), the populations being separated by only 200-400km and 

linked by ephemeral riverbeds (Flanagan et al., 2016) and despite other large 
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mammals moving between the two areas (e.g. African elephant; Leggett 2006; Ishida 

et al. 2016). While a recent lack of exchange may be caused in part by restricted 

movement due to human development (Brennaman et al. 2009) such results also 

suggest a high level of historical philopatry in this population. 

Winter et al. (2018b) suggest that the desert-dwelling population of giraffe may have 

adapted to arid conditions over the past 40,000 years, meaning giraffe in northwest 

Namibia may be on a separate evolutionary trajectory to other populations. However, 

palynology and fluvial deposit analyses suggest there have been fluctuations in the 

northern Namib Desert between arid and humid conditions over the past 50,000 

years, with a gradient from wetter conditions to more arid conditions over the last 

10,000 years (Gil-Romera et al. 2007). These findings suggests that giraffe, which 

have long generation times and thus a reduced ability to adapt quickly to 

environmental change through natural selection (González-Lagos et al. 2010; Van 

Schaik 2013), may have had a shorter time to adapt to the current environmental 

conditions in northwest Namibia than the 40,000 years proposed by Winter et al. 

(2018b). Finally, research indicates lower genetic diversity (average number of 

alleles per locus and heterozygosity estimates) in this population in comparison to 

others, suggesting that genetic drift may be affecting the genetic diversity of this 

isolated population (Brown et al. 2007; Brenneman et al. 2009). 

 

1.3.2 Wildlife management in the northern Namib Desert 

While records are scarce, reports suggest that large mammals remained abundant and 

widespread in northwest Namibia in the early 1900s (Owen-Smith 1986; Scheepers 

1992; Fennessy et al. 2003). In 1928, under South African rule, the region was 

designated part of the 5 million hectare Game Reserve No. 2 (the largest game 

reserve in Africa at the time). In the 1960s, however, large swathes of this protected 

area were de-proclaimed to create the ‘ethnic homelands’ of Kaokoland and 

Damaraland for indigenous people (Owen-Smith 1970; 2011). This led to increased 

human populations and infrastructure, the construction of artificial water points, and 

the introduction of large numbers of domestic livestock, all factors that contributed 

to a steep decline in large wild mammal population numbers (Owen-Smith 1986; 

2011; Hall-Martin et al. 1988). During the same period (1960s) a veterinary cordon 
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(pest exclusion) fence was erected to separate the communal grazing lands of 

northern Namibia from the commercial farms of the central and southern parts (to 

comply with European Economic Community meat export requirements). This fence 

remains in operation, limiting the seasonal movements of animals and leading to 

high numbers of wildlife deaths, particularly during years of below average rainfall 

(Gosling et al. 2018). Finally, the steep decline in large wild mammal numbers in 

northwest Namibia was further exacerbated in the 1970s and 1980s by an increase in 

poaching and illegal hunting, particularly during the Namibian War of Independence 

(1966-1989) and the Angolan War (1975-2002). 

In the mid 1990s, in an effort to combat this accelerating decline, the Community-

based Natural Resource Management (CBNRM) program was introduced. This 

programme incentivized the stewardship of wildlife by local people on their 

traditional lands through devolving state ownership of natural resources and creating 

‘communal conservancies’: areas in which local communities managed, utilized and 

benefited from wildlife and other natural resources, largely through tourism and 

hunting (Owen-Smith 2011; NACSO 2003; Störmer et al. 2019). This programme 

has been credited with contributing to a strong recovery of wildlife in communal 

conservancies, including increased numbers of mega-fauna including desert-adapted 

lion and desert-dwelling giraffe (Fennessy 2004; Owen-Smith 2011; NACSO 2013; 

Naidoo et al. 2015; Stander et al. 2018). 

 

1.3.3 The study area 

The study was conducted within an ~11,500km2 area of the northern Namib Desert, 

northwest Namibia (-18.94661°N, 13.05204°E, Fig.1.2). Rainfall in this area is 

spatially and temporally variable, with average annual rainfall varying from 150mm 

on the mountainous escarpment (up to 1200m a.m.s.l.) to the east to <20mm on the 

dune sea (near sea-level) to the west (Seely 1978; Scheepers 1992; Jacobson et al. 

1995). Coastal fog also reaches up to 50kms inland, providing an additional source 

of moisture (Scheepers 1992). The climate is seasonal, with a 3-month “cold-dry 

season” (June–August), a 6-month “hot-dry season” (September–February) and a 3-

month “wet season” (March–May). Temperatures vary from 5°C at night in the cold-

dry season, to above 50°C during the day in the hot dry season (Lovegrove and 
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Siegfried 1993; Fennessy 2009). 

The study area comprises a section of Purros and Sesfontein communal 

conservancies, Palmwag tourism concession and a section of the Skeleton Coast 

National Park (SCNP; a coastal ‘wilderness’ area proclaimed in 1971). No fences 

restrict the free movement of wildlife between these areas. Tourism and livestock 

grazing constitute the dominant land uses in conservancies, whilst human activities 

in the SCNP and Palmwag concession are confined to lodge-based and self-drive 

tourism. Northwest Namibia is experiencing a steady increase in human population 

growth and a marked rise in non-consumptive tourism, including the recent and 

planned construction of a number of lodges and airstrips within the study area. This 

development has the potential to create conservation management challenges, 

including increased disturbance to animals in the riverbeds, and unregulated 

pumping of water from subterranean watercourses, the levels of which are crucial to 

maintaining the fragile biodiversity of this region (Jacobson et al. 1995; Legget et al. 

2001; Muntifering et al. 2019; Owen-Smith 2011). 

 

Fig.1.2: Map of the study area in the northern Namib Desert, Namibia, showing 
land-use, rivers, roads and settlements. The inset shows the extent of the study area 
map within the African continent. 

 

Ephemeral rivers and their tributaries intersect the rugged terrain of the study area 

(Viljoen 1982; Jacobson et al. 1995). These rivers flow only in the event of heavy 

¯
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rain falling in their upper catchment areas, otherwise remaining dry for the majority 

of the year. For example, over a 23-year period, Leggett et al. (2001) found that the 

southern river system flooded for an annual mean of 17.7 days (min = 4, max = 52). 

While the main rivers flow each year, minor tributaries run only in the case of 

localised cloud-bursts (Loutit 1991), often remaining dry for a number of years.   

The riparian woodlands along these ephemeral rivers support the majority of 

dominant woody vegetation in the area. Species include Ana Trees (Faidherbia 

albida), Umbrella Thorn (Vachellia tortilus), Camelthorn (Vachellia erioloba) and 

Mustard Bush (Salvadora persica) amongst others (Viljoen 1982; Curtis and 

Mannheimer 1995; Jacobsen et al. 1995; Fennessy 2004). Giraffe and other animals 

depend critically on this riparian vegetation (Scheepers 1992; Fennessy 2009). 

Resident large herbivores include giraffe, elephant (Loxodonta africana), 

Hartmann’s mountain zebra (Equus zebra hartmannae), gemsbok (Oryx gazella), 

springbok (Antidorcas marsupialis), greater kudu (Tragelaphus strepsiceros), 

steenbok (Raphicerus campestris) and ostrich (Struthio camelus). The apex predator 

in the study area is the desert-adapted African lion (Panthera leo), which actively 

hunt giraffe and other wildlife in the area year-round (Stander et al. 2018). Other 

large resident predators in the study area include both spotted (Crocuta crocuta) and 

brown hyena (Hyaena brunnea), leopard (Panthera pardus) and cheetah (Acinonyx 

jubatus). Trophy hunting of giraffe and hunting for meat requires a government 

permit and occurs at very low numbers (Namibian Ministry of Environment and 

Tourism, pers. comm.). 

 

1.3.4 Giraffe abundance and distribution in the northern Namib Desert 

The region supports a persistent, open population of Angolan giraffe (Giraffa giraffa 

angolensis; Fennessy et al. 2016). These desert-dwelling giraffe occupy an arid and 

heterogeneous habitat different from all other giraffe populations in Africa 

(Fennessy 2004). Historical estimates of giraffe numbers in northwest Namibia are 

irregular and not easily comparable due to the use of different methodological 

approaches (for review see Fennessy 2004). In line with increased conservation 

awareness and reduced poaching, however, the population is believed to have 

substantially increased since the 1980s (Fennessy 2004). However, restricted 
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distribution and abundance of browse limits the carrying capacity of the area for 

giraffe (Viljoen 1982; Scheepers 1992; Fennessy 2003). A recent aerial survey by 

the Namibian Ministry for Environment and Tourism (MET; Craig and Gibson 

2016) estimated an overall population density of 4.4/km2 (2790 individuals in an 

area of 63,431km2). However, much higher densities (up to 30.8/km2) were reported 

along the vegetated main ephemeral riverbeds (Craig and Gibson 2016). Reliance on 

these narrow refugia (riparian forests) means that desert-dwelling giraffe are 

particularly vulnerable to disturbance (Fennessy 2004). 

 

The current research seeks to investigate the drivers of giraffe behaviour in this arid 

and heterogeneous environment, with a particular focus on the relationship between 

the environmental factors and social processes that shape giraffe behaviour and 

society. The following section provides a brief introduction to the theory behind the 

hypotheses investigated. The four empirical chapters (Chapters 2-5) go on to expand 

on the ecological theory introduced here, framing the results in a broader context. 

 

1.4 Social and environmental drivers of giraffe behaviour 

1.4.1 Social structure and fission-fusion dynamics 

Animal society arises from adaptive responses to interacting social and ecological 

factors (Qi et al. 2014; Krause et al. 2015). The resulting processes and structures 

inform every aspect of a species’ behavioural ecology, from communication to 

resource acquisition, and mating behaviour to predator avoidance (McDonald et al. 

2013). Interspecific heterogeneity in animal societies is shaped by differences in the 

balance of the risks and gains of group living for each species. In African ungulates 

for example, smaller species often rely on high quality, sparsely distributed, forage 

(e.g. duikers Cephalophus spp. and klipspringers Oreotragus oreotragus spp.), 

leading to dispersed populations with low connectivity, monogamous mating and 

predation strategies that rely on ‘hiding’ (Jarman 1974; Rubenstein 2015). 

Conversely, larger species often rely on widely available, low quality forage (e.g. 

impala, Aepyceros melampus or hartebeest, Alcelaphus buselaphus), leading to 
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reduced competition, polygynous mating and predation strategies that rely on ‘safety 

in numbers’ (Emlen and Oring 1977; Rubenstein 2015). 

Within the latter ‘group living’ societies, species have greater or lesser degrees of 

fluidity in grouping dynamics (Aureli et al. 2008; Rubenstein 2015). Groups may 

merge or divide to exploit spatial or temporal shifts in social and environmental 

factors, a process known as fission-fusion dynamics (Kummer 1971; Aureli et al. 

2008; Bode et al. 2015). These complex grouping dynamics occur across a diverse 

range of taxa from guppies (Poecilia reticulate, Croft et al. 2003) and bats (Kerth 

and König 1999) to dolphins (Tursiops spp., Tsai and Mann 2013), elephants (e.g. 

Loxodonta africana, Wittemyer et al. 2005) and modern humans (Homo sapiens, 

Marlowe 2005). 

Giraffe have a higher fission-fusion (very flexible) social system (Aureli et al. 2008), 

where the size and composition of groups are fluid (Dagg and Foster 1976; Leuthold 

1977; Le Pendu et al. 2000; van der Jeugd and Prins 2000; Bercovitch and Berry, 

2012; Carter et al. 2013). On average, giraffe herds number 4-6 individuals, although 

giraffe are frequently also observed alone, and there are rare occurrences of groups 

of 30-100 individuals (Dagg and Foster 1976; Leuthold 1977; Le Pendu et al. 2000; 

van der Jeugd and Prins 2000; Fennessy 2004; Shorrocks and Croft 2009; 

VanderWaal et al. 2014b; for review see Dagg 2014; Shorrocks 2016). 

Early reports suggested that both male and female giraffe randomly associate (Foster 

1966; Foster and Dagg 1972; Berry 1973; Dagg and Foster 1976; Leuthold and 

Leuthold 1978; Leuthold 1977; Pellew 1984). However, a recent resurgence of 

research into giraffe social systems has revealed temporally stable non-random 

patterns of association in giraffe, where females, and to a lesser extent males, 

maintain long-standing social bonds with preferred individuals (e.g. Bashaw et al. 

2007; Bercovitch and Berry 2012; Shorrocks and Croft 2009; Carter et al. 2013; 

Castles et al. 2019; Muller et al 2018b; 2019; Prehn et al. 2019). Males also often 

form bachelor herds, with the possible fitness advantages of social learning and 

establishing dominance hierarchies (Bercovitch and Berry 2015). Furthermore, 

juveniles often congregate in crèches (Langman 1977; Pratt and Anderson 1979) and 

associations formed in crèches may result in long-term bonds with conspecifics of a 

similar age (Bercovitch and Berry 2013). Finally, in a closed population of giraffe 

inhabiting a grassland-woodland mosaic in Laikipia, Kenya, giraffe social 
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associations have been shown to occur within a modular (multilevel; Kummer 1971) 

society, where individuals form ‘cliques’ embedded within ‘sub-communities’, 

which in turn are embedded within an overall ‘community’ or population 

(VanderWaal et al. 2014b). As such, social factors play a strong role in shaping the 

behaviour and society of giraffe (e.g. Bercovitch and Berry 2012; Carter et al. 2013). 

 

1.4.2 Environmental drivers of variation in behaviour 

In addition to social factors, spatiotemporal shifts in exogenous and endogenous 

factors, such as resource abundance, light availability or reproductive state, can also 

lead to subtle variations in animal behaviour (Pellew 1983; Croft et al. 2008; Tanner 

and Jackson 2012; Gero and Rendell 2015; Rubenstein 2015). Within populations, 

for example, temporal variation in habitat factors can markedly change social 

behaviour. Ansmann et al. (2012) showed that closure of a commercial fishery in 

Australia resulted in a more compact and less-differentiated social structure in 

bottlenose dolphins (Tursiops aduncus), while Foster et al. (2012) showed that orcas 

were more socially connected in years of high salmon abundance. Furthermore, 

spatial variation in habitat factors between populations has been shown to affect 

social processes in marine and terrestrial species. For example, Rubenstein (2007) 

showed that aridity and human disturbance affects variation in social connectivity in 

onagers (Equus hemionus spp.) while Gero et al. (2008; see also Mesnick 2001) 

showed that sperm whales (Physeter macrocephalus) have more complex and 

dynamic social systems in the Pacific Ocean than in the Atlantic Ocean. 

In terms of giraffe, a variety of demographic, behavioural and environmental drivers 

have recently been proposed to explain spatiotemporal variation in behaviour and 

social organisation. These include sex, age, kinship, population density, resource 

availability, home range overlap, behavioural state, human disturbance and season or 

time of the day (Pellew 1983; 1984; Fennessy 2004; Bercovitch and Berry 2010; 

2012; Carter 2013; Castles et al. 2019; Deacon and Bercovitch 2018; Muller et al. 

2018b; 2019; Prehn et al. 2019; Bond et al. 2019). Quantification of exogenous 

factors, and the modelling of their effects through space and time, is necessary to 

predict how environmental changes (e.g. to temperature or resource availability) will 

affect the healthy functioning of populations (Croft et al. 2008; Tanner and Jackson 



 

 16 

2012; Kurvers et al. 2014; Rubenstein 2015; Gero and Rendell 2015; Engelhard et 

al. 2017; Snijders et al. 2017), and thus is important in terms of informing giraffe 

conservation management. However, for both giraffe and the majority of large 

herbivores, such research remains emergent and we still have a nascent 

understanding of the environmental drivers of behaviour at various spatiotemporal 

scales (Kraus et al. 2015; Shorrocks 2016). 

Environmental drivers can also shape variation in animal sociosexual behaviour, 

such as sexual segregation or conception rates (Rutberg et al. 1987; Sinclair et al. 

2000; Owen-Smith 2002). For example, in seasonal climates, most ungulates breed 

seasonally in line with temporal changes in resource availability (e.g. common 

impala, Aepyceros melampus, or Coke’s hartebeest, Alcelaphus buselaphus cokei; 

Leuthold and Leuthold 1975, Rutberg et al. 1987; Bronson 1989; Ogutu et al. 2010; 

2014; Owen-Smith and Ogutu 2013). In giraffe, sex differences and sociosexual 

factors play a strong role in shaping social behaviours (Young and Isbell 1991; 

Ginnett and Demment 1999; Bercovitch et al. 2006; Lee et al. 2017), however the 

environmental drivers of variation in such behaviours remain under-researched. 

Specifically, adult male giraffe adopt an endurance rivalry mating strategy, roaming 

between herds and forming temporary mate-guarding relationships with fertile 

females (Bercovitch et al. 2006; Brand 2007; Seeber et al. 2013). While adult male 

giraffe can conceive year-round (although see Seeber et al. 2013), adult females 

have short, unsynchronised estrous windows, leading to a heavily skewed 

operational sex ratio (Bercovitch et al. 2006; Castles 2018). Adult female giraffe 

(and younger males; Castles 2018) are also more gregarious, sedentary and 

philopatric than adult males, who have larger home ranges and become increasingly 

solitary as they age (Pratt and Anderson 1982; Van der Jeugd and Prins 2000; 

Fennessy 2004; Castles et al. 2019). Furthermore, giraffe are iteroparous and can 

breed year round at all latitudes (Ansell 1960; Foster and Dagg 1972; Hall-Martin et 

al. 1975; Leuthold and Leuthold 1975; Pratt and Anderson 1982; Bercovitch and 

Berry 2009; 2015). However, some research has suggested that giraffe may show 

seasonal birth pulses in seasonal environments, suggesting environmental factors 

could drive seasonal shifts in reproductive behaviours (Fairall 1968; Foster and Dagg 

1972; Hall-Martin et al. 1975; Pellew 1983; Sinclair et al. 2000; Brand 2007; 

Thomassen et al. 2013; Ogutu et al. 2014; Lee et al. 2017; see Shorrocks 2016 and 
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Dagg 2014 for review). To date though, reproductive phenology remains under-

researched in giraffe (Young and Isbell 1991; Ginnett and Demment 1999; 

Bercovitch et al. 2006; Lee et al. 2017). 

 

1.5 Thesis structure 
Despite the recent resurgence of research into giraffe socioecology, giraffe behaviour 

remains under-researched, and a lack of scientific research remains one of the most 

limiting factors in giraffe conservation (see also Dagg 2014; Shorrocks 2016; GCF 

2019). The following chapters use advanced methods in data collection and analysis 

to test a series of hypotheses relating to gaps in our current knowledge of the ecology 

of wild giraffe. Chapters 2, 3, 4, and 5 address current questions in the field, with 

empirical results discussed in terms of their relevance to giraffe ecology, broader 

ecological theory and conservation management. Chapter 6 is a concluding chapter 

and, along with the introduction in Chapter 1, aims to position the research 

framework of the thesis at the intersection of ecological theory and conservation 

science. 

 

1.5.1 Chapter summaries 

Chapter 2 investigates the efficiency of a new miniaturized biotelemetry device 

adapted for use on giraffe. Logistical difficulties in tracking and monitoring wild 

giraffe in unfenced and remote areas have led to the perpetuation of gaps in our 

understanding of the behavioural ecology of this species. The precision and 

performance of this device is tested using both stationary and animal-borne trials 

across five geographical areas in Africa. Furthermore, the diel, seasonal and long-

term voltage performance of the solar-powered device is investigated in an 18-month 

animal-borne trial on wild giraffe in the northern Namib Desert, Namibia. The 

results of the study are discussed in the context of the potential for the new solar-

powered device to address current difficulties in remotely collecting movement 

ecology data on giraffe and other terrestrial species in the wild. This chapter also 

highlights the importance of a priori testing of new technologies in ecology and 

conservation. 
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Chapter 3 harnesses the technology investigated in Chapter 2 to investigate the 

effects of diel, seasonal and spatial variation in environmental variables on giraffe 

activity patterns. Specific expectations regarding the effects of natural fluctuations in 

temperature, light (both solar and lunar) and other environmental factors are 

investigated across multiple spatiotemporal scales. The results of this chapter 

provide the first full picture of giraffe chronobiology across the diel cycle. Results 

are discussed in terms of the conservation implications of growing evidence that 

surface-dwelling mammals have plastic activity patterns vulnerable to modification 

by exogenous cues (zeitgebers). 

Chapter 4 builds on the idea of the seasonal changes in giraffe activity patterns 

demonstrated in Chapter 3 by investigating reproductive phenology as a seasonal 

driver of giraffe sociosexual behaviour. Observational data on birth rates and 

juvenile survival across 3.5 years is used to test for the presence of a seasonal (and 

potentially adaptive) birth pulse. Furthermore, data on grouping patterns is used to 

test for a seasonal reduction in sexual segregation, which may signal a seasonal 

conception pulse. Finally, male pelage colour is used as a proxy for dominance to 

investigate whether dominant and subordinate adult males show different seasonal 

patterns of sexual segregation. Results are discussed in terms of both mounting 

evidence that giraffe sociosexual behaviour cannot be uncoupled from seasonal 

environmental variation and the related implications in terms of the potential for 

phenological mismatch in changing environments. 

Chapter 5 provides an additional perspective on how shifts in both social and 

environmental factors through time and space shape giraffe social behaviour. 

Building on the preceding chapter, Chapter 5 tests the effects of demographic 

factors, including sex, age and the presence of juveniles, on herd size dynamics. 

Furthermore, multiple remotely sensed spatial variables are used to investigate the 

role of variation in resource distribution and abundance on giraffe grouping 

dynamics through time and space in a heterogeneous desert environment. Results are 

discussed in terms of the fitness costs and benefits of behavioural plasticity in 

grouping dynamics in the face of anthropogenically driven habitat change. 

Chapter 6 is a final concluding chapter, which summarises and integrates the main 

results of the thesis with a particular emphasis on their conservation management 

implications.  
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CHAPTER 2 – Precision and performance of a miniaturised, solar-

powered GPS giraffe biotelemetry device 

 

Abstract 

Advances in the technology of animal biotelemetry are transforming the ways in 

which we remotely acquire environmental, physiological and behavioural data. 

Large and heavy batteries, however, continue to reduce the availability of GPS 

tracking devices for small taxa and for species with morphologies that limit 

attachment options, such as giraffe. Device miniaturisation is beginning to be 

achieved through the use of in-built solar accumulators, but it is important that the 

rapid uptake of these technologies does not outpace systematic tests of their 

precision and performance. This chapter shares the technical details of a new 180g 

solar-powered device originally designed for vultures but adapted for use on giraffe 

and other terrestrial herbivores. The precision and performance of this device is 

tested using both stationary and animal-borne trials across multiple geographical 

areas. Results show exceptionally high fix acquisition success rates and moderate 

precision error, as well as demonstrating that the solar-powered devices maintain a 

high and stable voltage over long-term animal-borne trials. These results highlight 

the importance of a priori testing of new technologies in biotelemetry research and 

demonstrate how solar-technology can help to address some of the challenges we 

face in collecting movement ecology data on giraffe and other terrestrial mammals. 

 

Keywords: Biotelemetry, conservation, Giraffa giraffa, miniaturized technology, 

movement ecology, terrestrial mammals, wildlife tracking 
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2.1 Introduction 

Computational tools and automated methods of ecosystem monitoring are offering 

unprecedented insights into the natural world (Joppa 2015, Sethi et al. 2018). In the 

field of movement ecology, biotelemetry, or the remote measurement of state 

variables of free-living organisms (Cooke et al. 2004), is transforming the ways in 

which we acquire environmental, physiological and behavioural data (Kays et al. 

2015, McGowan et al. 2017). Recent advances allow us to determine near real time 

positioning with a high level of accuracy and precision for species ranging from 

honeybees (Kissling et al. 2014) to humpback whales (Garrigue et al. 2015), while 

integrated biosensors (Tomkiewicz et al. 2010) and a growing array of aerial 

imaging platforms (Pimm et al. 2015) allow this robust spatiotemporal data to be 

paired with environmental variables. 

To capitalize on such technology, researchers must comply with the animal welfare 

guidelines that devices weigh no more than 2-5% of an animal’s bodyweight (Cooke 

et al. 2004, Casper 2009). Many biotelemetry devices, however, and particularly 

those that support remote download GPS capabilities, require cumbersome batteries 

to support a long operational lifespan (Fischer et al. 2017, Sethi et al. 2018). The 

size and weight of the battery therefore becomes a limiting factor in research design, 

with the majority of mammal species still falling outside of the minimum 

bodyweight bracket for remote download GPS biotelemetry devices (Kays et al. 

2015). Furthermore, variation in morphology means that certain species are difficult 

to tag with cumbersome units, regardless of the size and weight of the animal. In 

particular, since Adams (1965), most large mammal researchers have opted to use 

neck collar attachments (suitable for supporting a heavy battery). Some species, 

however, (e.g. giraffe, Giraffa giraffa, Fennessy et al. 2016; Fig 1a – d; or wild boar, 

Sus scrofa; Morelle et al. 2014) have unusual neck morphologies that do not easily 

support a collar type attachment. Research and resultant management implications 
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are therefore likely to be weighted towards large mammals and, within large 

mammal research, towards those species that have morphologies conducive to 

attaching a heavy battery. This has the potential to create a systematic bias, 

particularly considering the rapid expansion of this field (Fraser et al. 2018). 

Compromising on battery life to reduce battery size and weight is one way to create 

smaller, lighter units that have a wider range of attachment options and are therefore 

suitable for use on a wider range of animals. However, this strategy can also lead to 

costly trade-offs. For example, extending battery life by choosing longer intervals 

between position fixes may limit the inferences that can be drawn from the resulting 

data (Frair et al. 2010). Similarly, reducing transmission distance by opting for in-

situ antennae-based download, or daily download to the International Space Station 

(i.e. the ICARUS system; Curry 2018), can extend battery life but may increase 

logistical costs or limit the availability of real time position fixes (Fischer et al. 

2017). There is therefore still a growing demand for smaller and lighter units that 

incorporate advanced satellite-based download technology (Kays et al. 2015). Such 

device miniaturisation is beginning to be achieved through the use of in-built solar 

accumulators, allowing the size and weight of the devices to be greatly reduced in 

both biologgers and GPS biotelemetry devices (Geen et al. 2019). 

While such developments are opening up attachment possibilities for a wider range 

of species, there is a danger that the rapid uptake of these technologies could outpace 

systematic tests of their precision and performance. A lack of a priori testing of new 

devices both limits incisive study design and undermines our ability to draw accurate 

inferences from the resulting data (Frair et al. 2010, Joppa 2015). This in turn 

reduces both the viability of cross-comparisons and the interoperability of metadata 

in online repositories (Campbell et al. 2015). As such, while there is an exigent need 

for the development of smaller, lighter devices, it is also important that the 

performance of each new technology is tested and the resulting data shared with the 

scientific community. 

This chapter presents the technical details of a newly developed 180g solar-powered 

device, originally designed for vultures, but now adapted for a wide range of large 

terrestrial mammals, including giraffe (Fig 2.1.e,f,g). Using both stationary and 

animal-borne trials across multiple geographical areas  (sensu Jung et al. 2018), the 

performance of the new device is examined on measures of fix acquisition success 
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rate and precision error (two major sources of GPS error; Frair et al. 2010, Jung et 

al. 2018, Hofman et al. 2019). Furthermore, the diel, seasonal and long-term voltage 

performance of the solar-powered device is tested in an 18-month animal-borne trial 

on wild giraffe. 

 

Fig.2.1: Trialled attachments for tracking giraffe with biotelemetry devices. 
Giraffe are an illustrative case of how reducing the size and weight of devices can 
open up GPS biotelemetry device attachment options for large mammals: (a – d) 
attachment options that have proven problematic for giraffe researchers due to the 
size and weight of the device and (e) the solar-powered device tested here that, due 
to reduced size and weight, has opened up a new attachment option (on the ossicone; 
f, g). Specifically photos show giraffe (a) neck collar (Namibia; 2001; © Giraffe 
Conservation Foundation, GCF), (b) head harness (c) ear tag (South Africa: 2011; © 
Francois Deacon, University of Free State), (d) head collar (Kenya; © Ian Craig, 
Northern Rangelands Trust), and (e) ‘Ossi-unit’ incorporating the solar-powered unit 
tested here (© Ken Bohn, San Diego Zoo Global) and fitted to the ossicone of (f) a 
female and (g) a male giraffe (Uganda; © Michae1 Butler Brown).  

(a)	 (d)	

(c)	

(e)	

(b)	

(g)	(f)	
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2.2 Materials and Methods 

2.2.1 Technical details of solar-powered devices 

The GPS devices weighed approximately 180 g and measured 66 mm x 52 mm x 23 

mm (see Fig 2.1.e,f,g). The battery system contained a rechargeable 680 mA/h AA 

lithium polymer battery, charged by a 33x27mm 4v monocrystalline solar cell 

capable of providing up to 100MW. Positioning was based on the Global Positioning 

System (GPS) with data reporting via the Short Burst Data (SBD) service on the full 

Earth coverage Iridium network. This allowed for two-way communication and 

therefore ‘on animal’ reprogramming of device parameters, including the GPS fix 

and uploading intervals and the duration of GPS averaging. Battery-voltage and 

temperature were automatically recorded at each data upload. The device had a cut 

out voltage level of 3.2 volts, at which it would suspend operations until recharged to 

avoid damage to the battery. 

A 433 Mhz UHF telemetry beacon (for back-up localisation), programmable on 

frequency, output power and time interval, and a 12 bit tri-axial accelerometer (to 

enable a mortality alarm) were also integrated into the devices.  Acceleration data 

were evaluated in real time on board the devices. This allowed for the mortality 

alarm to trigger the device to send an automatic GPS location by SMS/email in the 

case of a lack of movement. Server based geo-fencing analysis could also be 

activated on predefined points, lines or polygons. The accompanying data 

management software package allowed for general querying, the addition of 

auxiliary information and remote downloads in csv, kmz, and shp formats. The 

devices were produced by Savannah Tracking Ltd, Nairobi, Kenya in partnership 

with the Giraffe Conservation Foundation (GCF). 

 

2.2.2 Data collection 

To estimate fix acquisition success rate, precision error and battery voltage, GPS 

biotelemetry data were collected from a total of fifty individual devices (twenty of 

which were used in more than one study). Data were collected in five geographical 

areas between July 2017 and January 2019. The sample sizes varied across measured 
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parameters: see below for full details. All devices were programmed to an inter-fix 

interval of one-hour and a 10 second GPS averaging period. 

 

2.2.3 Data handling and analyses 

Data handling and analyses were performed in R 3.4.2 (R Core Team 2017). 

Environmental features for spatial points in the stationary tests were recorded either 

at the test site (canopy cover, height above the ground, orientation of the unit) or 

extracted in ArcMap 10.3.1 (slope; ESRI 2014). 

 

2.2.4 Success rate 

Fix success rate can be affected by multiple variables including animal behaviour 

(e.g. standing in the shade), environmental factors (e.g. dense vegetation), satellite 

coverage (which can vary both by geographical area and time of the day) and battery 

voltage (due to cut out thresholds). Data from thirty-five animal-borne devices fitted 

to free-roaming giraffe between July 2017 and January 2019 across four 

geographical areas in Africa (northwest Namibia = 20, northern Kenya = 11, 

northeast Uganda = 2, central Namibia = 2) were collected to test the overall fix 

acquisition success rate of the devices. Fixes were collected at a predefined (fixed) 

one-hour interval. The fix success rate was calculated by dividing the number of 

recorded fixes by the number of scheduled fixes. 

 

2.2.5 Animal-borne devices 

To tag giraffe for the animal-borne trials giraffe were darted and immobilized by a 

registered wildlife veterinarian working alongside an experienced giraffe capture 

team. Females with a calf and visibly pregnant females were avoided. Giraffe were 

darted in the shoulder or rump with 100% success rate of administration; there was 

no need to re-dart any animal and there were no partial drug administrations. After 

darting, the vehicle remained stationary or kept a distance of ~ 100 m from the 

giraffe until induction occurred (~ 3-6 mins). Once narcotised, giraffe were roped by 

the capture team and brought to the ground. The antidote was immediately 
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intravenously administered while the giraffe were blindfolded and restrained after 

which the devices were fitted. For each giraffe the entire procedure from darting to 

release took under 30 minutes. In line with the policy guidelines of the GCF, 

recapture of giraffe is being undertaken wherever possible to replace or remove 

failed devices. These modalities were the same for all animals included in the study. 

The capture methods and veterinary procedures involved are described in detail in 

Hart et al. (2020; see also Fennessy et al. 2019). 

 

2.2.6 Modelling approach (precision error and voltage) 

Generalised additive mixed models (GAMMs), using the function gam from the 

mgcv package in R (Wood 2011), were used to model precision error and voltage 

(full details on model predictors and structure reported below). Smoothing functions 

were used to allow for non-linear relationships and cross-validation was used to 

automatically determine the optimal amount of smoothing (Wood 2006, 2011). The 

models were fit using the select = TRUE implementation in the gam algorithm of the 

mgcv package, which allowed automated model selection. This option adds a penalty 

to each smoothing term, allowing it to be penalized out of the model via optimization 

of the smoothing parameter selection criterion (Wood, 2017). 

 

2.2.7 Precision error 

Data from twenty-five devices deployed in stationary tests in twelve test sites across 

four geographical areas, with two devices used in multiple test sites (northwest 

Namibia = 2 devices; central Namibia = 10 devices; northwest Uganda = 10 devices; 

and northeast Uganda = 5 devices), were used to estimate precision error. Each 

device was deployed for a minimum of one day. The centroid of all recorded 

position fixes was calculated for each test site and the distance between each fix and 

its corresponding centroid then computed. 

To model the effects of environmental variables on precision error, the degree of 

slope of the terrain was extracted for the centroid of all fixes for each test site from a 

30 m resolution digital elevation model from the RCMRD GeoPortal (as 

recommended by Jung et al. 2018). The remaining environmental variables were 
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manipulated at each test site. These included canopy cover (with devices either 

tested in the open or under single trees), height above the ground (with devices 1 

metre, 1 - 1.5 meters, or 2 - 2.5 meters above the ground) and orientation (with 

devices in either a horizontal or vertical position). These values were used to test 

whether precision was likely to be negatively affected by slope of the terrain, canopy 

cover, proximity to the ground and/or the possible attachment position of the device 

(i.e. horizontal or vertical). 

One a priori model structure was written based on the main set of environmental 

predictor variables, and included individual device and geographical area as random 

effects. All candidate predictors were screened for collinearity using a Pearson 

correlation matrix (Zuur et al. 2009). Height above the ground was collinear (|rp| > 

0.7) with both canopy cover and device orientation, leading to an incompatibility in 

the a priori model. To avoid collinearity issues (|rp|>0.7), two alternative GAMM 

structures were written and these models were compared using the Akaike 

Information Criterium (AIC). 

 

• Model 1 included canopy cover and device orientation as categorical 

predictors, hour of the day and degrees of slope as smoothing splines, and 

individual device and geographical area as random effects on the intercept. 

• Model 2 included height above the ground (1 m, 1-1.5 m, or 2-2.5 m) as a 

categorical predictor, hour of the day and degrees of slope as smoothing 

splines, and individual device and geographical area as random effects on the 

intercept. 

 

A final collinearity screening for each model structure showed all predictor variables 

had correlation coefficients below the collinearity threshold of |rp| < 0.7 (Zuur et al. 

2009). The AIC showed Model 1 to be the superior model; therefore, height above 

the ground was not retained in the best model. 
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Equation 1 (describing Model 1) had the following structure: 

Precision error(log transformed +1) ~ intercept + f1(hour, bs = “cc”) + f2 (device_id, 

bs = “re”) + f3 (degrees_slope, k = 3) + canopy + orientation + f4 

(geographical_area, bs = “re”) + error(Gaussian) 

where: 

fn are smoothing functions to allow for non-linear relationships depicting the 

variation of precision error over time (hour, cyclic cubic regression spline), in 

relation to degrees of slope (with knots limited to 3 to prevent overfitting), canopy 

cover (categorical, closed or open), and orientation of the device (categorical, 

vertical or horizontal), and with the individual device (device_id) and geographical 

area as random effects on the intercept. The model successfully met the assumptions 

of constant variance and normality of residuals (Wood 2017) when the response 

variable was log transformed. Residuals were independent with no trace of spatial or 

temporal autocorrelations.  

 

2.2.8 Voltage analysis 

A voltage analysis was run to investigate the battery life of the solar-powered 

devices over time, using data from twenty animal-borne devices fitted to free-

roaming giraffe in northwest Namibia from July 2017 – Feb 2019. 

A GAMM was used to model the effects of environmental variables on voltage 

levels (Wood 2006). Battery voltage was expected to vary with Julian day (day of 

the year; with reduced voltage expected during the winter months due to shorter 

days), angle of elevation of the sun (diel variation; with reduced voltage expected at 

night) and days since deployment (battery lifespan; with reduced voltage expected in 

line with the number of days deployed). Angle of elevation of the sun was extracted 

using the oce package in R (Kelley and Richards 2014, R Core Team 2017). 

Individual device was included in the model as a random effect on the intercept. 

Collinearity screening showed that all predictor variables had correlation coefficients 

below the threshold of  |rp| < 0.7 (Zuur et al. 2009). 
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Equation 2 (describing Model 3) had the following structure:  

Voltage ~ intercept + f1 (sun_angle) + f2(julian_day, bs = “cc”) + f3(days_deployed) 

+ f4(device_id, bs = “re”) + error(Gaussian) 

where: 

fn are smoothing functions to allow for non-linear relationships depicting the 

variation of voltage over time in relation to the angle of the sun, the day of the year, 

and the number of days since deployment, and with individual device (device_id) as 

a random effect on the intercept. The model successfully met the assumptions of 

constant variance and normality of residuals (Wood 2017). Residuals were 

independent with no trace of spatial or temporal autocorrelations.   
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2.3 Results 

2.3.1 Success rate 

Results showed a high and consistent fix acquisition success rate of 99.7% (Table 

2.1). 

Table 2.1: Fix acquisition success rate of thirty-five GPS devices trialled on giraffe 
in four geographical areas in East and southwest Africa between July 2017 and 
January 2019. 
Geographical area N units Cumulative N days 

deployed 

Recorded/ scheduled 

fixes 

Success rate 

Northwest Namibia 20 4,672 111,790/112,128 99.7% 

Central Namibia 2 336 28,428/28,446 99.9% 

Northern Kenya 11 347 8,297/8,300 99.9% 

NE Uganda 2 57 2,696/2,748 98.1% 

Total 35 5,412 151,211/151,622 99.7% 

 

2.3.2 Precision error 

The final dataset comprised 1,350 fixes (northwest Namibia = 140; central Namibia 

= 955; northwest Uganda = 175; and northeast Uganda = 80). Environmental 

variables included degrees of slope (0 – 14 degrees, x̄ = 4.09, sd = 2.29), canopy 

cover (with 1,135 fixes in the open and 215 under tree canopy) and orientation (with 

1,210 fixes with the device in a horizontal position and 140 fixes with the device in a 

vertical position). Results of the stationary tests showed that the devices had 

moderate overall precision error (x̄ = 12.79 m, sd = 16.69 m; Table 2.2). 

Model 1, modelling the effects of environmental variables on precision error, 

explained 10.2% of the variance. Results showed a small but significant effect of 

canopy cover (estimates under tree canopy with open habitat as a reference category: 

β = 0.192, SE = 0.092, t = 2.077, p = 0.038, Fig. 2.2) and a significant effect of hour 

of the day (smoothing spline edf = 5.85, F = 4.93, p < 0.001, Fig. 2.3) but no 

significant effect of slope of the terrain (smoothing spline edf = 0.4921, F = 0.598, p 

= 0.202) or unit orientation (estimates in a vertical position with horizontal position 

as reference category: β = -0.184, SE = 0.465, t = -0.397, p = 0.692) on precision 

error. 
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Table 2.2: Results of stationary tests for precision error of twenty-five GPS 
devices (with two devices used in multiple locations) in four geographical areas in 
East and southwest Africa between February and June 2018. 
Geographical area N units N fixes  Precision error (metres) 

   Mean Median 75% Quantile 90% Quantile 

Northeast Uganda 5 80 18.26 17.13 20.4 25.06 

Northwest Uganda 10 175 14.76 12.04 19.98 27.99 

Northwest Namibia 2 140 18.59 12.37 20.14 32.69 

Central Namibia 10 955 11.68 7.28 13.07 24.13 

Total 27 1,350 12.79 8.54 16.61 26.25 

 

 

 

 
Fig.2.2: The effect of canopy cover on precision error from 1,350 fixes (1135 
open sky, 215 tree cover; 1210 horizontal; 140 vertical) collected from twenty-five 
GPS devices (with two units used in multiple locations) in four geographical areas in 
East and southwest Africa between February and June 2018, with point wise 95% 
confidence intervals for the fitted generalized additive mixed model (GAMM). 

2.0

2.5

3.0

3.5

Canopy

Pr
ec

is
io

n 
er

ro
r (

lo
g-

tra
ns

fo
rm

ed
)

Open sky Tree cover

10

20

30

P
recision error (m

) 



 

 46 

 

 
Fig.2.3: The effect of hour of the day on precision error from 1,350 fixes 
collected from twenty-five GPS devices (with two units used in multiple locations) 
in four geographical areas in East and southwest Africa between February and June 
2018, with point wise 95% confidence intervals for the fitted generalized additive 
mixed model (GAMM). Each line is one of 500 draws from the Bayesian posterior 
distribution of the model. 

 

2.3.3 Voltage analysis 

Results of the voltage analysis, using data from twenty devices fitted to free-roaming 

giraffe between July 2017 and February 2019 (fixes = 112,408), showed that the 

voltage remained high across the study (x̄ = 4.18 volts, sd = 0.08) never dropping 

below the cut-out threshold (3.2 volts). 

Model 3, modelling the effects of external variables on voltage level, explained 

59.4% of the variance. Results showed small but significant effects for: the number 

of days the device had been deployed (smoothing spline edf = 8.792, F = 558204.16, 

p < 0.001), with a decrease in voltage (~ 0.2 volts) after 300 days of deployment 

(Fig. 2.4. a); the angle of elevation of the sun at the time of the fix (smoothing spline 

edf = 4.843, F = 6.66, p < 0.001; with no meaningful effect on voltage; Fig. 2.4.b); 
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and the day of the year (Julian Day, smoothing spline edf = 8, F = 110151.84, p < 

0.001), with two similarly slight decreases in voltage (< 0.1 volt) which 

corresponded with the rainy season in northwest Namibia in March and April (Julian 

days 60-120) and with the shorter winter days from May to August (Julian days 120-

212; Fig. 2.4. c). Although the model explained these slight reductions in voltage, the 

reductions had little relevance in terms of device functionality; all values fell 

between 4 and 4.3 volts (a range of 0.3 volts) and never approached the voltage cut 

out threshold of 3.2 volts (Fig. 2.4). 

 
Fig.2.4: The effect of (a) the number of days of deployment, (b) the degrees of 
elevation of the sun (sun angle; with 0 degrees corresponding to sunrise/sunset) and 
(c) the day of the year (Julian day; with the rainy season ~ days 60-120, and shorter 
winter ~ days 120-210), on the voltage profile extracted from 112, 408 fixes from 
twenty devices fitted to free-roaming Angolan giraffe in northwest Namibia from 
June 2017 to January 2019. The plots show point wise 95% confidence intervals for 
the fitted generalized additive mixed model (GAMM), and each line is one of 50 
draws from the Bayesian posterior distribution of the model. The horizontal dashed 
line marks the voltage cut out threshold of 3.2 volts.  
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2.4 Discussion 

Results of stationary tests and animal-borne trials showed that the 180g solar-

powered GPS biotelemetry devices had an exceptionally high fix acquisition success 

rate and moderate precision error. Furthermore, results also demonstrated that the 

devices retained high and stable voltage across long-term animal-borne trials. 

The measures of fix acquisition success rate (99.7%) from the animal-borne trials 

compare favourably with those of other studies. In a recent review, Hofman et al. 

(2019) reported an overall fix acquisition success rate of 78% across 167 studies of 

GPS biotelemetry in terrestrial wildlife research. The current measure of precision 

error (x̄ = 12.79m) from stationary tests is moderate. Jung et al. (2018) for example 

report a mean 4.3m precision error on stationary tests of GPS collars designed for 

bison and caribou (Bison bison; Rangifer tarandus). However, Jung et al. (2018) 

used an inter-fix interval of 24hrs in comparison to the 1hr inter-fix interval used 

here, and also report an average of 5-20 m accuracy across the literature on 

stationary trials of biotelemetry devices for terrestrial mammals. In terms of the 

effects of environmental variables on precision, the current results showed that 

precision error was slightly higher in the morning, likely due to variation in satellite 

coverage across the diel cycle. In line with Jung et al. (2018), there was also a 

significant but weak effect of canopy cover, with a trend towards increased error 

when the test site was under the canopy of a single tree. Slope of terrain (0 - 14°) and 

unit orientation (90 or 180°) did not have significant effects on precision error. 

Results of the voltage analysis showed that although significant, variation in voltage 

level in line with the angle of elevation of the sun did not have a meaningful effect 

on the functionality of the units. This suggests that, once charged, the units 

maintained high voltage throughout periods of little or no solar energy (i.e. when 

animals were standing in the shade, or during the night). Results also showed little 

seasonal variation; although day of the year was statistically significant, the size of 

the effect was very small, with a negligible dip in voltage corresponding to the wet 

season (cloudier) and winter days (reduced hours of daylight). A limitation of the 

study was that the voltage trials were restricted to field trials in Namibia, which is 

characterised by high availability of daytime solar energy (Maúre et al. 2018). 

Further research is necessary to determine whether the solar accumulator is as 

efficient in climates characterised by lower availability of daytime solar energy. 
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However, preliminary results from animal-borne trials in the USA and Canada (on a 

variety of large mammals; Fig. 2.5) are showing that devices retain a similarly high 

and consistent voltage charge across northern hemisphere latitudes, and are expected 

to function within a charging temperature range of -45° to +85°C (Smithsonian 

Conservation Biology Institute (SCBI); Savannah Tracking Ltd., pers. comm.). 

 
Fig.2.5: Animal-borne trials of the solar-powered device showing a range of 
attachment types across taxa including (a) giraffe - ossicone, (b) scimitar horned 
oryx - horn (© John McEvoy/SCBI), (c) Przewalski’s stallion – tail hair (© John 
McEvoy/SCBI), (d) elephant calf – collar (© David Daballen) and (e) Rüppell’s 
vulture – ‘backpack’ (© Laila Bahaa-el-din; inset: Henrik Rasmussen). 

 

In terms of functional longevity, results showed a very slight dip in voltage level (< 

0.2 volts) after approximately 300 days of deployment, possibly signalling a minor 

reduction in battery system efficiency. However, at no point across the 18 months of 

the study did the voltage level approach the cut out threshold of 3.2 volts, nor did 

any of the devices in this study fail prematurely due to other technical issues. Such 

low failure rates compare favourably with the 48% failure rate for GPS biotelemetry 

devices in terrestrial wildlife research as reviewed by Hofman et al. (2019).  

(a)	

(d)	(c)	

(b)	

(e)	
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Since these trials were run, the battery system of the units tested here has been 

upgraded (to a Tadiran 150 mA/h ⅔ AA sized lithium ion battery with a charge cycle 

performance of 5000+ recharging cycles; https://tadiranbatteries.de). This has 

allowed for a further reduction in unit size (65 mm x 37 mm x 32 mm) and weight 

(100 g). While this weight still precludes many small terrestrial mammals (Cooke et 

al. 2004, Casper 2009, Kays et al. 2015), these solar-powered devices do open up 

possibilities for tracking terrestrial species weighing ~5-10 kg or above and that are 

active (at least in part) during daylight.  

It was beyond the scope of this study to run trials on the upgraded battery system; 

however, it is expected that upgraded units will outperform the units tested here in 

terms of functional longevity. The upgraded system is also expected to have the 

capability to record hourly fixes for six days without any power input (Savannah 

Tracking, pers. comm.) making the devices more suitable for species inhabiting 

environments with lower availability of daytime solar energy. Furthermore, there is 

an option to combine a solar accumulator (as tested here) with a primary battery, 

potentially extending the lifespan of devices where solar charging opportunities are 

limited by environmental conditions (e.g. closed canopies) or species-specific 

behaviour (e.g. crepuscularity). 

The past two decades have illustrated how technological advances can provide new 

insights into the behavioural and ecological correlates of life history events for a 

wide range of species, for example migration (Juang et al. 2002), social interaction 

(Farine et al. 2017, Papageorgiou et al. 2019), mortality (Collins and Kays et al. 

2011) and dispersion (Killeen et al. 2014), as well as personality and individual 

differences (Hertel et al. 2019). It is likely that advances in the functional longevity 

of tracking devices such as those presented here will open up unprecedented 

possibilities over the coming decade, ultimately allowing us to remotely gather 

information on animals across their entire lifespans. Such advances in functional 

longevity will have clear animal welfare implications in terms of the cost-benefit 

balance in animal tracking ethics (Kays et al. 2015). In particular, while it is clear 

that the minimum number of animals should always be tagged to fulfil the 

requirements of robust a priori study designs (Cooke et al. 2004, McGowan et al. 

2017, Geen et al. 2019), devices with longer lifespans will potentially lead to a 
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greater quantity and quality of data collected per individual captured as well as to a 

reduced frequency of recaptures for removal or replacement of failed devices. 

 

2.4.1 Conservation implications 

Ever-increasing restrictions on the free-movement of wildlife (Tucker et al. 2018) 

underline the importance of acquiring accurate baseline data on movement ecology 

to inform conservation management strategies (Fraser et al. 2018). This chapter has 

shared the technical details and capacity of a new solar-powered biotelemetry device 

originally designed for vultures, adapted for giraffe, and now being field-tested on a 

range of species using a variety of methods of attachment (see Fig. 2.5). Results 

demonstrated that the device had a high fix acquisition success rate, moderate 

precision error and stable voltage, suggesting it is a useful tool for collecting robust 

spatiotemporal data on giraffe and other medium-large sized terrestrial mammals. 

Future trials using larger sample sizes over a broader range of conditions for each 

variable would be a useful next step in terms of understanding the precision and 

accuracy of this device in less favourable environments (e.g. under closed canopies 

and on steep mountainous terrain; Jung et al. 2018). Finally, it is important to 

reiterate that, wherever possible, wildlife researchers share data on the performance 

of new biotelemetry devices in order that we can draw accurate and comparable 

inferences from data (Frair et al. 2010, Joppa 2015; Campbell et al. 2015) and best 

capitalise on the conservation and welfare implications of rapid technological 

advances. 
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CHAPTER 3 – Intensity of giraffe locomotor activity is shaped by 

solar and lunar zeitgebers 
 

Abstract 

Natural cycles of light and darkness shift the balance of risks and gains for animals 

across space and time. Entrainment to photic cycles allows animals to 

spatiotemporally adapt their behavioural and physiological processes in line with 

interplaying ecological factors, such as temperature, foraging efficiency and 

predation risk. Until recently, our understanding of these chronobiological processes 

was limited by the difficulties of 24 hr observations. Technological advances in GPS 

biotelemetry however are now allowing us unprecedented access to long-term, fine-

scale activity data. In this chapter, data derived from frontline technology (tested in 

Chapter 2) is used to present the first large-scale investigation into the effects of 

natural fluctuations of light and darkness on the locomotor activity patterns of 

giraffe. Using data from a remote population of Angolan giraffe (G. g. angolensis) in 

the northern Namib Desert, Namibia, this chapter reveals the first full picture of 

giraffe chronobiology in a landscape of fear. Furthermore, it presents clear evidence 

of the effect of moonlight on the nocturnal activity patterns of large ungulates. These 

results support recent research demonstrating that, rather than a fixed internal 

representation of time (circadian clock), many surface-dwelling ungulates have 

plastic activity patterns that are vulnerable to modification by external factors. 

Considering the results of this investigation, important conservation management 

implications of rising temperatures and increasing light pollution on the 

chronobiology of surface-dwelling mammals are highlighted. 

 

Keywords: Chronobiology, conservation, GPS biotelemetry, locomotor activity, 

lunarphilia, circadian rhythms, Giraffa giraffa, arid environments 
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3.1 Introduction 

Photic cycles shape the temporal partitioning of activity patterns in surface-dwelling 

mammals in complex ways. Fluctuations in solar light intensity provide the photic 

cues (zeitgebers; Menaker et al. 1997) necessary for animals to synchronize peaks of 

activity with the hours of daylight, twilight or darkness (Ensing et al. 2014; 

Hazlerigg and Tyler 2019; Lowrey and Takahashi 2004). Such entrainment to cycles 

of light and dark allows animals to adapt their behavioural and physiological 

processes to other exogenous factors that covary with photic cycles (sensu Bennie et 

al. 2014). Specifically, it allows for the emergence of diurnal, crepuscular or 

nocturnal patterns of activity: adaptive responses to photoperiod that balance the 

risks and gains of interplaying ecological factors such as foraging efficiency (Prugh 

and Golden 2014) predation (Smith et al. 2019; Valeix et al. 2009) or human 

disturbance (Ensing et al. 2014; Pęksa and Ciach 2018) across space and time.  

Natural cycles of lunar light intensity also affect the nocturnal activity patterns of 

mammals in a variety of complex ways (Colino-Rabanal et al. 2018; Palmer et al. 

2017; Prugh and Golden 2014). For example, the effects of moonlight on nocturnal 

predator activity can be shaped by the quality of their preferred hunting strategy 

(Carnevali et al. 2016). Specifically, species that rely on visual acuity for cursorial 

hunting techniques (e.g. African wild dog Lycaon pictus; Rasmussen and Macdonald 

2011) are more active during moonlit nights. Conversely, the success of species that 

rely on ambush strategies (e.g. African lion, Panthera leo) is either unaffected 

(Cozzi et al. 2012) or reduced (Funston et al. 2001; Packer et al. 2011; Preston et al. 

2019) by the presence of moonlight, and these species are therefore often less active 

on bright nights. Variation in predator response to moonlight has a knock-on effect 

on prey species, resulting in cyclical variation in the level of predation risk 

associated with nocturnal foraging across the lunar cycle (Owen-Smith 2019; Tyler 

et al. 2016; Wu et al. 2018).  
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However, while bright moonlight can increase nocturnal foraging efficiency and 

predator detection, it can also increase the risk of being detected by predators 

(Colino-Rabanal et al. 2018; Pagon et al. 2013). Considering this trade-off, the 

visual acuity hypothesis (Prugh and Golden 2014) proposes that moonlight increases 

activity (lunarphilia) only in prey species that rely on vision as their primary sensory 

system (as such species benefit most from increased light intensity at night). As 

such, as with solar zeitgebers, the response of various mammalian taxa to the 

intensity of lunar zeitgebers reflects a complex interaction between behavioural and 

physiological factors. 

Historically, our understanding of such factors has been limited by the difficulties 

inherent in following and observing animals throughout the 24hr cycle without 

causing disturbance (Ensing et al. 2014). Recent advances in GPS biotelemetry 

devices however are allowing us to study diel activity patterns in unprecedented 

ways. We can now remotely track the movements of tagged animals in near real-

time (Cooke et al. 2004; McGowan et al. 2017; Chapter 2; Hart et al. 2020b) and 

pair this data with remotely sensed environmental variables (sensu Ensing et al. 

2014), opening the doors for better understanding of the exogenous drivers of 

mammalian chronobiological processes. 

In this chapter, a large dataset derived from frontline technology in biotelemetry is 

used to investigate the locomotor activity patterns of a threatened African mega-

herbivore, the giraffe (Fennessy et al. 2016; Winter et al. 2018; Muller et al. 2018). 

Preliminary research has suggested that giraffe activity is concentrated during the 

hours of daylight (although nocturnal foraging may increase on bright nights; 

Pellew, 1983), with peaks in activity at dawn and dusk; Fennessy 2004; Pellew 1983; 

Leuthold and Leuthold 1978). However, there has yet to be a systematic study of the 

chronobiology of giraffe. 

Here, the intensity of giraffe locomotor activity (average speed per hour) is analysed 

using GPS biotelemetry data collected from a population of Angolan giraffe (G. g. 

angolensis; Fennessy et al. 2016; Winter et al. 2018) in the northern Namib Desert, 

Namibia. Locomotor activity has been shown to be a strong proxy for overall 

activity (Ensing et al. 2014), however, it does not account for periods where the 

animal may be active but not covering much ground, for example when eating. 

Therefore locomotor activity is conservatively defined as a proxy for energy 
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expenditure and detectability (with the assumption that the faster giraffe move the 

more likely they are to be detected by predators; Ciuti et al. 2012), rather than for 

overall activity. The specific aims and expectations of this chapter are as follows. 

1. Firstly, this study aims to investigate how photic constraints shape giraffe locomotor 

activity. The effects of solar photic zeitgebers are masked by the natural covariance 

of light and temperature (Munoz-Delgado et al. 2004; Rasmussen and Macdonald 

2011). Specifically, mammals must balance the metabolic costs of activity with those 

of thermoregulation (Brivio et al. 2019; Selebatso et al. 2017). Other large African 

ruminants inhabiting areas of high daytime temperatures (e.g. the Greater kudu 

Tragelaphus strepsiceros; Owen-Smith 1998; or Cape buffalo Syncerus caffer; 

Owen-Smith and Goodall 2014) balance photic and thermal constraints by adopting 

bimodal, crepuscular activity rhythms. As such, and in line with preliminary research 

into giraffe activity budgets (Fennessy 2004; Pellew 1983) a bimodal rhythm is 

expected, with locomotor activity concentrated at dawn and dusk. Furthermore, as 

photo- and thermo-periods shift seasonally, it is expected that locomotor activity will 

fluctuate according to temperature, with reduced locomotor activity during the 

middle of the day during the hot summer months (sensu Fattorini et al. 2019; Pagon 

et al. 2013). 

2. Secondly, preliminary observational research has suggested that giraffe increase 

feeding activity on moonlit nights (Pellew 1983). The second aim of this chapter is 

to investigate the effects of the lunar cycle on giraffe nocturnal locomotor activity. 

As ruminants, giraffe cannot afford to entirely suppress foraging activity at night 

(Owen-Smith and Novellie 1982). Furthermore, lion are the single significant 

predator of giraffe, both generally (Berry 1973; Strauss and Packer 2013) and in the 

northern Namib Desert (Stander et al. 2018), and the hunting efficiency of lion is 

reduced on moonlit nights (e.g. Funston et al. 2001). Considering their high visual 

acuity (Veilleux and Kirk 2014), increased light intensity at night likely improves 

both predator detection and foraging efficiency for giraffe (Prugh and Golden 2014). 

As such, it is expected that giraffe locomotor activity will increase on moonlit nights.	  
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3.2 Methods 

3.2.1 Study area 

The study was conducted within a remote, ~12,500 km2, protected area of the 

northern Namib Desert in northwest Namibia (-18.94661°N, 13.05204°E, Fig. 3.1a). 

The area comprises communal conservancy land and a portion of the Skeleton Coast 

National Park (SCNP). Tourism and low-density livestock grazing constitute the 

dominant land uses in the conservancies, whilst human activities in the SCNP are 

confined to low levels of tourism. Annual rainfall in the wider region varies from 

150 mm on the mountainous escarpments to the east (up to 1200 m a.m.s.l.) to less 

than 20 mm on the dune sea to the west (near sea-level; Fennessy 2004).  The rugged 

terrain is intersected by ephemeral river systems that flood in the event of heavy 

rainfall in their upper catchments (which lie outside of the study area). These 

watercourses remain dry at the surface for the majority of the year, but subterranean 

water flows support riparian woodlands year round. These linear woodlands are 

dominated by species including Faidherbia albida, Vachellia tortilis and Vachellia 

erioloba, and provide the main habitat for a persistent population of free-roaming 

Angolan giraffe (Fig. 3.1b,c; Fennessy 2004; Hart et al. 2020a; Scheepers 1992). 

Small prides of desert-dwelling African lion actively hunt giraffe and other wildlife 

in the area year-round (Stander et al. 2018). Over a 17-year observation period, 

giraffe were the fourth most common species to be predated upon, following oryx 

(Oryx gazella), Hartmann’s mountain zebra (Equus zebra hartmannae) and ostrich 

(Struthio camelus). However, despite making up only 8.3% of overall kills, due to 

their large size giraffe represented 38% of the biomass consumed by lion during the 

observation period (Stander et al. 2018). 
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Fig.3.1: Map of the study region in the northern Namib Desert, Namibia, 
showing (a) giraffe locations recorded using solar-powered GPS tracking devices 
(ossicone units; Chapter 2; Hart et al. 2020b) fitted to 20 giraffe between July 2016 
and February 2019; (b) a distant giraffe moving between patches of vegetation in the 
arid desert landscape and (c) a group of giraffe with an adult female (left) tagged 
with a GPS tracking unit. 

 

3.2.2 Data collection 

GPS biotelemetry data were collected between July 2016 and February 2019 from 

twenty adult giraffe (15 females; 5 males; see Appendix II, Table AII.1.1). The 

giraffe were randomly selected, evenly distributed between the two main river 

systems, and tagged using giraffe-specific biotelemetry ossicone units (Chapter 2; 

Hart et al. 2020b; produced by Savannah Tracking Ltd, Nairobi, Kenya in 

partnership with the Giraffe Conservation Foundation) each set to one-hour 

frequency. These giraffe were the first cohort to be tagged with these newly 

developed units as part of an on-going study in the area.  
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Giraffe were darted and immobilized by a registered Namibian wildlife veterinarian 

working alongside an experienced giraffe capture team. As the giraffe were 

habituated to vehicles, all darting was undertaken by vehicle at a distance of ~ 30 m. 

Females with a calf and visibly pregnant females were avoided. Giraffe have large 

target areas of high muscle content and were darted in the shoulder or rump with 

100% success rate of administration; there was no need to re-dart any animal and 

there were no partial drug administrations. After darting, the vehicle remained 

stationary or kept a distance of ~ 100 m from the giraffe until induction occurred (~ 

3-6 mins). Once narcotised, giraffe were roped by the capture team and brought to 

the ground. The antidote was immediately intravenously administered while the 

giraffe were blindfolded and restrained, after which the ossicone units were fitted. 

For each giraffe the entire procedure from darting to release took under 30 minutes 

and all 20 captures were successful and resulted in no injuries. These modalities 

were the same for all animals included in the study. Dosages of the primary opioid 

drug (etorphine or thiafentanil combined with hyaluronidase to aid absorption) and 

antidote (diprenorphine or naltrexone) varied depending on the size of the giraffe 

and were at the discretion of the veterinarian (see Fennessy et al. 2019 for detailed 

dosage guidelines). 

 

3.2.3 Data handling and analyses 

Data handling and analyses were performed in R version 3.4.2 (R Core Team 2017). 

Biotic and abiotic environmental features for the spatial points where giraffe were 

relocated by means of GPS satellite telemetry were extracted in ArcMap 10.3.1 

(ESRI 2014). 

 

3.2.4 Data set 

The GPS units recorded time, date, position and air temperature (°Celsius). Data 

associated with the first seven days after capture for each individual giraffe was 

removed and data was collected until mortality (1 giraffe), unit failure (7 giraffe, of 

which 3 were recaptured and the units replaced, one of which subsequently failed), 

or the end of the monitoring period (14 giraffe). Speed (metres per hour) was 
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calculated as a proxy for intensity of locomotor activity, based on the difference in 

location (step length) between successive GPS readings, divided by the time 

difference between locations (sensu Smith et al. 2019). The vast majority (95.2%) of 

locations were collected every one hour (123,400 out of 129,566). Locations with a 

time difference >4 hours were removed (<1%). Air temperature was recorded at 

four-hour intervals to sustain battery life. 

To analyse the effects of solar and lunar zeitgebers on giraffe locomotor activity, the 

angle of elevation of the sun, and both the angle of elevation and illuminated fraction 

of the moon, was recorded for each location using the oce (Kelley and Richards 

2014) and lubridate (Grolemund and Wickham 2011) packages in R (R Core Team 

2017). This data was used to create a categorical lunar index. With day (sun angle > 

0), and with night (sun angle < 0) categorised as Moon <= 1st Quarter (illuminated 

fraction ≤ 25%, moon angle > 0), Moon > 1st Quarter (illuminated fraction > 25%, 

moon angle > 0), and No Moon (moon angle < 0). 

Additional variables were included to account for the possible confounding effects of 

other environmental factors on locomotor activity: (a) distance to ephemeral rivers 

(main and minor), (b) habitat type, (c) monthly NDVI, and (d) terrain ruggedness. 

These variables may affect variation in locomotor activity, for example due to giraffe 

slowing down in areas of high food availability or on steeper terrain (sensu Ciuti et 

al. 2012). Habitat type was extracted using the 20 m resolution land-use map for the 

African continent generated by the European Spatial Agency (ESA; esa-landcover-

cci.org). NDVI values were extracted by month of the year and location based on a 

monthly NDVI time series from Landsat 8 satellite imagery (at 30 m resolution). 

Finally, terrain ruggedness (in meters; Riley et al. 1999) was extracted from a 30 m 

resolution digital elevation model from the RCMRD GeoPortal 

(geoportal.rcmrd.org). All extracted values were associated with the starting location 

of the speed records. 

 

3.2.5 Generalised additive mixed modelling  

To model the proxy for giraffe locomotor activity (response variable: log-

transformed speed), one a priori model structure was built based on the main set of 

predictions, while also accounting for the set of potentially confounding covariates 



 

 64 

expected to regulate giraffe locomotor activity. Locomotor activity was expected to 

vary as a function of sunangle (daily variation), Julian day (seasonal variation), 

moon elevation and moon illumination (nocturnal variation), air temperature, and 

individual giraffe (random effect). The model also accounted for possible variation 

due to the distance to and type of the closest river, monthly NDVI and habitat 

(variation based on food availability), terrain ruggedness (variation based on the 

steepness of terrain), sex of giraffe and year of study (as a factor to account for any 

inter-annual variability not accounted for by the predictors listed in the model 

structure). 

All candidate predictors were screened for collinearity using a Pearson correlation 

matrix (Zuur et al. 2009). Sunangle and moon metrics (i.e. the lunar index) were 

strongly collinear (|rp| > 0.8) leading to an incompatibility in the a priori model, 

which aimed to simultaneously test the effect of sun and moon on giraffe locomotor 

activity. Therefore two separate model structures were built. The first aimed to 

investigate the effect of sunlight on giraffe locomotor activity and therefore included 

the highly accurate predictor sunangle but omitted the moon metrics. In the second 

model sunangle was replaced with an interaction between month and hour of the 

day. Hour of the day had the same function of predicting sunlight as the sunangle 

predictor, but was not collinear with the moon metrics, and thus allowed the effect of 

the moon metrics on giraffe locomotor activity to be tested in the second model. A 

final collinearity screening for each model structure showed all predictor variables 

had correlation coefficients below the collinearity threshold of  |rp| < 0.7 (Zuur et al. 

2009). 

Given the two alternative structures, giraffe locomotor activity was modelled using 

two generalized additive mixed models (GAMMs) with the function gam from the 

mgcv R package (Wood 2011). Smoothing functions were used to allow for non-

linear relationships and cross-validation to automatically determine the optimal 

amount of smoothing (Wood 2006; 2011). The models were fit using the select = 

TRUE implementation in the gam algorithm of the mgcv package, which allowed 

automated model selection. This option adds a penalty to each smoothing term, 

allowing it to be penalized out of the model via optimization of the smoothing 

parameter selection criterion (Wood 2017). 
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Equation 1 (describing model 1) had the following structure: 

locomotor activity ~ intercept + f1(distance to the closest main river) + f2(distance to the closest minor 

river) + f3(monthly NDVI) + f4(giraffe ID) + year + sex + f5(terrain ruggedness) + f6(sun angle when 

sun is rising) + f7(sun angle when sun is falling) + habitat type + f8(Julian day) + f9(temperature) + 

error (Gaussian) 

where: 

fn are smoothing functions to allow for non-linear relationships depicting the 

variation of locomotor activity over time (Julian Day, cyclic cubic regression 

splines. i.e. a penalized cubic regression spline whose ends match), in relation to the 

angle of the sun in the first half of the day (rising) and second half of the day 

(falling) and in relation to environmental variables including distance to rivers (both 

main and minor), monthly NDVI, and terrain ruggedness, and with habitat type, year 

and sex as categorical fixed effects, and giraffe ID as a random effect. To meet the 

assumptions of homogeneity and normality (Wood 2017) log transformed speed was 

used as the response variable and a GAMM with a Gaussian distribution of errors 

(identity link) was used, rather than a GAMM with a Gamma distribution of errors 

(log link) fitted on untransformed speed values. The two GAMMs had identical 

patterns in terms of significance values of single effects, although assumptions were 

not fully met and the fit was worse when working with a Gamma distribution of 

errors.      

 

Equation 2 (describing model 2) had the following structure: 

locomotor activity ~ intercept + f1(distance to the closest main river) + f2(distance to the closest minor 

river) + f3(monthly NDVI) + f4(giraffe_ID) + year + sex + f5(terrain ruggedness) + f6(hour in January) 

+ f7(hour in February) + f8(hour in March) + f9(hour in April) + f10(hour in May) + f11(hour in June) + 

f12(hour in July) + f13(hour in August) + f14(hour in September) + f15(hour in October) + f16(hour in 

November) + f17(hour in December) + f18(temperature) + habitat_type + moon_index + error 

(Gaussian) 

where: 

fn are smoothing functions to allow for non-linear relationships depicting the 

variation of locomotor activity over time (hour, cyclic cubic regression spline) 

throughout the 12 months, in relation to environmental variables including distance 

to rivers (both main and minor), monthly NDVI, terrain ruggedness, and 
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temperature, and with habitat type, year, lunar index and sex as categorical fixed 

effects and giraffe_ID as a random effect. The model successfully met the 

assumptions of constant variance and normality of residuals (Wood 2017) when the 

response variable was log transformed. 

 

3.2.6 Spatial and temporal autocorrelation 

As the location fixes were only 1hr apart, it was necessary to check for spatial and 

temporal autocorrelation of residuals in each model structure. To check for spatial 

autocorrelation the variogram function was used (Zuur et al. 2009) but the models 

did not show any trace of spatial autocorrelation (flat semivariograms with no 

nuggets). However there were severe issues of temporal autocorrelation when using 

the autocorrelation function pacf (stat package), with clear temporal autocorrelations 

between any given locations and those collected with a time lag of 24, 48, 72, 96 hrs. 

In practice, locomotor activity of giraffe recorded during a given time of the day was 

strongly correlated with that recorded at the same time during the following few 

days. Including correlation structures to account for this issue (sensu Zuur et al. 

2009) did not fix the temporal correlation, likely affecting the p-values and statistical 

inference. To circumvent this issue the dataset was rarefied based on 50,000 random 

draws from the original dataset and fitted using the above-mentioned GAMM 

models. The resulting models had no issue of either spatial or temporal residual 

autocorrelation, and were used to test the hypotheses. The GAMM predictions were 

depicted with point wise 95% confidence intervals as well as lines depicting 

scenarios obtained from 500 draws from the Bayesian posterior distribution of the 

models. 

 

3.2.7 Diurnality, crepuscularity and lunarphilia  

To offer an additional perspective on locomotor activity patterns, diurnality, 

crepuscularity and lunarphilia were assessed using three separate indices based on 

the following formulae (adapted from Ensing et al. 2014): 
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(1) Diurnality: (diurnal activity - nocturnal activity) / (diurnal activity + nocturnal 

activity), where activity is defined as the average speed recorded during the day 

(diurnal; sun angle > 0), or night (nocturnal; sun angle < -6), with twilight (sun angle 

-6 to 0) excluded. 

(2) Crepuscularity: (crepuscular activity – non-crupuscular activity) / (crupuscular 

activity + non-crepuscular activity), where activity (average speed) is defined as 

crepuscular when the sun angle is between -6 and 0 (twilight), and otherwise defined 

as non-crepuscular. 

(3) Lunarphilia: (moonlit activity – dark activity) / (moonlit activity + dark activity), 

where activity is defined as the average speed at night (sun angle < - 6), and defined 

as moonlit when the moon angle is > 0 and the illuminated fraction is > 1st Quartile, 

and otherwise defined as dark. 

 

When the range of the speed record covered two different temporal categories, the 

speed record was assigned to the category of the starting location. All indices were 

designed to vary from -1 to 1. For example, for the diurnality index a value of higher 

than 0 means locomotor activity is diurnal, whereas lower than 0 means that it is 

nocturnal, and a value of zero means it is the same during the day and night. The 

variation of the indices over time (month) was modelled using a generalised additive 

mixed model (GAMM), with the index as the response variable, month (fitted as a 

circular spline) as the main predictor and individual giraffe as a random effect.	  
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3.3 Results 

The final dataset comprised 119,294 giraffe locations with no missing data, rarefied 

to 50,000 locations based on a random draw. 

 

3.3.1 Generalised additive mixed modelling  

Model 1, testing the effect of sun angle on giraffe locomotor activity, explained 

27.4% of variance in locomotor activity. In terms of possibly confounding 

parametric coefficients, year, habitat type and sex did not have significant effects on 

giraffe locomotor activity (Table 3.1). 

 

Table 3.1: Significance of parametric coefficients as estimated by the first 
generalized additive mixed model, explaining the effect of sun angle on giraffe 
locomotor activity in 20 giraffe tracked in the northern Namib Desert, Namibia, from 
July 2016 to February 2019. 
 Estimate Std. Error t value Pr(>|t|) 

Intercept 5.32431 0.49381 10.782 <0.001 

Year [2016] 0    

Year [2017] 0.1074 0.07516 1.429 0.153 

Year [2018] 0.07842 0.07458 1.051 0.293 

Year [2019] -0.05119 0.07809 -0.655 0.512 

Sex [female] 0    

Sex [male] 0.03062 0.06136 0.499 0.618 

Habitat type [Tree cover] 0    

Habitat type [Shrub cover] -0.6512 0.48797 -1.335 0.182 

Habitat type [Grassland] -0.59329 0.48744 -1.217 0.224 

Habitat type [Cropland] -0.59904 0.48802 -1.227 0.22 

Habitat type [Sparse vegetation] -0.58999 0.48743 -1.21 0.226 

Habitat type [Bare areas] -0.56607 0.48735 -1.162 0.245 

n = 50,000, deviance explained = 27.4% 

 

After accounting for the effect of potential fixed-effect confounding factors, in terms 

of the approximate significance of smoothing terms (Table 3.2), sun angle had a 

significant effect on locomotor activity, with a peak in locomotor activity just before 

dawn (sun angle just below zero) when the sun was rising and just after dusk (sun 

angle just below zero) when the sun was falling (Fig. 3.2). Significant smoothing 
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terms also included temperature (with locomotor activity peaking at approximately 

30°C); distance to main rivers (with decreased locomotor activity in closer 

proximity to ephemeral riverbeds); terrain ruggedness (with decreased locomotor 

activity on more rugged terrain) and Julian day (with a slight dip in locomotor 

activity during the cold-dry season, from ~ days 150-200). The smoothing terms 

temperature, distance to major river and terrain ruggedness were significant in both 

models, however the second model (see below) much better explained the variability 

in the response variable and the environmental effects were therefore plotted based 

on the estimates from the second model rather than from the first model. 

 

Table 3.2: Approximate significance of smoothing terms as estimated by the first 
generalized additive mixed model, explaining the effect of sun angle on giraffe 
locomotor activity in 20 giraffe tracked in the northern Namib Desert, Namibia, from 
July 2016 to February 2019. 
 edf Ref.df F p-value 

f1(Distance to the closest main river) 1.00E+00 2 221.742 <0.001 

f2(Distance to the closest minor river) 5.09E-06 2 0 0.4515 

f3(monthly NDVI) 6.96E-01 2 2.831 0.0461 

f4(Giraffe_ID – random effect) 1.56E+01 17 17.759 <0.001 

f5(terrain ruggedness) 1.25E+00 2 71.465 <0.001 

f6(Sun angle when the sun is falling) 1.54E+01 17 351.164 <0.001 

f7(Sun angle when the sun is rising) 1.52E+01 17 559.617 <0.001 

f8(Julian day) 4.07E+00 8 21.432 <0.001 

f9(temperature) 1.88E+00 2 99.781 <0.001 

n = 50,000, deviance explained = 27.4% 
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Fig.3.2: Effect of sun angle on log transformed giraffe speed (as a proxy for 
intensity of locomotor activity) when (a) the sun is rising (night, sun below the 
horizon, and day, sun above the horizon), (b) the sun is falling (day, sun above the 
horizon, and night, sun below the horizon), and with (c) a reproduction of (a) to 
improve the interpretability of the 24hr cycle of locomotor activity. The dashed 
vertical lines mark sunrise (a, c) and sunset (b). Locomotor activity patterns are 
based on a random draw of 50,000 locations from 119,294 locations recorded from 
20 giraffe fitted with GPS tracking units between July 2016 and February 2019, with 
point wise 95% confidence intervals for the fitted generalized additive mixed model 
(GAMM). Each line is one of 500 draws from the Bayesian posterior distribution of 
the model. All other predictors in the model have been set, with the mean for 
numerical variables, and for sex (female) river type (main), Year (2018), Julian day 
(1), and habitat type (tree cover areas), and with a median effect for the random 
effect of Giraffe ID. Data vary from 2 log speed (~ 7.5 m/hr) to 8 log speed (~ 2,980 
m/hr) through 5 log speed (~150 m/hr). 

 

Model 2, testing the effect of the lunar index on giraffe locomotor activity, explained 

29.2% of variance in locomotor activity. The lunar index was the only significant 

parametric predictor, with no significant effect of habitat type, year or sex on rates of 

locomotor activity (Table 3.3; in line with the results of model 1). Results showed 

significantly higher rates of locomotor activity on moonlit nights than on dark nights 

(Fig. 3.3). 
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Table 3.3: Significance of parametric coefficients as estimated by the second 
generalized additive mixed model, testing the effect of the lunar index on giraffe 
locomotor activity in 20 giraffe tracked in the northern Namib Desert, Namibia, from 
July 2016 to February 2019. 
 Estimate Std. Error t value Pc(>|t|) 

Intercept 5.3661 0.4893 10.967 <0.001 

Year [2016] 0    

Year [2017] 0.03382 0.07493 0.451 0.651 

Year [2018] -0.02481 0.07395 -0.335 0.737 

Year [2019] -0.11194 0.0752 -1.489 0.136 

Sex [female] 0    

Sex [male] 0.02567 0.05904 0.435 0.663 

Habitat type [Tree cover] 0    

Habitat type [Shrub cover] -0.62823 0.48306 -1.301 0.193 

Habitat type [Grassland] -0.57458 0.48257 -1.191 0.233 

Habitat type [Cropland] -0.58798 0.48308 -1.217 0.223 

Habitat type [Sparse vegetation] -0.57781 0.48267 -1.197 0.231 

Habitat type [Bare areas] -0.55193 0.48264 -1.144 0.252 

Lunar index [Day] 0    

Lunar index [illuminated fraction <= 1st 

Quarter] 

0.2845 0.06411 4.438 <0.001 

Lunar index [illuminated fraction > 1st 

Quarter 

0.33303 0.05747 5.795 <0.001 

Lunar index [No Moon] -0.17146 0.05695 -3.011 <0.002 

n = 50,000, deviance explained = 29.2% 
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Fig.3.3: The effect of the lunar index (taking into account illuminated fraction 
and angle of the moon) on giraffe locomotor activity. 1st Quarter (illuminated 
fraction = 25%) has been abbreviated to 1stQ to improve readability. Locomotor 
activity patterns are based on a random draw of 50,000 locations from 119,294 
locations recorded from 20 giraffe fitted with GPS tracking units between July 2016 
and February 2019, with point wise 95% confidence intervals for the fitted 
generalized additive mixed model (GAMM). 

 

In terms of approximate significance of smoothing terms, hour was significant for 

every month (Fig. 3.4) and (as per Model 1) significant smoothing terms also 

included temperature (with locomotor activity peaking at approximately 30°C), 

distance to main rivers (with locomotor activity decreasing closer to main rivers); 

and terrain ruggedness (with locomotor activity decreasing on rougher terrain; Fig 

3.5a,b,c). Distance to minor rivers was also slightly significant in Model 2 (p = 

0.006), but not in Model 1 (Table 3.4). 
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Fig.3.4: Effect of hour of the day by month of the year on log transformed 
giraffe speed (as a proxy for locomotor activity), based on a random draw of 50,000 
locations from 119,294 locations recorded from 20 giraffe fitted with GPS tracking 
units between July 2016 and February 2019, with point wise 95% confidence 
intervals for the fitted generalized additive model (GAM). The vertical dashed red 
lines show the average time of sunrise and sunset each month. However, this figure 
was designed to show seasonal diel patterns of locomotor activity in giraffe; for a 
clear depiction of the effect of angle of elevation of the sun please see Fig. 3.2. Each 
line is one of 100 draws (instead of 500, to improve readability) from the Bayesian 
posterior distribution of the model. All other predictors in the model have been set, 
with the mean for numerical variables, and for sex (female) river type (main), year 
(2018), hour (0) and habitat type (tree cover areas), and with a median effect for the 
random effect of Giraffe_ID. Data vary from 3 log speed (~ 20.08 m/hr) to 6 log 
speed (~ 403 m/hr) through 4.5 log speed (~ 90 m/hr). 
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Fig.3.5: Effect of significant predictors on (a) distance to main rivers (in 
meters), (b) temperature (in °Celsius) and (c) terrain ruggedness (in meters; 
Riley et al. 1999) on log transformed giraffe speed (as a proxy for locomotor 
activity) based on a random draw of 50,000 locations from 119,294 locations 
recorded from 20 giraffe fitted with GPS tracking units between July 2016 and 
February 2019, with point wise 95% confidence intervals for the fitted generalized 
additive mixed model (GAMM). Each line is one of 200 draws (instead of 500, to 
improve readability) from the Bayesian posterior distribution of the model. All other 
predictors in the model have been set, with the mean for numerical variables, and for 
sex (female) river type (main), Year (2018), Julian Day (1), and habitat type (tree 
cover areas), and with a median effect for the random effect of Giraffe_ID. Data vary 
from 3.5 log speed (~ 33 m/hr) to 5.5 log speed (~ 245 m/hr), through 4.5 log speed 
(~ 90 m/hr). 
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Table 3.4: Approximate significance of smoothing terms as estimated by the 
second generalized additive mixed model, testing the effect of the lunar index on 
giraffe locomotor activity (m = 288.96 m/h, sd = 389.43 m/h) in the northern Namib 
Desert, Namibia, from July 2016 to February 2019. 
 edf Ref.df F p-value 

f1(Distance to the closest main river) 1 2 179.601 <0.001 

f2(Distance to the closest minor river) 0.3673 2 0.519 0.006 

f3(monthly NDVI) 0.8501 2 2.437 0.072 

f4(Giraffe_ID) 15.584 17 17.422 <0.001 

f5(terrain ruggedness) 1.2176 2 61.665 <0.001 

f6(hour in January) 17.0754 18 83.229 <0.001 

f(hour in February) 16.5267 18 57.163 <0.001 

f8(hour in March) 14.5737 18 25.247 <0.001 

f9(hour in April) 14.0946 18 28.779 <0.001 

f10(hour in May) 13.7195 18 25.142 <0.001 

f11(hour in June) 15.5837 18 25.698 <0.001 

f12(hour in July) 17.1192 18 42.2 <0.001 

f13(hour in August) 17.3083 18 81.176 <0.001 

f14(hour in September) 17.1529 18 77.265 <0.001 

f15(hour in October) 16.7317 18 72.008 <0.001 

f16(hour in November) 16.8428 18 71.261 <0.001 

f17(hour in December) 16.9855 18 93.967 <0.001 

f18(temperature) 0.983 2 92.496 <0.001 

n = 50,000, deviance explained = 29.2% 

 

3.3.2 Indices: diurnality, crepuscularity and lunarphilia 

The variation of the three index values over month of the year was modelled using 

generalized additive mixed effect models (GAMMs). Predictions of these GAMMs 

were depicted with point wise 95% confidence intervals to which 500 scenario lines 

drawn from the Bayesian posterior distribution of the model were overlapped. In all 

cases, GAMMs’ point wise 95% CIs did not overlap zero, meaning that giraffe were 

significantly more active (a) during the day than at night, (b) during twilight (when 

the sun angle is between -6 and 0) than during the rest of the day, and (c) on moonlit 

nights than on dark nights, in all months of the year at the p<0.05 significance level 

(Fig. 3.6). 
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Fig.3.6: Indices showing the extent to which giraffe locomotor activity was (a) 
diurnal, (b) crepuscular and (c) driven by moonlight. Analyses were based on 
130, 899 locations recorded from 20 giraffe fitted with GPS tracking units between 
July 2016 and February 2019. In all plots, single dots represent index values for 
individual giraffe monitored in this study. The variation of such index values over 
month of the year was modelled using generalized additive mixed effect models 
(GAMMs). Predictions of these GAMMs were depicted with point wise 95% 
confidence intervals to which 500 scenario lines drawn from the Bayesian posterior 
distribution of the model were overlapped. In all cases, GAMMs’ point wise 95% 
CIs did not overlap zero, meaning that giraffe were (a) significantly more active 
during the day than night, (b) at twilight than during the rest of the day, and (c) on 
moonlit than dark nights, at the p<0.05 significance level. 
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3.4 Discussion 

Over 2.5 years of data from frontline technology in biotelemetry was used to provide 

the first full picture of giraffe chronobiology in a landscape of fear. Taking into 

account diel shifts in sunrise and sunset, results showed that locomotor activity 

peaked during the cooler daylight periods (morning and evening), consistent with 

patterns documented for other African ungulates (Owen-Smith 2002; Owen-Smith 

and Goodall 2014; Scheibe et al. 2009). As expected, environmental variables had a 

masking effect (Munoz-Delgado et al. 2004; Rasmussen and Macdonald 2011; 

Scheibe et al. 2009); locomotor activity decreased after a 30°C threshold, on rough 

terrain, and close to the resource-rich main rivers (Fennessy 2004; Hart et al. 2020a; 

Chapter 5). Furthermore, there was a marked synchronization of nocturnal locomotor 

activity with the lunar cycle, demonstrating some of the first evidence of the strong 

effect of moonlight on the nocturnal behaviour of large wild herbivores. 

These results support previous reports of a bimodal diurnal activity pattern in giraffe 

(Pellew 1983; Fennessy 2004; Baxter and Plowman 2001). However, they showed 

that giraffe locomotor activity peaked pre-dawn (during twilight; defined here as 

when the sun was -6 to 0° below the horizon; Fig.3.2) rather than post-dawn (sensu 

Pellew 1983; Fennessy 2004). These pre-dawn and pre-dusk peaks likely reflect 

travelling (i.e. walking to a foraging site at dawn or resting site at dusk; see Burger et 

al. 2020; Owen-Smith and Goodall 2014) rather than feeding (sensu Pellew 1983; 

Fennessy 2004). In line with this interpretation, Fennessy (2004) showed that 

walking activity peaked during the first (07:00-08:00hh) and last (18:00-19:00hh) 

hours of the observation period, whereas foraging activity peaked slightly later in the 

morning and slightly earlier in the evening. Relatedly, these results showed that 

giraffe locomotor activity significantly increased in line with distance to ephemeral 

rivers (which provide the main source of food for giraffe in the study area; Fennessy 

2004; Hart et al. 2020a), suggesting that they speed up to travel to, but slow down to 

feed in, these resource rich areas. 

Thermal constraints explain the finding of reduced locomotor activity during the 

middle of the day, when giraffe likely reduce activity to balance the metabolic costs 

of movement with those of thermoregulation (Brivio et al. 2019; Owen-Smith 2002; 

Selebatso et al. 2017). Similar bimodal patterns have been shown in other large 

African ruminants inhabiting areas of high daytime temperatures (e.g. Cape buffalo 
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and sable, Hippotragus niger, Owen-Smith and Goodall 2014; blesbok, Damaliscus 

pygargus phillipsi and wildebeest, Twine 2002). Here, results showed that 

temperature had a significant masking effect, with locomotor activity peaking at a 

30°C threshold and then decreasing in line with rising temperatures (Fig. 3.5.b). This 

threshold is in line with the 0-35°C ‘thermal activity time’ for mammals defined by 

Bennie et al. (2014) and similar thresholds have been reported elsewhere for large 

ungulates. For example, Greater kudu curtailed activity at temperatures of over 30°C 

(winter) or 36°C (summer; Owen-Smith 1994; 1998) while diurnal activity in white-

tailed deer (Odocoileus virginianus) was constrained when temperatures reached 

30°C (Beier and McCullough 1990). 

Seasonal change in temperature or photoperiod can also result in compensatory 

strategies (Fattorini et al. 2019; Owen-Smith 2002; Tyler et al. 2016). Results 

showed a trend towards a less pronounced pre-dawn depression in locomotor activity 

in the hot-dry and early wet seasons (October-March) in comparison to the late wet 

and cold-dry seasons (April-September; Fig. 3.4), while the indices showed an 

increase in diurnality in the cold-dry season and an increase in crepuscularity in the 

hot-dry season. Increasing pre-dawn locomotor activity on hot days may allow 

giraffe to compensate for reduced locomotor activity in the middle of the day due to 

thermal thresholds (sensu Fattorini et al. 2019). Similar compensatory strategies for 

reduced activity on hot days (or cold nights) have been documented in other large 

terrestrial herbivores, including Przewalski horses (Equus ferus przewalskii, Berger 

et al. 1999; Arnold et al. 2006), red and roe deer (Cervus elaphus, Berger et al. 

2002; Capreolus capreolus, Pagon et al. 2013), black wildebeest (Connochaetes 

gnou, Maloney et al. 2005), North American elk (Cervus elaphus canadensis, 

Merrill 1991), llama (Lama glama, Riek et al. 2017), mouflon (Ovis orientalis 

orientalis, Scheibe et al. 2009), chamois (Rupicapra rupicapra, Grignolio et al. 

2018) and Cape buffalo (Winterbach and Bothma 1998). Finally, results showed that 

diurnal activity around midday increased in the middle of the wet season (April). 

This increase is likely caused by giraffe travelling further between more widely 

distributed food resources during the wet season (Fennessy 2004; Hart et al. 2020a; 

Scheepers 1992). 

As expected for a large ungulate with high visual acuity (Prugh and Golden 2014; 

Veilleux and Kirk 2014), the diurnality index showed that, overall, giraffe had 
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significantly higher rates of locomotor activity during the day than at night. As 

predicted, results also showed a clear effect of lunarphilia throughout the year. 

Specifically results showed that giraffe were significantly more likely to be active on 

moonlit nights (Fig. 3.6c) than on dark nights, with even a small fraction of lunar 

illumination (<25%) resulting in significantly higher levels of activity than on dark 

nights (Fig. 3.3).  These results provide the first robust empirical evidence of marked 

synchronization of giraffe activity with the phases of the moon. In line with both 

Prugh and Golden’s (2014) visual acuity hypothesis and with optimal foraging 

theory (Charnov 1976; Brown 1988), lunarphilia in giraffe may represent both a 

cumulative and compensatory strategy (sensu Grignolio et al. 2018) with giraffe 

increasing activity at night when light conditions are favourable, predation is 

reduced and/or when daytime conditions are unfavourable, for example due to 

seasonal thermal constraints. 

This is one of the first studies to show clear evidence of the effect of moonlight on 

the nocturnal activity patterns of large ungulates. Previous studies of lunarphilia 

have used proxies for nocturnal activity. For example, using vehicle collision data, 

Colino-Rabanal et al. (2018) suggested that wild boar (Sus scrofa), roe deer, and 

white-tailed deer were more likely to be involved in vehicle collisions on moonlit 

nights. Data showing actual nocturnal activity of ungulates however remains limited 

to a narrow range of species, and there is as yet little agreement relating to the effect 

of the lunar cycle on ungulates in a landscape of fear. For example, using 

biotelemetry, Beier and McCullough (1990) and Woodside (2010) found no effect of 

lunarphilia on white-tailed deer or American elk respectively, whereas Grignolio et 

al. (2018) showed a weak effect of lunarphilia in alpine chamois (Rupicapra 

rupicapra; see also Carnevali et al. 2016). The current results add to this emergent 

literature and provide an empirical basis for further study of the effect of the lunar 

cycle on the chronobiology of large herbivores. 

The results of this chapter also contribute to recent research demonstrating that, 

rather than a fixed internal representation of time (circadian clock), surface-dwelling 

ungulates have plastic activity patterns that are vulnerable to modification by 

external factors (Bennie et al. 2014; Ensing et al. 2014, Grignolio et al. 2018; 

Menaker et al. 1997). Validating categories of activity by observation (e.g. walking, 

feeding, resting; Owen-Smith and Goodall 2014; Soltis et al. 2016) presents 
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logistical challenges, but would be a useful next step in terms of modelling the 

effects of spatiotemporal variables on activity patterns. Furthermore, while the 

sample size is large for a study of this kind, there was insufficient power to explore 

differences in locomotor activity patterns by sex or age. Larger sample sizes and the 

further development of algorithms for use with accelerometers (sensu Soltis et al. 

2016 for African elephant, Loxodonta africana), will likely improve our ability to 

remotely measure activity budgets in future research (Joppa 2015; Sethi et al. 2018). 

 

3.4.1 Conservation implications 

In line with recent research on other mammals (e.g. Bennie et al. 2014) the current 

results showed that giraffe locomotor activity was constrained by temperatures 

above 30°C. Furthermore, results showed that light conditions at night strongly 

affected giraffe locomotor activity. Over the last four decades, southern Africa has 

seen a significant rise in mean annual temperatures, and further dramatic rises are 

predicted (Maúre et al. 2018; Morishima and Akasaka 2010). Likewise, increases in 

light pollution are being shown to affect the behaviour of mammals (Kyba et al. 

2011; Rotics et al. 2011). The results of this chapter reiterate the importance of 

identifying refugia in line with predicted rising temperatures (e.g. Brivio et al. 2019; 

Mason et al. 2014), and limiting light pollution (Gaston et al. 2013; Minnaar et al. 

2015), when making management decisions regarding wild giraffe and other large 

terrestrial ungulates. 
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CHAPTER 4 – Seasonal shifts in sociosexual behaviour and 

reproductive phenology in giraffe 

 

Abstract 

The phenology (timing) of reproduction is a heritable trait associated with a range of 

fitness or survival advantages. Giraffe (Giraffa spp.) breed year-round, however 

some studies have suggested adaptive birth pulses, where demanding stages of 

reproduction coincide with seasonal increases in resource availability (phenological 

match). This chapter uses 3.5 years of demographic data to gain an additional 

perspective on seasonal effects on giraffe behaviour to that presented in Chapter 3, 

by investigating the sociosexual behaviour and reproductive phenology of Angolan 

giraffe (G. g. angolensis) in the hyper arid Namib Desert, Namibia. In this desert 

environment, results showed 1) that calves were born year-round, suggesting that 

giraffe can maintain the metabolic thresholds to breed in every season; 2) a 

consistent wet season birth pulse, combined with higher rates of juvenile survival for 

calves born before or during the wet season, suggesting that season of birth may 

convey a fitness advantage; 3) a decrease in sexual segregation between dominant 

(dark) adult males and adult females during the hot-dry season, suggesting a possible 

hot-dry season conception pulse; and 4) that the strongest correlation between the 

temporal pattern of births (wet-season pulse) and that of decreased sexual 

segregation (hot-dry season pulse) was time lagged by 15 months. This time lag 

corresponds to the period of gestation in giraffe, suggesting that a seasonal reduction 

in sexual segregation in this population may explain a seasonal birth pulse. Results 

also showed that dominant (dark) and subordinate (light) adult males had different 

temporal patterns of seasonal sexual segregation, supporting propositions that pelage 

colour correlates with social rank and mating strategy. These findings add to a sparse 

literature on the breeding phenology of giraffe, of asynchronously breeding 

megaherbivores, and of species with a gestation period of greater than one year. 

Results are discussed in terms of the possible environmental drivers of both season 

of conception and season of birth in this population. Furthermore, we highlight how 

predicted increases in seasonal instability due to climate change could reduce any 

putative fitness advantage associated with earlier birth dates. 
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Keywords: Giraffa, giraffe, phenological match, juvenile survival, mega-herbivore, 

seasonal reproduction, sexual segregation 

 

4.1 Introduction 
Phenology (timing) of reproduction is a heritable trait that confers a range of fitness 

or survival advantages (Price et al. 1988; Coulson et al. 2003). Reproductive 

phenology is often strongly tied to seasonal variation in food supply, with 

phenological match occurring when the period of greatest food availability coincides 

with that of the most demanding stages of reproduction (Rutberg 1987; Sinclair et al. 

2000; Owen-Smith 2002). Most ungulates breed seasonally and, as seasonal 

environments are characterized by temporal changes in resource availability, species 

or populations inhabiting more seasonal environments (further from the equator) 

often have stronger seasonal patterns of reproduction than those in more tropical 

climates (e.g. common impala, Aepyceros melampus and Coke’s hartebeest, 

Alcelaphus buselaphus cokei; Leuthold and Leuthold 1975, Rutberg 1987; Bronson 

1989; Ogutu et al. 2010; 2014; Owen-Smith and Ogutu 2013). 

To achieve phenological match, conception must be adjusted in line with the length 

of gestation period (Gaillard et al. 2000). In smaller ungulates with short gestation 

periods, exogenous cues such as photoperiod, temperature or resource availability 

can trigger pulses in female oestrous and male mating activity that result in 

predictable birth pulses within one annual cycle of seasons (Owen-Smith and Ogutu 

2013). However, gestation scales with body mass and, in large ungulates, seasonal 

breeding is complicated by the life history constraints of a gestation period of over 

one year (Gaillard et al. 2000; Owen-Smith and Ogutu 2013). Despite this 

complication, phenological match can occur in larger ungulates (e.g. African buffalo, 

Syncerus caffer; Ryan et al. 2007; Owen-Smith and Ogutu 2013), and there is 

evidence that it occurs even at the extreme end of the gestation length continuum in 

both marine (Killer whales, Orcinus orca; Robeck and Monfort 2006) and terrestrial 

(African elephant, Loxodonta africana; Wittemyer et al. 2007) mammals. 

This chapter examines the breeding phenology of an iteroparous megaherbivore, the 

Angolan giraffe (Giraffa giraffa angolensis; Fennessy et al. 2016; Winter et al. 

2018a,b). Giraffe have a long gestation period (approximately 15 months). As such, 
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in order to coincide parturition with a particular season each year, giraffe would 

require an approximate 9-month postpartum interval leading to an approximate 24-

month intercalf interval (Hall-Martin and Skinner 1978). However, giraffe have a 

short postpartum acyclic phase (approximately 1-3.5 months) and an average 3-4 

month cyclic phase before conception, leading to an intercalf interval of 

approximately 19-22 months (although there is some variation within and between 

populations; see Foster and Dagg 1972; Hall-Martin and Skinner 1978; Pellew 1983; 

Bercovitch et al. 2004; 2006; del Castillo et al. 2005; Bercovitch and Berry 2009; 

2017; Suraud 2011; Deacon et al. 2015; Lee et al. 2017). Considering these 

parameters, we would expect female giraffe to give birth one season earlier at each 

consecutive birth (Hall-Martin and Skinner 1978; Lee et al. 2017) leading to 

aseasonal breeding in wild giraffe populations. 

The reproductive parameters of female giraffe also result in short and 

unsynchronized windows of female sexual receptivity (the fertile window lasts 3-4 

days per 2-week oestrous cycle during the 3-4 month intercalf cyclic phase; del 

Castillo et al. 2005; Bercovitch et al. 2006). Combined with unstable (fission-fusion) 

herd composition (e.g. see Shorrocks and Croft 2009; Bercovitch and Berry, 2010; 

Carter et al. 2013) and large home ranges (Fennessy 2004; 2009), this brief window 

of fertility means that it is uneconomical for male giraffe to mate-guard individuals 

or herds (Bercovitch and Berry 2017). Instead, reproductive males adopt a non-

territorial endurance rivalry mating strategy, roaming between herds, inspecting 

females for signs of fertility and forming temporary mate-guarding relationships 

with fertile females (Bercovitch et al. 2006; Brand 2007; Seeber et al. 2013). 

Furthermore, research has consistently shown that giraffe can breed year round at all 

latitudes (Ansell 1960; Foster and Dagg 1972; Hall-Martin et al. 1975; Leuthold and 

Leuthold 1975; Pratt and Anderson 1982; Bercovitch and Berry 2009; 2010; 2015) 

suggesting females can maintain the metabolic thresholds to breed in all seasons 

across their range. To maximise lifetime reproductive success therefore, we might 

expect that giraffe would conceive opportunistically throughout the year (when male 

giraffe locate fertile females) rather than delay conception to a particular season 

(Hall-Martin and Skinner 1978). 

However a growing body of evidence is suggesting that, despite giving birth year 

round, giraffe may have seasonal and adaptive birth pulses, particularly in 
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populations further from the equator (Fairall 1968; Foster and Dagg 1972; Hall-

Martin et al. 1975; Pellew 1983; Sinclair et al. 2000; Brand 2007; Thomassen et al. 

2013; Ogutu et al. 2014; see Shorrocks 2016 and Dagg 2014 for review). Advancing 

this idea, Lee et al. (2017) showed that calves born during the dry season in 

Tarangire Ecosystem in Tanzania were more likely to survive their first year of life, 

suggesting season of birth may convey a fitness advantage in this population. A 

recent resurgence in the study of giraffe social factors (e.g. Muller et al. 2018; Bond 

et al. 2019; Prehn et al. 2019) has provided further possible evidence for seasonal 

reproductive phenology in the form of seasonal variation in herd dynamics. 

Giraffe are sexually size dimorphic (Estes 1991; Dagg 2014), adult male giraffe 

often sexually segregate into bachelor herds (Bercovitch and Berry 2014) and 

patterns of sexual segregation underpin giraffe social networks (Young and Isbell, 

1991; Ginnett and Demment, 1999; Bercovitch et al. 2006). If giraffe have a 

seasonal birth pulse, we might therefore expect it to correspond to a period of 

temporarily reduced sexual segregation, signalling a conception pulse (sensu Pipia et 

al. 2009; Bonenfant et al. 2007). Bercovitch and Berry (2014) found that the size of 

all male giraffe herds in the Luangwa Valley, Zambia, was independent of season. 

However, as noted by Shorrocks (2016) there was a trend (significant at the 10% 

level) towards larger all male groups in the dry season, suggesting males may be 

more likely to seek females at other times of the year. Prehn et al. (2019) found a 

similar pattern in Pilanesberg National Park, South Africa, in that the size of all male 

herds decreased and mixed groups increased in the wet season. Furthermore in a 

fenced reserve in Kwazulu-Natal, South Africa, Wolf et al. (2018a; see also Seeber 

et al. 2013) drew attention to a potential link between an increase in the number and 

size of all male giraffe herds in winter and a dry season birth pulse (both of which 

may signal a wet season conception pulse in their population). However, the results 

of Wolf et al. (2018a) are limited by a small sample size (80 individuals), limited 

timescale (12 months) and the behavioural restrictions of a fenced reserve. 

This chapter analyses 3.5 years of demographic data on a large sample size (~400) of 

free-roaming Angolan giraffe in the hyper arid and seasonal environment of the 

northern Namib Desert, Namibia. Previous investigations of this population have 

suggested an increase in births from November (hot-dry season) to May (wet-season; 

Scheepers 1992; Fennessy 2004) but were limited by small sample sizes. Here 
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unique datasets are used to investigate whether 1) calves are born in every season in 

a desert environment, 2) births are concentrated during a particular season, and 3) 

there is an effect of season of birth on juvenile survival. Furthermore, temporal 

variation in sociosexual behaviour is analysed with the expectation that, if giraffe 

have a seasonal birth pulse, it will be possible to explain it in terms of a period of 

temporarily reduced sexual segregation (signalling a conception pulse) 

approximately 15 months (giraffe gestation period) beforehand. 
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4.2 Methods 

4.2.1 Study Area 

The study was conducted within a remote, ~12,500 km2, protected area of the 

northern Namib Desert in northwest Namibia (-18.94661°N, 13.05204°E, Fig. 4.1). 

Here, ephemeral river systems provide the main habitat for a persistent population of 

free-roaming Angolan giraffe. The area comprises communal conservancy land and 

a portion of the Skeleton Coast National Park (SCNP). Low levels of tourism and 

low-density livestock grazing constitute the dominant human land uses in the 

communal conservancies, while human activities in the SCNP are confined to low 

levels of tourism. Small prides of desert-dwelling African lion (Panthera leo) 

actively hunt giraffe and other wildlife in the area year-round (Stander et al. 2018). 

The area forms part of the pro-Namib, a desert ecosystem with annual rainfall 

varying from 150mm on the mountainous escarpment (up to 1200m a.m.s.l.) east of 

the study area to <20mm on the dune sea (near sea-level) west of the study area. The 

climate is seasonal, with a 3-month “cold-dry season” (June–August), a 6-month 

“hot-dry season” (September–February), and a 3-month “wet season” (March–May; 

Scheepers, 1992; Fennessy, 2004; Hart et al. 2020). 
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Fig.4.1: Map of the study area showing Angolan giraffe (G. g. angolensis) herd 
sightings across 34 sampling periods (each of seven to fifteen days in duration) from 
February 2016 to July 2019 in the northern Namib Desert, including a section of the 
Skeleton Coast National Park (SCNP), Namibia. 

 

4.2.2. Data Collection 

Field observations were recorded by vehicle along a 250 km transect across 34 

sampling periods (each of seven to fifteen days duration) from February 2016 to July 

2019 (see Hart et al. 2020). The composition (age and sex), time, date and GPS 

position (Etrex 10; Garmin, Kansas, US) of each giraffe herd encountered was 

recorded. A herd was defined as one or more giraffe engaged in the same behaviour, 

not moving in opposing directions, and not more than 500 m apart (sensu Carter et 

al. 2013; VanderWaal et al. 2014). All giraffe were individually photographed and 

identified using the pattern recognition software HotSpotter (Crall et al. 2014). Due 

to the unique and unchanging pelage patterns of individual giraffe (Foster 1966) this 

Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS
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photographic capture-mark-recapture method ensured that data for each individual 

giraffe was included only once per day (avoiding pseudoreplication). 

Data were collected under the Giraffe Conservation Foundation, Namibian Ministry 

of Environment and Tourism (MET), Namibian Chamber of Environment and 

National Commission on Research Science and Technology research permit numbers 

2162/2016, 2277/2017 and RCIV00042018, and under the University College 

Dublin (UCD) ethics approval number AREC-E-16-50. 

Giraffe were categorised as juvenile (≤1 year), sub-adult (1-4 years) or reproductive 

adult (4+ years), and the estimated month of birth (hereafter birth month) for each 

calf born within the study period was recorded. Observations of births are extremely 

rare and therefore an aging scale was used to estimate the birth month of juveniles at 

first sighting. The aging scale was adapted from the literature and based on physical 

characteristics including height relative to adults, body shape (e.g. length of neck 

relative to height of shoulder), coat texture, ossicone development, presence/absence 

of an umbilical remnant and behaviours including hiding and browsing (Berry 1973; 

Skinner and Hall-Martin 1975; Hall-Martin et al. 1975; Langman 1977; Pratt and 

Anderson 1979; Scheepers 1992; Fennessy 2004; Brand 2007; Bercovitch and Berry 

2010; Strauss 2014; Vanderwaal et al. 2014; Dagg 2014; Bercovitch and Berry 2015; 

Lee et al. 2016; 2017). The calves were firstly aged in the field (always by the same 

two dedicated observers) and age classification was subsequently confirmed using 

photographs before juveniles were entered into the database. The physical 

development of individuals of known age was also tracked and photographs of these 

individuals were used as an additional reference when confirming the age of calves 

(see Fig.4.2). If an individual could not be reliably aged, they were not included in 

the analyses. 
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Fig.4.2: The age categorisation of a single male Angolan juvenile giraffe over a 
two-year period in the northern Namib Desert, Namibia. With (a) and (b) < one 
month, (c) and (d) one to two months, (e) two to three months, (f) three to four 
months, (g) five to six months, (h) six to seven months, (i) eight to nine months, (j) 
nine to ten months. The final two photos show the same calf at (k) one year and 
finally at (l) two-years. 
 

4.2.3 Data handling 

Data handling and analyses were performed in R 3.4.2 (R Core Team, 2017) and 

spatial visualization was carried out in ArcMap 10.3.1 (ESRI, 2014). 

 

4.2.4 Month of birth 

To test for the effect of month of the year on the number of births, a dataset was 

created with the columns year, month and number of calves born. During 

preliminary analysis both a generalised linear model (GLM; equation 1) and a 

generalised additive model (GAM; including a circular spline for month) were run 

(a)	 (d)	(c)	(b)	

(e)	 (f)	

(i)	 (j)	 (k)	 (l)	

(g)	 (h)	
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using the mgcv package in R (Wood 2011). Both models gave very similar results, 

however the GLM provided a slightly better model fit than the GAM and therefore 

the GLM was retained in the final analysis. Given the nature of the response variable 

(i.e. count data), the model was fitted with a Poisson distribution of errors. A slight 

overdispersion was detected and the standard errors were corrected using a quasi-

GLM model (where the variance is given by φ × µ, where µ is the mean, and φ is the 

dispersion parameter). 

 

Equation 1 (describing the GLM): 

number of births ~ intercept + month of the year + (month of the year)2 + (month of 

the year)3 + year + error 

 

Month of the year was fitted as a numerical predictor with quadratic and cubic 

effects to accommodate non-linear patterns, whereas year of study was fitted as a 

categorical predictor to account for inter-annual differences in environmental 

conditions. The latter was not included as a random effect due to reduced degrees of 

freedom. The unique ID of each juvenile was also not included as a random effect as 

each data point represented a different individual (i.e. each juvenile could only have 

one birth date). 

Secondly, to test the effect of month of birth on whether calves survived their first 

year of life (a proxy for survival; sensu Bercovitch et al. 2015; Lee et al. 2017), a 

dataset was created with each row representing one individual calf (each with a 

unique ID), and with the columns including month of birth, year of birth, and 

whether each individual had survived its first year of life (yes/no). A calf was 

recorded as having survived its first year of life if it was resighted between 12 and 24 

months following its birth month. This long and standardised temporal window in 

which to resight individuals (anytime during their second year of life) reduced the 

potential for any seasonal variation in detection (for example due to spatiotemporal 

variation in resource use) to drive results. To allow for this, only calves that were 

born greater than or equal to 24 months before the end of the study period could be 

included in the survival analysis. The effect of sex was not included in the survival 

analysis as it was not possible to accurately sex neonates in the wild. 
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During preliminary analyses both a GLM and a GAM were run using the mgcv 

package in R (Wood 2011). Both models gave similar results, however, the GAM 

provided a slightly better model fit than the GLM. As such, the GAM was retained in 

the final analysis to test for the effect of birth month on juvenile survival (binary 

variable; yes/no; Wood 2006, 2011; equation 2). GAMs allow for smoothing splines 

that take care of non-linear patterns without a-priori expectations of their shape 

(Wood 2006, 2011). Preliminary analyses revealed that, despite its nature (monthly 

across four years), the data were not circular (there was a clear shift in survival rate 

between those born in December and those born in January, see results section and 

Fig. 5a, b below). Therefore, to avoid forcing the data into a circular pattern, a 

circular spline for month was not included in the GAM.  

 

Equation 2 (describing the GAM): 

calf survival ~ intercept +  f1(birth month) + year of birth + error 

where: 

f1 is a smoothing function to allow for non-linear relationships depicting the 

variation of juvenile survival across the year and with year of birth as a categorical 

fixed effect to account for inter-annual differences in environmental conditions. The 

latter was not included as a random effect due to reduced degrees of freedom. The 

unique ID of each juvenile was also not included as a random effect as each row of 

the dataset represented a different individual (i.e. data for each unique juvenile was 

only entered once, as each juvenile either survived into their second year of life or 

did not). 

Both models successfully met the assumptions of homogeneous and independent 

residuals (temporal and spatial; Wood 2006, Zuur et al. 2009). 

 

4.2.5 Sexual segregation and aggregation 

Similar to African lion (West and Packer 2002), dichromatism may represent a 

secondary sexual trait in giraffe. Dominant giraffe males tend to be darker in colour, 

larger, solitary and roving and to monopolise courtship opportunities, while 

subordinate males tend to be lighter in colour, smaller, younger and more gregarious 
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(Berry 1973; Pratt and Anderson 1982; 1985; Brand 2007; Berry and Bercovitch 

2012; Dagg 2014; Castles et al. 2019). As age or rank can predict sexual segregation 

or mating success (Brand et al. 2007; Wang et al. 2018) data for sub-adult, light 

adult and dark adult males were analysed separately. Adult male giraffe were 

categorised as either dark or light using the patch darkness colour class rating scale 

for Angolan giraffe in Etosha National Park, Namibia (the closest extant population 

of giraffe, approximately 250 km due east of the study site) described by Castles et 

al. (2019; see also Brand 2007). Individual males were classified as ‘dark’ if they 

scored 2.5 or above on the 5-point rating scale one or more times across the study 

period (Fig. 4.3). 

Each row of the final dataset represented an observed group of giraffe. Columns 

included the date and location of the observation, the group size, and the number of 

individuals in each group that fell into each category of interest, i.e. adult females 

(reproductive; 4+ years), sub-adult males (non-reproductive; 1-4 years), light adult 

males (reproductive; 4+ years; less dominant) and dark adult males (reproductive; 4+ 

years; more dominant). The sexual segregation and aggregation statistic (SSAS; 

Bonenfant et al. 2007) was used to analyse temporal sexual segregation between 

reproductive females and three separate categories of males: sub-adult males (non-

reproductive; 1-4 years), light adult males (reproductive; 4+ years; less dominant) 

and dark adult males (reproductive; 4+ years; more dominant). 

Using the chi-square statistic, the SSAS was designed to circumvent the inherent 

limitations of other prominent measures of sexual segregation, particularly those 

caused by random variation in sex ratio, group size, number of observations, or the 

exclusion of observations of single animals (see Bonenfant et al. 2007). The statistic 

does not directly measure sexual segregation, but rather tests whether there is a 

significant difference between the observed and expected levels of sexual 

segregation and aggregation in the population, based on the overall sex ratio of the 

population. It provides a reliable measure of sexual segregation and aggregation over 

time, and even when individuals are often observed alone (as is the case with 

giraffe). 

Two temporal scales were used: a monthly scale to capture short aggregation or 

segregation events and a bimonthly scale (pooled monthly data; Bonenfant et al. 

2007) to provide an alternative perspective with the benefit of increased sample 
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sizes. As the SSAS is based on the overall ratio of females to each category of males 

in the population (Bonenfant et al. 2007), results of the SSAS may not have captured 

events where single adult males joined (and possibly briefly monopolised) all female 

herds. As such, in addition to the SSAS, the percentage of mixed herds (defined as 

having a minimum of one reproductive female and one male from the relevant 

category; sub-adult, light or dark) was also calculated at both temporal scales. 

Finally, to link the above analyses and test the prediction that, if giraffe have a 

seasonal birth pulse, it will correspond to a conception pulse signalled by a period of 

temporarily reduced sexual segregation, two time-series were created. The time-

series represented (a) the average percentage of mixed herds (a proxy for weakened 

sexual segregation) each month and (b) the average number of births recorded each 

month, across the four years of the study. The percentage mixed herds were used in 

the ccf (rather than the SSAS scores) as the data on percentage mixed herds reflect 

the actual level of aggregation each month, whereas the SSAS scores are calculated 

against the likelihood of random chance associations. As darker (dominant) males 

often monopolise courtship opportunities (Berry 1973; Pratt and Anderson 1982, 

1985; Brand 2007; Berry and Bercovitch 2012; Dagg 2014; Castles et al. 2019), 

mixed herds were defined as having a minimum of one dark (dominant) adult male 

and one adult female present. The cross-correlation function (ccf) of the stats 

package in R (R Core Team 2017) was then used to investigate whether the best 

time-lagged correlation between the two time-series corresponded to giraffe 

gestation period (~15 months). The ccf can show the best correlation either at a time 

lag = 0 (where the peaks of the two time-series are perfectly synchronised) or with a 

positive or negative time lag (which corresponds to the time between the peaks of 

the two time-series, sensu Ciuti and Apollonio 2016). We expected that the 

percentage of mixed herds would predict birth rate with a time lag of giraffe 

gestation period (15 months). Therefore, in the ccf, the association was tested in that 

order (with the prediction that the percentage of mixed herds per month would lead 

births per month). 
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Fig.4.3: An example of four male Angolan giraffe categorised as ‘light’ (a) and 
(c) and as ‘dark’ (b) and (d) using the patch darkness colour class rating scale for 
G. g. angolensis described by Castles et al. (2019; see also Brand 2007). Individual 
males were classified as ‘dark’ if they scored 2.5 or above on the 5-point rating scale, 
otherwise as ‘light’. 
 

  

(a) (b) 

(c) (d) 
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4.3 Results 

The final dataset was based on observations of 1,040 herds and included 4,239 

repeated observations of 402 individual giraffe (male = 191; female = 168). Over the 

period of study, monthly calf/female ratios ranged from 0.12 to 0.33 with a mean of 

0.25 (meaning that on average 25% of adult females had a calf at any one time). 

 

4.3.1 Birthing phenology 

4.3.1.1 Birth month 

The birth month was estimated for 90 individual calves born across the four calendar 

years of the study. The GLM (equation 1) showed a significant effect of month of 

birth on number of calves born (see Table 4.1). While births occurred throughout the 

year, there was a significant birth pulse in the middle of the wet season (April) and 

this was consistent in each of the four years of the study (Fig. 4.4). 

Table 4.1: Approximate significance of parametric coefficients as estimated by 
the generalized linear model (Poisson distribution of errors with standard errors 
corrected via quasi-Poisson to account for overdispersion) explaining the variability 
of number of giraffe (G. g. angolensis) births (n = 90) in the northern Namib Desert, 
Namibia, from February 2016 to July 2019. Significant effects (p < 0.05) are shown 
in bold. The overall model fit was R2 = 39.3% 
 Estimate Std. Error t value Pr(>|t|) 

Intercept -1.007 0.825093 -1.22 0.230 

Month 0.934 0.435170 2.146 <0.05 

I(Month2) -0.156 0.076049 -2.062 <0.05 

I(Month3) 0.007 0.003911 1.804 0.079 

Year [2017] 0.073 0.437594 0.167 0.868 

Year [2018] 1.014 0.388421 2.611 <0.05 

Year [2019] 0.589 0.415742 1.418 0.165 
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Fig.4.4: Birth month for 90 calves observed in the northern Namib Desert, 
Namibia, pooled across the four years of the study period (36 sampling periods from 
February 2016 to July 2019). The coloured lines show a peak of births during the 
wet season (March, April, May) in each of the four years of the study. Seasons are 
adapted from previous literature (Fennessy 2004; Scheepers 1992) and categorised 
as ‘Hot-dry’ (September-February), ‘Wet’ (March-May) and ‘Cold-dry’ (June-
August). 

 

4.3.1.2 Juvenile survival 

Of the 58 calves included in the survival analysis 52% (n = 30) survived their first 

year of life. The GAM, testing the effect of month of the year on juvenile survival, 

explained 26.8% of the variance, with a significant effect of birth month on calf 

survival (edf = 1, chi.sq = 6.854, p = 0.008). Calves born earlier in the year (up to 

two months before or during the wet season) were more likely to survive than those 

born later in the year (Fig 4.5a,b). 

J F M A M J J A S O N D

0

2

4

6

8

Month

C
ou

nt
 o

f b
irt

hs

Season
Hot-dry
Wet
Cold-dry

Year
2016
2017
2018
2019



 

 104 

 

Fig.4.5: The effect of birth month on survival of 58 Angolan giraffe calves The 

effect of birth month on calf survival rate, with (a) showing the effect size and 

residuals of decreased survival rate across the year (from Jan to Dec) and (b) 

showing the decrease in likelihood of survival rate across the year. Model predictions 

were obtained by fitting a generalised additive model (GAM) investigating the effect 

of birth month on the survival of Angolan giraffe calves in the Namib Desert from 

Feb 2016 to July 2019. Lines and dotted lines represent predicted trends and point 

wise 95% confidence intervals, respectively. Only calves born at least 24 months 

before the end of the observation period (February 2016 to July 2019) were included 

in this analysis. This allowed a 12-month window to resight each juvenile (any time 

during their second year of life), reducing the potential for any seasonal variation in 

detection to drive results. 

 

4.3.2 Seasonal variation in sexual segregation 

Mixed herds (containing at least one adult male and one adult female) made up > 

20% of all herds observed throughout the year. Solitary adult males were sighted 

throughout the year, and 73% of these sightings were dark adult males. Table 4.2 

shows the percentage of each group type by month pooled across the four calendar 

years of the study, using data from adult giraffe only and where mixed groups were 

defined as including at least one adult female and one adult male. 

 

 

2 4 6 8 10 12

-4

-2

0

2

Birth month

Ef
fe

ct
 s

iz
e

(a)

1 3 5 7 9 11 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0

Birth month

C
al

f s
ur

vi
va

l r
at

e

1 3 5 7 9 11

(b)



 

 105 

Table 4.2: The percentage of each group type by month pooled across the four 
years of the study (February 2016 to July 2019), with the sample sizes in brackets. 
 Mixed (%) All female (%)  All male (%) Solitary female (%) Solitary male (%) 

Jan 54.3 (19) 11.4 (4) 8.6 (3) 11.4 (4) 14.3 (5) 

Feb 35.1 (61) 19.5 (34) 13.8 (24) 9.8 (17) 21.8 (38) 

Mar 34.9 (15) 18.6 (8) 7 (3) 16.3 (7) 23.3 (10) 

Apr 45.8 (22) 16.7 (8) 4.2 (2) 10.4 (5) 22.9 (11) 

May 33.9 (38) 14.3 (16) 6.3 (7) 18.8 (21) 26.8 (30) 

Jun 28.3 (26) 13 (12) 3.3. (3) 26.1 (24) 29.3 (27) 

Jul 37.6 (38) 12.9 (13) 11.9 (12) 15.8 (16) 21.8 (22) 

Aug 35.1 (13) 13.5 (5) 8.1 (3) 18.9 (7) 24.3 (9) 

Sep 26.1 (23) 15.9 (14) 18.2 (16) 12.5 (11) 27.3 (24) 

Oct 41.4 (60) 15.9 (23) 15.2 (22) 11 (16) 16.6 (24) 

Nov 38 (41) 14.8 (16) 11.1 (12) 9.3 (10) 26.9 (29) 

Dec 21.4 (3) 0 (0) 21.4 (3) 7.1 (1) 50 (7) 

 

 

4.3.3 Results of the SSAS 

The SSAS detected sexual segregation, sexual aggregation and random association 

(mixing as expected by chance) while taking into account the number of individuals 

that occurred in each category of giraffe (sub-adult male, light adult male, dark adult 

male and reproductive female) in the overall population. The SSAS plots (Fig. 4.6) 

show points above the shaded area (signalling significant sexual segregation; p 

<0.05), below the shaded area (signalling significant sexual aggregation; p <0.05) 

and within the shaded area (signalling random association). 
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Fig.4.6: Sexual segregation and aggregation of reproductive female Angolan 
giraffe with sub-adult males (a, b), light adult males (c, d) and dark adult males 
(e, f) at monthly (first column) and bimonthly (second column) scales, as 
observed in the northern Namib Desert, northwest Namibia, between February 2016 
and July 2019. The first y-axis (left; blue) shows the sexual segregation and 
aggregation statistic (SSAS) where points above the shaded area signal significant 
sexual segregation (p <0.05), below the shaded area signal significant sexual 
aggregation (p <0.05) and within the shaded area signal random association. Each 
point is labelled with the sample size. The second y-axis (right; red) shows the 
proportion (values 0-1) of mixed groups (defined as a group where at least one 
reproductive female and one male from the relevant category were present). 
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At the monthly scale, sub-adult males and reproductive females randomly associated 

for the majority of the year, but were significantly aggregated in August and 

significantly segregated in May and September (SASS p ≤ 0.05 in both cases). At the 

bimonthly scale, sub-adult males and reproductive females randomly associated 

throughout the year. The visualisation of the percentage of groups that were mixed 

(herds containing at least one sub-adult male and one reproductive female) showed 

that mixed groups occurred throughout the year (Fig. 4.6). At the monthly scale, the 

highest numbers of mixed groups occurred in October and November and the lowest 

in January, when compared to the rest of the year. At the bimonthly scale, > 20% of 

groups were mixed throughout the year, with the highest percentage of mixed groups 

from September to December (see Fig. 4.6.a,b). 

At both bimonthly and monthly scales, light adult males and reproductive females 

randomly associated from March to June (the wet season and early cold-dry season) 

but remained significantly segregated for the remainder of the year (discounting 

December at the monthly scale due to low sample size; SASS p ≤ 0.05 in all cases). 

The visualisation of the percentage of groups that were mixed (herds containing at 

least one light adult male and one reproductive female) showed that mixed groups 

occurred throughout the year, but also confirmed the pattern of the SSAS, showing 

the highest percentage of mixed groups between March and April (wet season) at 

both the monthly and bimonthly scales (see Fig. 4.6.c,d). 

At the monthly scale, dark adult males and reproductive females randomly 

associated in December and January (late hot-dry season), approximately 15 months 

(corresponding to giraffe gestation) prior to the wet season birth pulse, but remained 

significantly segregated throughout the rest of the year (SASS p ≤ 0.05 in all cases). 

At the bimonthly scale they remained significantly segregated year-round (SASS p ≤ 

0.05 in all cases). The visualisation of mixed ‘dark’ herds (containing at least one 

dark adult male and one reproductive female) showed a trend towards greater 

numbers of mixed groups during the late hot-dry season, with an increase in January 

at the monthly scale (~ 30%) and in January and February at the bimonthly scale 

(>25%; see Fig. 4.6.e,f). 
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Finally, results of the ccf based on the two time-series (number of births and average 

percentage of mixed herds per month) showed that although the value did not cross 

the significance threshold (p ≤ 0.05), the strongest correlation was at a negative time 

lag of three (or 15) months (Fig. 4.7). 

 

Fig.4.7: Cross correlation between two time-series representing (a) the average 

percentage of mixed herds per month (with mixed herds defined as having at least 

one dark adult male and one adult female present) and (b) the average number of 

births per month, recorded between February 2016 and July 2019 in a free- roaming 

population of Angolan giraffe in the northern Namib Desert, Namibia. Time lags (in 

months) are plotted on the x-axis whereas cross-correlation values are shown on the 

y-axis. The dashed horizontal lines show the significance threshold (p ≤ 0.05). The 

vertical red lines highlight the time lag at which the highest correlation between the 

two time-series is achieved. 
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4.4. Discussion 
 

Results revealed 1) that calves were born in every season, demonstrating (in line 

with the preliminary results of Sheepers 1992; Fennessy 2004) that giraffe reproduce 

throughout the year in an arid desert environment, 2) a consistent wet season birth 

pulse, and 3) higher rates of juvenile survival for calves born before or during the 

wet season, suggesting season of birth may convey a fitness advantage in this 

population (sensu Lee et al. 2017). In line with expectations, results also showed a 

decrease in sexual segregation between dominant (dark) adult males and adult 

females in the hot-dry season. Furthermore, results demonstrated that the strongest 

relationship between the temporal pattern of births (wet-season pulse) and that of 

decreased sexual segregation (hot-dry season pulse) was at a time-lag of 3 or 15 

months. This result supported our expectation that, if giraffe have a seasonal birth 

pulse, it can be explained in terms of a period of temporarily reduced sexual 

segregation (signalling a possible conception pulse) ~15 months (giraffe gestation 

period) beforehand (the alternative 3-month correlation can be explained by 

repetition of the pattern, i.e. there will be a 3-month lag between the conception 

pulse in any given year and the birth pulse resulting from the conception pulse the 

previous year). Finally, results showed that dominant (dark) and subordinate (light) 

adult males had different temporal patterns of seasonal sexual segregation, 

supporting propositions that pelage colour correlates with social rank and mating 

strategy (Brand 2007; Castles et al. 2019). These results provide insights into both 

the seasonal patterns of sociosexual behaviour of giraffe and the reproductive 

phenology of species at the extreme end of the gestation length continuum. 

There are a number of factors that likely drive these results. As the most costly 

stages of reproduction for female large ungulates are late pregnancy and early 

lactation (Oftedal, 1985; Clutton-Brock et al. 1989; e.g. black tailed deer, 

Odocoileus hemionus; Parker et al. 1999; arctic reindeer, Rangifer tarandus; 

Barboza and Parker 2008; Parker et al. 2009), resource abundance during this period 

is often the strongest factor to predict season of birth (Owen-Smith 2002; e.g. greater 

kudu, Tragelaphus strepsiceros; Grant’s gazelle, Nanger granti; American bison, 

Bison bison; blue wildebeest, Connochaetes taurinus; Owen-Smith and Ogutu 

2013), particularly in seasonal or arid environments further from the equator (e.g. 
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bighorn sheep; Ovis canadensis nelsoni; Gedir et al. 2016). For giraffe, baseline 

metabolic costs increase by approximately 50% during postpartum lactation (Pellew 

1984) and, despite nursing for up to a year, they may conceive again after a short 

acyclic phase (1-2 months; Langman 1977; Pratt and Anderson 1979; Pellew 1983; 

Dagg 2014). As such, during early lactation maternal giraffe often have the energetic 

costs of providing for two offspring at once (Pellew 1983; Deacon et al. 2015; del 

Castillo et al. 2005). In the northern Namib Desert, the highest rates of primary 

vegetation productivity occur during the wet season (Fennessy 2004). Therefore, in 

line with Lee et al. (2017) the result of a consistent wet season birth pulse coupled 

with higher rates of juvenile survival for calves born before or during this period 

suggests that, similar to other large ungulates inhabiting both tropical and temperate 

environments (Owen-Smith and Ogutu 2013), for giraffe there is likely a fitness 

advantage associated with aligning late pregnancy and early lactation with the 

resource rich season. 

An alternative, but not exclusive, explanation for higher survival rates for those born 

before or during the wet season is greater availability of resources for calves when 

they begin to feed independently. Calves begin to forage and ruminate at 3-4 months 

of age (Pratt and Anderson 1979), therefore those born earlier in the year may 

benefit from increased food availability during and after the wet season. 

Furthermore, lion are the single significant predator of giraffe (Berry 1973; Strauss 

and Packer 2013) and giraffe form a large part of the diet of lion in the northern 

Namib Desert (Stander et al. 2018). Temporal changes in predation pressure due to, 

for example, variation in lion density, seasonal changes in stalking cover, or apparent 

mutualism (variation mediated by changes in primary prey abundance; Abrams 

1987; Owen-Smith and Mills 2008; Lee et al. 2016), could play roles in seasonal 

variation in juvenile survival rates. For example, in Kruger National Park, South 

Africa, Owen-Smith and Mills (2008) found that selection of lion for giraffe, greater 

kudu, common waterbuck and warthog (Phacochoerus aethiopicus) was related to 

variability in the relative abundance of African buffalo, blue wildebeest and 

Burchell’s zebra (Equus burchelli). Further research is necessary to investigate the 

possible effects of apparent mutualism on survival of giraffe calves in the northern 

Namib Desert. However, without the presence of large migratory herds in this 

region, we would not expect the same strong seasonal effect of apparent mutualism 
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on calf survival as reported elsewhere (Lee et al. 2016; Owen-Smith and Mills, 

2008). 

In terms of the effects of predation, seasonal reproductive phenology (timing) is also 

not to be confused with synchrony (coordination), although there is often interplay 

between these two factors (Rutberg et al. 1987; Bronson 1989; Clutton-Brock 1989). 

Birth synchrony is described as an anti-predation adaptation leading to predator 

confusion and satiation (Estes 1976; Rutberg 1987; Sinclair et al. 2000), particularly 

in species with precocial young that join the herd immediately after birth and thus 

are more vulnerable to predation (‘followers’; e.g. blue wildebeest; African buffalo; 

Estes 1976; Rutberg et al. 1987). Giraffe are ‘hiders’, leaving the herd to give birth 

and ‘hiding’ their calves for at least a week after parturition (e.g. common impala; 

common waterbuck, Kobus ellipsiprymnus; Langman 1977; Pratt and Anderson 

1979; 1982; although see Dagg 2014). As such, giraffe utilize ‘predator avoidance’ 

as opposed to ‘predator satiation’ (Jarman 1974) and are not known to synchronise 

births (Shorrocks 2016). Therefore, and in line with Estes (1976) and Rutberg 

(1987), resource availability likely better explains the current results than variation 

in predation risk. 

Our results suggest an adaptive birth pulse that is shorter and more consistent than 

suggested by previous reports for giraffe in this area (Scheepers 1992; Fennessy 

2004) and that aligns with a wet-season pulse in primary vegetation growth. 

Aligning the most costly stages of reproduction with peaks in resource availability is 

characteristic of income breeders  (e.g. Antarctic fur seals, Arctocephalus gazelle, 

Boyd 2000; and muskoxen, Ovibos moschatus, Kerby and Post 2013; Drent and 

Daan 1980; Jönsson 1997; Williams et al. 2017). However the results demonstrate 

that giraffe in an arid desert environment can also maintain the metabolic thresholds 

to breed throughout the year. This is more characteristic of capital breeders (e.g. 

crabeater seals, Lobodon carcinophagus; grey seals, Halichoerus grypus; Boyd 

2000; and Arctic reindeer, Kerby and Post 2013; Jönsson 1997), and of large species 

(Meijer and Drent 1999) with high fasting endurance (Lindstedt and Boyce 1985). 

As such the current results suggest (in line with Lee et al. 2017) that giraffe fall 

towards the capital end of the capital-income breeder continuum (Williams et al. 

2017), but that a wet season pulse in income may play a role in driving an adaptive 

birth pulse. 
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To achieve this alignment, sociosexual behaviour (mating) must be adjusted in line 

with gestation length (Owen-Smith and Ogutu 2013). As to be expected with year-

round reproduction, results showed that adult males mixed with adult females 

throughout the year. However, when adult males were categorised based on age and 

coat colour, there were marked differences in annual patterns of sexual segregation 

between sub-adult, subordinate (light) adult and dominant (dark) adult males and 

adult females. Dark (dominant) males showed reduced sexual segregation and a 

higher percentage of mixed groups in January (hot-dry season). In the study site, a 

period of ~ 15 months (corresponding to giraffe gestation) separates this hot-dry 

season from the wet season birth pulse revealed by the results of the current study. It 

may be therefore that the finding of reduced sexual segregation in the hot-dry season 

signals a hot-dry season conception pulse. 

In large mammals where the gestation period exceeds one year (e.g. Bactrian camel, 

Camelus bactrianus; Schaller 2000), nutritional conditions around the time of 

conception are thought to more strongly correlate with reproductive phenology than 

conditions at parturition (Owen-Smith and Ogutu 2013). In accordance with this 

theory, some previous giraffe studies have found a wet season conception pulse and 

have suggested a nutrition based explanation: maternal giraffe may delay ovulation 

until they reach a body condition breeding threshold, causing an oestrous pulse in the 

wet season (Dasmann and Mossman 1962; Foster and Dagg 1972; Lee et al. 2017; 

Wolf et al. 2018a; for review see Shorrocks, 2016). Conversely, the current results 

suggest a hot-dry season pulse in conceptions. However, in the northern Namib 

Desert, the reverse phenology of Faidherbia albida provides a key source of protein 

to giraffe at the end of the resource poor cold-dry season (Fennessy 2004; Curtis et 

al. 2017). This seasonal food source could contribute to an oestrous pulse as giraffe 

return to breeding condition in the hot-dry season. Moreover, it is to be expected that 

there is substantial selection pressure for males to partition mating efforts in line 

with periods of female fertility (Bercovitch et al. 2006; Bercovitch and Berry 2009), 

particularly in the Namib Desert where resources are limited and home ranges are 

large (Fennessy 2009; Hart et al. 2020). The finding of reduced sexual segregation 

between dominate males and reproductive females in the hot-dry season may 

therefore also signal a seasonal pulse in female fertility leading to increased male 

mate-searching and mate-guarding behaviour during this period. 
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Furthermore, the percentage of herds containing both sub-adult males and adult 

females was markedly reduced in January (hot-dry season) in comparison to the rest 

of the year. As subordinate males actively avoid dominant males (Bercovitch et al. 

2006; Bercovitch and Deacon 2015), one explanation for this result is that sub-adult 

males were displaced from their maternal herds in January by an increase in 

dominant males joining female herds to mate (sensu Pratt and Anderson 1985). 

Additionally, light reproductive males were significantly segregated from females 

throughout the year, except in the wet season. A possible explanation is that light 

(subordinate) males were outranked by dark (dominant) males during the period of 

highest female fertility, but rejoined female herds immediately afterwards to 

opportunistically mate with any remaining fertile females. This interpretation is in 

line with Castles et al. (2019) and Brand (2007) who suggest that, similar to African 

lion (West and Packer 2002), dichromatism may represent a secondary sexual trait in 

giraffe, and that the two categories of adult males may adopt different mating 

strategies to maximize lifetime reproductive success. An alternative explanation is 

that subordinate males may have more similar energetic requirements and feeding 

heights (Young and Isbell 1991) to females than large dominant males, and therefore 

forage alongside female herds in the wet season both when resources are readily 

available and they are not being displaced by more dominant bulls. 

Due to the difficulties inherent in early detection of giraffe calves (Bercovitch and 

Berry 2015), coupled with a high mortality rate (53% in the current study; ~50% in 

other populations; Bercovitch and Berry 2009; Dagg 2014; Lee et al. 2016) it is 

impossible to infer with certainty that differences in early mortality of juveniles 

between surveys did not play a role in the study. However, the interpretation of 

results does not rely solely on calf counts. The analyses also link dry-season 

sociosexual behaviour to a consistent wet-season birth pulse, suggesting the results 

are not driven by differences in detectability or neonate survival between surveys. 

Non-invasive methods of determining temporal patterns of endocrinology, such as 

faecal hormone analysis (delCastillo et al. 2005; Bercovitch et al. 2006; Isobe et al. 

2007; Seeber et al. 2013; Wolf et al. 2018b), would be a useful next step to confirm 

whether seasonal variation in female fertility may drive both sociosexual behaviour 

and breeding phenology in this population. 
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In conclusion, the results of this chapter add further weight to Lee et al.’s (2017) 

proposition that, similar to other African ungulates (e.g. common impala and Coke’s 

hartebeest; Owen-Smith and Ogutu 2013; Ogutu et al. 2014) season of birth in 

giraffe may convey a fitness advantage in seasonal environments and giraffe may 

have stronger seasonal patterns of reproduction when they inhabit higher latitudes 

(Fairall 1968; Lee et al. 2017; see Shorrocks 2016 for review). This suggests that 

sociosexual behaviour in at least some populations of giraffe cannot be uncoupled 

from seasonal variation in ecological factors as previously suggested (del Castillo et 

al. 2005). Furthermore, despite a strong consistency in behaviour across regions 

(Bercovitch and Berry 2009), the current results draw attention to variability in life 

history events between giraffe populations, and therefore suggest caution in a 

blanket approach to conservation management of giraffe across populations. 

 

4.4.1 Conservation implications 

These findings add to the sparse existing literature on the breeding phenology of 

large mammals with a gestation period of a year or longer (e.g. bottlenose dolphins, 

Tursiops truncates; Urian et al. 1996; killer whales, Robeck and Monfort 2005; 

African buffalo, Ryan et al. 2007; and African elephant, Wittemyer et al. 2007). Due 

in large part to their long generation times, large mammals are particularly 

threatened by climate change (Estes et al. 2011; Ripple et al. 2017) and climate 

change is predicted to lead to widespread phenological mismatch between species 

and their environments over the coming decades (Thackeray et al. 2016, Burgess et 

al. 2018, Vissar and Gienapp 2019). Further research into the relationships between 

breeding phenology, reproductive thresholds and environmental factors in large 

mammals would therefore be valuable both to better predict how these species will 

respond to exogenous change and to better inform current and future conservation 

management efforts. 
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CHAPTER 5 – Habitat heterogeneity and social factors drive giraffe 

herd size dynamics 

 

Abstract 

Behavioural plasticity, or the mechanism by which an organism can adjust its 

behaviour in response to exogenous change, has been highlighted as a potential 

buffer against extinction risk. In large wild herbivores, one measure of behavioural 

plasticity is the ability to adjust herd size in line with local environmental conditions. 

Giraffe are gregarious, long-lived, highly mobile megaherbivores with a large brain 

size, characteristics that have been associated with high levels of behavioural 

plasticity. This chapter examines whether giraffe in a heterogeneous environment 

adjust their herd sizes in line with spatiotemporal variation in social and habitat 

factors. Results suggest that ecological factors play a role in driving herd size, but 

that social factors also shape and stabilize herd-size dynamics. Specifically, results 

show that 1) mixed-sex herds were larger than single-sex herds, suggesting that 

sexual composition of herds played a role in driving herd size; 2) the presence of 

young did not influence herd size, suggesting that giraffe did not make use of the 

dilution effect to safeguard their young from predation; and 3) there was a strong 

relationship between herd size and spatial, but not seasonal, variation in food 

biomass availability, suggesting stability in herd size over time, but temporary 

variation in line with resource availability. These findings reveal that giraffe adjust 

herd size in line with variation in resource availability, but also suggest that this 

mechanism operates within the constraints of the social determinants of giraffe herd 

size. 

 

Keywords: Angolan giraffe, conservation, fission–fusion, generalized additive 

model, Giraffa giraffa, herd dynamics, herd size, megaherbivore, phenotypic 

plasticity  
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5.1 Introduction 

An estimated 60% of large wild herbivore species are threatened with extinction 

(Ripple et al. 2015, 2017; Tilman et al. 2017). Habitat loss, degradation, and 

fragmentation due to anthropogenic activities remain the primary immediate threats 

to terrestrial mammals (Dirzo et al. 2014), while climate-warming scenarios predict 

further dramatic changes to existing habitats over the coming half-century (Thomas 

et al. 2004; Brivio et al. 2019). As earth’s biota enter a sixth mass extinction (Estes 

et al. 2011; Ceballos et al. 2015), species’ adaptive capacity, or their ability to adjust 

to changing environments, has become of increasing relevance (Refsnider and 

Janzen 2012). Central to the discussion surrounding adaptive capacity is the suite of 

mechanisms that could allow organisms to persist in the face of extreme exogenous 

change. One such mechanism is phenotypic plasticity (Beever et al. 2016).  

Phenotypic plasticity is the mechanism by which an organism can change its 

behaviour, physiology, or morphology in response to environmental change (Price et 

al. 2003). As such, it offers a more nuanced explanation than the traditional neo-

Darwinian viewpoint that natural selection shapes an organism to the point where it 

fits like a glove with the local environment (Mery and Burns 2010; Van Schaik 

2013). While natural selection parsimoniously explains variation in morphology, 

physiology or behaviour in terms of genetically based local adaptation, its 

explanatory power is limited to individuals or populations whose environment 

remains similar across their home ranges. When local conditions vary within an 

organism’s home range, or change dramatically within the lifespan of an organism 

due to dispersal, translocation or exogenous factors, an alternative explanation is 

necessary to describe the ability of various species to fine-tune their adaptation to 

local conditions. Phenotypic plasticity is the mechanism commonly used to explain 

this ability, and has thus been highlighted as a potential buffer against extinction risk 

(Snell-Rood 2013; Van Schaik 2013). 
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Phenotypic plasticity however has intrinsic costs and thresholds that limit its 

effectiveness (DeWitt et al. 1998). In particular, it requires the maintenance of the 

physiological mechanisms necessary to enable organisms to perceive and respond to 

exogenous change (Dukas 1999; Mery and Burns 2010). Additionally, some of the 

resultant morphological changes are irreversible and thus can even be maladaptive 

depending on the rate of environmental change, particularly if there is a delay 

between perceiving and responding to local conditions. Behavioural plasticity allows 

a more rapid response to changes in external stimuli than morphological plasticity 

and thus is less limited by such delays (Van Schaik 2013). However, behavioural 

plasticity relies heavily on cognitive processes and it therefore correlates with large 

brain size and, relatedly, longer generation times (González-Lagos et al. 2010; Van 

Schaik 2013). The combination of long generation times and the ability of 

individuals to persist in the face of limited exogenous change can delay adaptation 

through natural selection. As such, high behavioural plasticity results in a trade-off; 

in the face of fast-paced environmental change it can be advantageous in the short 

term by allowing adjustment to the local environment, but disadvantageous in the 

longer term by slowing the rate of genetic change (Price et al. 2003; Van Schaik 

2013). 

Giraffe are long-lived, highly mobile megaherbivores with a large brain size (Graïc 

et al. 2017), suggesting that the taxon is a strong candidate for high levels of 

behavioural plasticity. They are also vulnerable to extinction, with the latest 

continent-wide survey estimating ~111,000 individuals remaining in the wild 

(Muller et al. 2018a; Giraffe Conservation Foundation 2019). In large wild 

herbivores, one measure of behavioural plasticity is the relationship between herd 

size and local environmental conditions (sensu Marino and Baldi 2014). If herd size 

can be predicted through space and time, in line with ecological correlates and 

within a single population that regularly utilizes a heterogeneous environment, then 

there is a strong argument for inferring that flexibility in herd size is due, at least in 

part, to behavioural plasticity rather than natural selection or genetic drift. However, 

in giraffe, herd-size dynamics are also complicated by their social architecture. 

Giraffe maintain long-term social bonds and have a complex multi-level fission-

fusion social structure in which small social units embed within larger communities 

(Bercovitch and Berry 2010; 2012; Carter et al. 2013 a, b; Castles 2018; 
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VanderWaal et al. 2014). This system results in a high level of variability in giraffe 

herd size, with fusion events leading to the combination of smaller units into larger 

herds, and fission events leading to the division of larger herds into smaller units 

(Carter et al. 2013 a, b; Castles 2018). Contrary to expectation, recent research 

suggests that neither predation risk nor the presence of young giraffe are primary 

drivers of herd size (Muller et al. 2018b), but rather that herd composition and 

habitat conditions likely interact across space and time to drive giraffe herd size. 

For example, mixed-sex herds have been shown to be larger than single-sex herds 

across populations (sensu Castles 2018; Muller 2018). Furthermore, Bercovitch and 

Berry (2010) and Brand (2007) reported larger herd sizes during resource-rich wet 

seasons than during resource-poorer dry seasons, suggesting that mechanisms of 

behavioural plasticity allow giraffe to adjust herd sizes in line with temporal shifts in 

local habitat conditions. However, to date, no study has systematically investigated 

the relationship between spatiotemporal shifts in resource availability and herd size 

dynamics in a large population of wild giraffe. This chapter examines how variation 

in both social and environmental factors shapes herd size dynamics across space and 

time in an isolated population of Angolan giraffe inhabiting a unique environment: 

the arid and heterogeneous northern Namib Desert, Namibia. 

The extant range of this population is intersected by two ephemeral river systems 

that form the main sources of resources for the open population of giraffe. These 

river systems vary in their vegetative composition and individual giraffe move 

between the two systems (Fennessy 2004). This desert-dwelling population of giraffe 

is water independent, relying primarily on the water content of the vegetation of the 

riparian woodlands for their water intake (Scheepers 1992; Fennessy 2004). In this 

highly seasonal, heterogeneous, and harsh environment, the expectation is that any 

behavioural flexibility in line with local environmental factors would be accentuated 

(sensu Gedir et al. 2016). Early reports suggest herd size disparity in this population 

(Scheepers 1992; Fennessy 2004), but as yet no research has systematically 

investigated the patterns or drivers of this variation. 

In line with previous research, the expectations of this study are that variation in both 

social factors and local environmental factors, but not risk of predation, will drive 

herding dynamics in this unique environment. Specifically, it is predicted that; 
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1. mixed-sex herds will be larger than single-sex herds (demonstrating that 

sociosexual factors shape giraffe herd size dynamics; in line with 

Bercovitch and Berry 2014; Castles 2018),  

2. the presence of juveniles will not drive herd size (signalling giraffe do not 

make use of the dilution effect to safeguard their young against predation; 

e.g. Muller et al. 2018b), 

3. herd size will increase in the morning and evening as groups converge at 

feeding sites (see Chapter 3; Hart et al. 2020) 

4. both spatial and temporal variation in habitat factors will drive herd size 

(indicating giraffe adjust their herd size in line with spatiotemporal shifts in 

the distribution and abundance of food resources). 
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5.2 Methods 

5.2.1 Study area 

The study was conducted within a remote 4,500-km2 protected area of the northern 

Namib Desert in northwest Namibia (-18.94661°N, 13.05204°E, Fig. 5.1). Here, 

ephemeral watercourses provide the main habitat for a persistent population of free-

roaming Angolan giraffe. The apex predator in the study area is the African lion 

(Panthera leo), and resident lions actively hunt giraffe (Stander et al. 2018). Surveys 

were conducted by vehicle along a 250-km transect across 17 sampling periods (each 

of 7–10 days duration) across all seasons from February 2016 to February 2018 (Fig. 

5.1a). Data were collected under Giraffe Conservation Foundation (GCF) research 

permits 2162/2016 and 2277/2017, University College Dublin (UCD) ethics 

approval number AREC-E-16-50, and followed the guidelines of the American 

Society of Mammalogists (Sikes et al. 2016). 

 
Fig.5.1: Map of the study region showing a) giraffe (Giraffa giraffa angolensis) 
herd sightings by season (n = 497), with seasons simplified to a 3-month ‘cold-dry 
season’ (June–August), a 6-month ‘hot-dry season’ (September–February), and a 3-
month ‘wet season’ (March–May), with b) a photograph of a herd of giraffe over the 
northern ephemeral river, and c) NDVI values for a section of the southern river, 
with high (corresponding to single trees) to low (corresponding to bare areas) NDVI 
values. 
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5.2.2 Data collection 

Observations were typically made from >100m using binoculars and a zoom lens, 

and transects were driven maintaining a 20km/hr driving speed. Observed herds 

were followed off road until a complete census was recorded. Routes followed 

existing tracks and were predetermined to allow a different section of the study area 

to be surveyed each day. To reduce sampling biases, starting locations and times and 

the direction of travel were varied. The composition (age and sex), time, date and 

GPS position (Etrex 10; Garmin, Kansas, US) of each giraffe herd encountered was 

recorded. Giraffe were categorised as juvenile (≤1 year), sub-adult (1-4 years) and 

reproductive adult (4+ years; Hart et al. 2020), and herds were defined as one or 

more giraffe engaged in the same behaviour, not moving in opposing directions, and 

not more than 500m apart (sensu Carter et al. 2013 a, b; VanderWaal et al. 2014). 

Groups were generally self-defining, with between group distances substantially 

larger than within group distances (Carter et al. 2013 a, b).  

The study involved repeated measurements and all giraffe were ‘captured’ and 

‘recaptured’ by photographing both left and right sides and entering each individual 

into a database. Individuals were both identified by eye from the database using their 

unique and unchanging pelage patterns (Foster 1966), and verified using the mark-

recapture pattern recognition software HotSpotter (Crall et al. 2014). Giraffe herds 

have fluid membership (Leuthold 1977; Le Pendu et al. 2000), with herd 

composition changing on average every 3hrs (Castles 2018). Therefore, to avoid 

pseudoreplication and ensure independence of sampling events, only the first record 

of an individual’s herd composition was included on any given day.  

 

5.2.3 Data handling and analyses 

Data handling and analyses were performed in R 3.4.2 (R Core Team 2017). Spatial 

analyses and visualization were carried out in ArcMap 10.3.1 (ESRI 2014) using 

Geospatial Modelling Environment (GME; Beyer 2012) combined with the 3.1.1 

compatible version of R (R Core Team 2014). 
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5.2.4 Herd-size dynamics 

To analyse herd-size dynamics, a dataset was created with rows corresponding to 

herd sightings and columns recording the time, date, and coordinates (easting and 

northing in meters) of the sighting, and the size (response variable), age (presence or 

absence of sub-adults and juveniles; binary variable), and sex composition (male 

only, female only, or mixed) of each herd. 

Male and female herds were defined as herds where all adult individuals were male 

or female, respectively, whereas mixed herds were defined as having a minimum of 

one adult male and one adult female present. As juveniles, and possibly sub-adults, 

usually associate with their mother, they are likely by definition to be in larger herds 

(Muller et al. 2018b). To avoid this circularity and allow for the testing of the effect 

of the presence of younger giraffe on herd size, the response variable herd size was 

calculated based on the total number of adult giraffe present rather than on the total 

herd size. The presence or absence of juveniles or sub-adults was then included as a 

binary dummy predictor. 

Time was converted into a categorical variable with morning (06:00-10:00 h), 

midday (10:00-16:00 h) and evening (16:00-20:00 h). As time of the day values were 

not available for a subset of the data, missing time values were replaced in this 

subset with random hours drawn from the observed distribution of hours. The model 

describing the variability of herd size (described in full below) was preliminarily run 

both including and excluding this subset. The effect size and the direction of the 

estimates did not vary depending on whether or not this subset was included in the 

analysis. Therefore the full available sample size was included in the final model. 

To examine variation in local environmental factors, values were extracted for each 

herd location for three sets of environmental predictors:  

1. an NDVI time series at 16-day intervals from Landsat 8 satellite imagery at 

30 m resolution. Values were extracted for each herd location from the raster 

closest in date. Any images corrupted by >10% cloud cover were replaced by 

Sentinel 2 satellite imagery reclassified to the same 30 m resolution. Visual 

inspection of the NDVI time series suggested it accurately captured NDVI to 

the accuracy of single trees (see Fig. 5.1c). As such NDVI values provided a 

strong proxy for food availability at a fine scale (sensu Pettorelli et al. 2005). 
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2. habitat composition using the 20 m resolution land-use map for the African 

continent generated by the European Spatial Agency (ESA). This categorizes 

habitat into 10 categories, five of which occurred in the study site: shrub-

covered areas, grassland, cropland, sparse vegetation, and bare areas. Visual 

inspection showed that the ESA classification for cropland more accurately 

corresponded to woody vegetation–trees in the study site, and it was 

reclassified as such. 

3. terrain slope in degrees and terrain ruggedness in meters from a 30 m 

resolution digital elevation model from the RCMRD GeoPortal (Riley et al. 

1999). 

The NDVI, slope and ruggedness rasters had a relatively fine (30 m) resolution, 

these values were extracted using a small buffer size with a radius corresponding to 

the median distance walked by giraffe in an hour (Thurfjell et al. 2014). This value 

was extracted from GPS biotelemetry data (n = 40,133 relocations) from 10 giraffe 

(n = 5 males, n = 5 females) collected between July 2017 and March 2018 in the 

same study area (Chapter 2, 3). Extracting environmental variables at this small 

buffer size provided an estimate of the environment the giraffe is likely exposed to 

one hour before or after each observation (Ensing et al. 2014). 

Visual inspection of the ESA land-use map showed that it gave a rougher estimation 

of habitat type in this area than the other rasters. As such, values were extracted from 

this raster using a larger buffer size, with the diameter based on the median value of 

the maximum daily distance travelled by giraffe using the same telemetry dataset. 

This provided an estimate of the environment the giraffe is likely exposed to 12 

hours before or after each observation. 

All candidate predictors were screened for collinearity using a Pearson correlation 

matrix (Zuur et al. 2009). The candidate predictors included: time and date of 

sighting; easting and northing coordinates; presence of juveniles and of sub-adults; 

herd type (male, female, or mixed); NDVI, slope, and terrain ruggedness; and habitat 

type. Depending on their ecological importance to the model, collinear predictors 

(|rpearson| ≥ 0.7) were either dropped from the analysis or transformed into 

uncorrelated variables using principal components analysis (PCA; Venables and 

Ripley 2002). 
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Herd size was modelled using a generalized additive model (GAM) with the function 

gam from the mgcv package. Smoothing functions were used to allow for non-linear 

relationships and cross validation to automatically determine the optimal amount of 

smoothing (Wood 2006, 2011). Given the nature of the response variable (i.e., count 

data), the first model was fit with a Poisson distribution of errors. Due to a slight 

overdispersion, the standard errors were corrected using a quasi-GLM model (where 

the variance is given by φ × µ, where µ is the mean, and φ is the dispersion 

parameter). The model was fit using the select = TRUE implementation in the gam 

algorithm of the mgcv package, which allowed automated model selection. This 

option adds a penalty to each smoothing term, allowing it to be penalized out of the 

model via optimization of the smoothing parameter selection criterion (Wood 2017). 

To investigate differences in availability of food biomass between the two river 

systems, a 500-m buffer was created around the surveyed section of both the 

northern and southern river systems (see Fig. 5.1) and 100 random points were 

generated within each buffer. The percentage cover of the five habitat-type 

categories was then extracted for each of these buffered points. Principal 

components analysis (PCA, Venables and Ripley 2002) was used to transform the 

correlated proportions describing the habitat occurrence at random points into 

uncorrelated principal components. A non-parametric Mann-Whitney test was then 

used for two independent samples to compare the values of the principal components 

describing the habitats of the two river systems. 
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5.3 Results 

The final dataset comprised 497 herds including 1,624 individual sightings of adult 

giraffe (n = 705 males; n = 919 females). 

 

5.3.1 Buffer-size analysis 

Results of the buffer size analysis using GPS satellite telemetry data from a 

concurrent study (n = 40,133 relocations) showed that the median hourly step-length 

was 169.2 m (radius of small buffer size) and median value of the maximum daily 

distance travelled was 3,291.1 m (diameter of large buffer size; see Appendix I, 

Fig.AI.5.1). These buffer sizes were used to extract the environmental predictors at 

the small and large spatial scales. 

 

5.3.2 Herd size dynamics 

Results of collinearity screenings showed that the spatial predictors Easting and 

Northing were collinear (rp = -0.8). It was crucial to include a spatial variable to 

account for the residual spatial autocorrelation and the environmental heterogeneity 

that is not embraced by the other model predictors. A principal component analysis 

(PCA; Zuur et al. 2009) was thus run to transform Easting and Northing into the 

uncorrelated variables PC1 and PC2 (explaining 89% and 11% of the variance, 

respectively; Appendix I, Fig.AI.5.2; Appendix II, Table AII.5.1). The five habitat 

type variables (shrub-covered areas, grassland, woody vegetation/trees, sparse 

vegetation and bare areas) were also correlated (|rp| > 0.4) or collinear (|rp| = ~ 0.7). 

To avoid over-fitting, a PCA was run to transform these five predictors into three 

uncorrelated variables PC1ESA, P2ESA and PC3ESA (explaining 53%, 28%, and 

13% of the variance, respectively, Appendix I, Fig.AI.5.3, Appendix II, Table 

AII.5.2). Finally, slope and terrain ruggedness were found to be collinear (rp = 0.9) 

and terrain ruggedness was therefore dropped from the analysis. A final collinearity 

screening showed all predictor variables had correlation coefficients of |rp| < 0.3. 
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The generalized additive model (GAM) explained 54% of variance in herd size (x̄ = 

3.3, SD = 2.8) and had the following structure: 

herd size ~ intercept + f1(MONTHmale herds) + f2(MONTHfemale herds) + f3(MONTHmixed herds) + 

f4(PC1,PC2) + f5(PC1ESA) + f6(PC2ESA) + f7(PC3ESA) + f8(NDVImale herds) + f9(NDVIfemale herds) + 

f10(NDVImixed herds) + f11(slope) + J-SApresence + herd_type + year_of_study + time_of_the_day + error 

where: 

f1,n are smoothing functions to allow for non-linear relationships depicting the 

variation of herd size over time (month) for each herd type (male, female or mixed), 

over space (PC1 and PC2), as a function of habitat type (PC1ESA, PC2ESA, 

PC3ESA), NDVI for each herd type, and slope, and with J-SA (the presence or 

absence of juveniles or sub-adults), herd type, year of study (to account for annual 

differences in weather and sample size), and time of the day (dawn, day, and dusk) 

fitted as categorical fixed effects, and Poisson distributed error. 

 

Significant parametric predictors (Table 5.1) included herd type, with female herds 

(n = 101) significantly smaller than mixed herds (n = 239) but significantly larger 

than male herds (n = 157; Fig. 5.2b, e), and time of the day, with herds recorded in 

the morning (n = 163) significantly larger than those both in the middle of the day (n 

= 251) and in the evening (n = 83; Fig. 5.2c, f). Herds with juveniles or sub-adults 

present (n = 109) showed a trend towards slightly larger aggregations than those 

without (n = 388), but this effect was not significant (Fig. 5.2a, d). Herd size 

decreased slightly across the three calendar years of study (Table 5.1), but this was 

likely due to uneven sampling (2016 and 2018 were partially sampled whereas 2017 

was fully sampled; year of study was retained in the model to account for this). Year 

of study was fitted as a fixed effect and not as a random term in the model because 

of the reduced degrees of freedom.  
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Table 5.1: Significance of parametric coefficients as estimated by the generalized 
additive model explaining the variability of giraffe (Giraffa giraffa angolensis) herd 
size (n = 497) in the northern Namib Desert, Namibia, from February 2016 to 
February 2018. Significant effects (p < 0.05) are shown in bold. 

 Estimate SE* t-value P-value 

Intercept 1.016 0.099 10.279 <0.001 

Herd type [female] 0    

Herd type [male] -0.267 0.099 -2.687 0.007 

Herd type [mixed] 0.700 0.082 8.532 <0.001 

Juveniles or sub-adults in the herd [absent] 0    

Juveniles or sub-adults in the herd [present] 0.113 0.066 1.716 0.087 

Time of the day [dawn] 0       

Time of the day [day] -0.232 0.059 -3.916 <0.001 

Time of the day [dusk] -0.158 0.077 -2.055 0.040 

Year of study [2016] 0    

Year of study [2017] -0.128 0.063 -2.013 0.045 

Year of study [2018] -0.252 0.106 -2.376 0.018 

*SEs corrected using a quasi-GAM model where the variance is given by φ × µ, 
where µ is the mean, and φ the dispersion parameter. 
 

 

 

 

 

 

 



 

 137 

 
Fig.5.2: Fixed-effect predictors of giraffe (Giraffa giraffa angolensis) herd size in 
497 herds observed in northwest Namibia from February 2016 to February 2018. 
The top-row plots depict the effect size (effect size ±95% CIs) of the predictors 
responsible for driving giraffe herd size: a) presence of juveniles or subadults, b) 
herd type, and c) time of the day, as predicted by the generalized additive model 
fitted with Poisson distribution of errors and quasi-Poisson correction for 
uncertainties. The bottom-row plots depict the relationship between the same 
predictors, d) presence of juveniles or subadults, e) herd type, and f) time of the day, 
and observed herd size. 

 

In terms of approximate significance of smoothing terms (Table 5.2), slope did not 

affect herd size, and there was no significant variation of month by herd type 

(female, x̄ = 2.32, SD = 1.39; male, x̄ = 1.73, SD = 1.33; mixed x̄ = 6.30, SD = 4.34), 

meaning that all herd types tended to have a stable size over the course of the year. 

Likewise, there was no significant variation of herd size as a function of NDVI by 

herd type. To better appreciate this result, the frequency of NDVI values extracted 

for each giraffe herd location was visualised, revealing that, at the small spatial 

scale, giraffe herds (regardless of herd size) were located near to trees (Fig. 5.3; 

values 0.10-0.11 NDVI, see inset Fig. 5.1c). This suggested that herds tended to 

relocate themselves to where the NDVI values were higher, regardless of the size or 

composition of the herd. The spatial variables PC1 and PC2 were strongly 

significant, meaning that herd size was strongly driven by environmental 
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heterogeneity across the study area, with herd sizes larger as values increased along 

PC1 (from southeast to northwest) and decreased along PC2 (from southwest to 

northeast; Fig. 5.4a). 

Table 5.2: Approximate significance of smoothing terms as estimated by the 
generalized additive model (Poisson distribution of errors with standard errors 
corrected via quasi-Poisson to account for overdispersion) explaining the variability 
of giraffe (Giraffa giraffa angolensis) herd size (n = 497) in the northern Namib 
Desert, Namibia, from February 2016 to February 2018. Significant effects (p < 
0.05) are shown in bold.  Descriptions of the PC axes are given in the text. 

 edf Ref.df F P-value 

f11(slope) 1.423e-05 9 0.000 0.484 

f2(MONTHfemale herds) 5.478e-01 9 0.109 0.162 

f1(MONTHmale herds) 5.768e-01 9 0.094 0.217 

f3(MONTHmixed herds) 6.278e-06 9 0.000 1.000 

f9(NDVIfemale herds) 2.568e-04 9 0.000 0.368 

f8(NDVImale herds) 2.404e-05 9 0.000 0.990 

f10(NDVImixed herds) 4.576e+00 9 0.818 0.135 

f4(PC1,PC2) 9.553e+00 99 0.321 <0.001 

f5(PC1ESA) 9.049e-01 9 0.910 <0.001 

f6(PC2ESA) 1.000e+00 9 0.800 0.002 

f7(PC3ESA) 4.136e+00 9 1.345 0.005 
 

 
Fig.5.3: Frequency of mean NDVI values extracted from the buffered locations of 
497 giraffe (Giraffa giraffa angolensis) herds observed in northwest Namibia from 
February 2016 to February 2018. The radius of the buffer from which values were 
extracted (169.2 m) was equivalent to the median hourly distance covered by giraffe, 
as shown by satellite telemetry data. At the small spatial scale, giraffe herds 
regardless of size were located near trees along riverbeds (values 0.08–0.12 NDVI; 
see inset Fig. 5.1c, with NDVI ≤ 0 corresponding to bare areas). 
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Fig.5.4: Effects of spatial and habitat type predictors (smoothing splines) on 
giraffe (Giraffa giraffa angolensis) herd size based on observations of 497 giraffe 
herds in northwest Namibia from February 2016 to February 2018 as predicted by a 
generalized additive model fitted with Poisson distribution of errors and quasi-
Poisson correction for uncertainties. Herd size significantly increased in line with a) 
the spatial variables PC1 and PC2, with larger herd sizes recorded in the northern 
section of the study area; and b) the main habitat variable PC1ESA, with larger herd 
sizes recorded moving from bare areas to a combination of shrub-covered areas, 
grassland, and woody vegetation and trees. Additionally, b) demonstrates a slight 
increase in herd sizes as PC2ESA values decrease, moving from areas of sparse 
vegetation to a combination of bare areas and shrub-covered areas, grassland, and 
woody vegetation and trees; and c) shows an increase in herd sizes as PC3ESA 
values assumed the value of approximately zero, moving from grassland to a 
combination of woody vegetation and trees, shrub-covered areas, and sparse 
vegetation. 

 

The habitat-classification variables, embraced by the principal components PC1ESA, 

PC2ESA and PC3ESA, were also significant in explaining the variability of herd 

size. Herd sizes were larger as PC1ESA values increased (from bare areas to a 

combination of shrub-covered areas, grassland, and woody vegetation and trees; Fig. 

5.4b), and this was the main driver among the three principal components. Herd 

sizes also slightly decreased as PC2ESA values increased (from a combination of 

bare areas and shrub-covered areas, grassland, and woody vegetation and trees to 

areas of sparse vegetation; Fig. 5.4c). Finally, aggregations were larger as PC3ESA 

values assumed the value of approximately zero (from grassland to a combination of 

woody vegetation and trees, shrub-covered areas, and sparse vegetation; Fig. 5.4c). 
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The generalized additive model showed that the largest herd sizes were recorded in 

the northern sector of the study site (Fig. 5.4a). To further explore the differences 

between the northern and southern sectors of the study region, the proportion of 

habitat type for each of the five habitat categories was extracted for 200 sampling 

points randomly selected within the two main river systems (100 points each). A 

PCA was fitted to transform the proportions of the habitats occurring at the random 

points into three uncorrelated principal components PC1NS, PC2NS, and PC3NS, 

which explained 48%, 25%, and 15% of the variance, respectively (for principal 

component loadings see Appendix I, Fig.AI.5.4; Appendix II, Table AII.5.3). 

 

Table 5.3: Mean values of proportions for each habitat type category as 
extracted from 100 random points in the surveyed section of each of the northern and 
southern river systems. These proportions were highly correlated and therefore 
transformed via principal component analysis (PCA) into uncorrelated principal 
components (PC1NS, PC2NS, PC3NS, where PC stands for principal components 
and NS for North–South), which are reported here as mean values for each river 
system. Descriptions of the PC axes are given in the text. 

 Shrub Grass Woody Sparse Bare PC1NS  

(48%*) 

PC2NS 

(25%*) 

PC3NS 

(15%*) 

North (n = 100) 4.4% 13.3% 6.1% 13.5% 62.5% 0.44 0.11 0.11 

South (n = 100) 1.1% 9.4% 1.4% 8.6% 79.2% -0.44 -0.11 -0.11 

* Variability explained, principal component analysis 

 

As the data were not normally distributed, a Mann-Whitney U test was run for two 

independent samples. PC1NS was the principal component with the highest loading, 

and the northern river system had significantly higher values of PC1NS than the 

southern (W = 3241, 95% CI: -0.886, -0.265, p < 0.001; where higher values 

correspond to a move from bare areas to a combination of shrub-covered areas, 

grassland, and woody vegetation and trees). There was no significant difference on 

PC2NS between the northern and southern river systems (W = 4622, 95% CI: -

0.133, 0.029, p = 0.354), although there was a trend for slightly higher values to the 

north (with values moving from a combination of bare areas and shrub-covered 

areas, grassland, and woody vegetation and trees to areas of sparse vegetation). 

Finally, the northern river system had significantly higher levels of PC3NS values 

than the southern (W = 4108, 95% CI: -4.89e-2, - 0.0074e-2, p = 0.028; with low to 
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high values moving from grassland to a combination of woody vegetation and trees, 

shrub-covered areas, and sparse vegetation, Appendix I, Fig.AI.5.4; Appendix II, 

Table 5.3). To describe the differences between the river systems in terms of each 

habitat type, the percentage proportions of each habitat category by river system 

were also tabulated (Table 5.3). 
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5.4 Discussion 

Results indicated that 1) mixed-sex herds were larger that single-sex herds, 

demonstrating that sociosexual factors played a role in driving herd size; 2) the 

presence of young did not drive herd size, suggesting that giraffe did not make use of 

the dilution effect to safeguard their young from predation; 3) herd sizes were larger 

in the mornings and evenings, likely signalling temporary fusion events driven by 

biphasic feeding activities (Chapter 3; Hart et al. 2020) and 4) there was a strong 

relationship between herd size and spatial, but not seasonal, variation in resource 

availability. Furthermore, in line with a growing body of research demonstrating the 

effect of spatial factors on animal social structure (see He et al. 2019 for review), 

results revealed spatial variation in herd size in this heterogeneous habitat. 

Specifically, herd sizes were larger overall in the northern river system, which 

supported a greater proportion of vegetation than the southern river system, 

indicating giraffe adjust their herd sizes in line with spatial variation in the 

distribution and abundance of food resources. 

As giraffe have long generation times (four or five years; Dagg and Foster 1976), 

local adaptation to ecological change through natural selection would take 

considerable time (Refsnider and Janzen 2012). Additionally, as giraffe are vagile 

(Flanagan et al. 2016), have long lifespans (>20 years; Bercovitch and Berry 2015), 

and individuals have been observed to regularly move between the two river systems 

(Fennessy 2009), it is unlikely that the finding of local spatial herd size disparity can 

be parsimoniously explained by natural selection or genetic drift (sensu Van Schaik 

2013). Rather, results suggest that giraffe adjust herd size in line with local 

exogenous factors through mechanisms of behavioural plasticity, but that these 

mechanisms operate within the constraints of the social determinants of giraffe herd 

size. 

In particular, concordant with the resource dispersion hypothesis (MacDonald 1983; 

Peignier et al. 2018), results suggested that spatial variation in food biomass 

availability was a strong environmental driver of variability in herd size. 

Specifically, herd sizes were larger the closer herds were to the linear ephemeral 

river systems, where multiple classes of vegetation were present, and the farther they 

were from bare desert areas. Furthermore, herd sizes were larger the closer herds 

were to the narrow riparian woodlands, which include a combination of bare areas 
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and vegetated areas (Fig. 5.1b), and the farther they were from areas of sparse 

vegetation found in the mountainous watersheds between the river systems (Fig. 

5.1a). Finally, herd sizes were larger in the northern sector of the study area, and 

results revealed that this sector supported a greater proportion of vegetation than the 

southern sector. In combination, these results suggest that giraffe herd sizes are 

larger in areas of greater food biomass availability, signalling that localised spatial 

variation in resource availability can shape variation in the herd-size dynamics of 

giraffe. 

Group size is also a commonly used metric in studies of social connectivity (Kraus et 

al. 2015; Croft et al. 2008). As such, the current results, which revealed smaller 

group sizes in the relatively resource-poor southern sector, suggest that (despite 

showing similar social patterns across populations) giraffe inhabiting areas of lower 

distribution and abundance of vegetation may have more fragmented social 

networks. Recent dynamic social network analyses of other large social mammals 

with fission-fusion social structures have shown similar correlations. For example, 

decreased resource abundance and distribution have been associated with weaker 

overall population connectivity in Caribou (Rangifer tarandus; Peignier et al. 2018), 

both Asian and African elephant (Elephas maximus; Nandini et al. 2019; Wittemyer 

et al. 2005), Chacma baboons (Papio hamadryas ursinus, Henzi et al. 2009) and 

mixed African savannah herbivores (Meise et al. 2019; Bode et al. 2015). 

However, despite the significant spatial and habitat predictors, herd size did not 

increase in line with spatiotemporal increases in NDVI (a proxy for availability of 

vegetation biomass; Pettorelli et al. 2005). This is likely due to differences in the 

spatial resolution of the habitat and NDVI predictors. Specifically, NDVI values 

were extracted at a fine spatial resolution, capturing the mean distance a giraffe 

covers in one hour, therefore they reflected the fact that giraffe consistently chose to 

locate in areas of high NDVI (Fig. 5.1c; Fig. 5.3) regardless of the size of their herd. 

Conversely, the habitat predictors were extracted at a coarser spatial resolution, 

capturing the mean distance a giraffe covers in one day, and therefore reflected 

differences in the overall proportion of vegetation cover between local habitats. As 

such, while the NDVI predictors demonstrated that giraffe consistently locate in the 

areas supporting the highest levels of NDVI that are immediately available to them 

in time and space, the habitat predictors demonstrated that giraffe adjust their herd 
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sizes in relation to the overall proportion of food biomass supported by their local 

area. It may be expected therefore, that seasonal shifts in the phenology of the local 

vegetation in this area (Fennessy 2004) may also predict variation in giraffe herd 

size. 

However, after taking into account spatial differences between north and south, and 

differences in habitat composition, results showed temporal variation in herd size on 

a diel scale but not on a monthly scale. While variation in herd size on a diel scale 

likely represents temporary herd fusions during daily biphasic foraging bouts 

(Fennessy 2004; Castles 2018; Chapter 3), the failure to find fluctuation in herd size 

on a monthly scale may be explained by the complex social architecture of giraffe. 

Specifically, giraffe temporarily inflate their herd sizes on a diel scale, likely when 

herds merge to feed in the morning and evenings, but they retain relatively stable 

herd sizes across the year. Giraffe form strong social bonds, resulting in permanent 

social units that embed within complex social networks (Carter 2013 a, b; 

VanderWaal et al. 2014; Wolf et al. 2018). Social bonds may therefore result in 

long-term stability in herd size in this population. This proposition is further 

supported by the results of the investigation into the effect of herd sexual 

composition on herd size. 

In particular, mixed-sex herds were larger than single-sex herds. This result is likely 

an artefact of male giraffe temporarily joining herds of female giraffe to breed 

(Castles 2018; Chapter 4). As such, larger herd sizes in mixed relative to single-sex 

herds likely signals only temporary inflation of otherwise relatively stable social 

units. Furthermore, in line with Muller et al. (2018b), results showed that the 

presence of young did not lead to larger herds of adults, suggesting stability in the 

size of giraffe breeding herds, and also signalling that they do not make use of the 

dilution effect to safeguard their young (sensu Kie 1999). Thus, building on the early 

results of Bercovitch and Berry (2010) the current results suggest that, while 

ecological correlates drive variation in herd size, social factors stabilize the size of 

core units over time. Recent research has demonstrated similar patterns in other 

species. For example, plains zebras (Equus burchellii, Fischhoff et al. 2007), bison 

(Bison bison, Fortin et al. 2009), and guanacos (Lama guanicoe, Marino and Baldi 

2014) adjust their herd sizes in line with ecological correlates, but their herd size 

remains mediated by the strength of social ties. This combination of drivers of herd 
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dynamics is likely common to many gregarious, herbivorous ungulates. However, 

detecting such factors requires capturing a sufficiently large dataset over sufficient 

time, and therefore long-term studies combining social and environmental factors in 

large wild mammals (including giraffe) remain sparse in the literature. Current 

research is also revealing how complex between-species social networks of large 

herbivores are also mediated by ecological correlates (e.g., Meise et al. 2019) and 

this is an interesting avenue for future research. 

 

5.4.1 Conservation implications 

As social dynamics are a key parameter in population health and resilience, 

understanding the environmental drivers of herd dynamics is important in providing 

baseline data on healthy populations and informing the conservation management of 

threatened species (Kurvers et al. 2014; Engelhard et al. 2017; Snijders et al. 2017). 

The spatiotemporal variation in herd-size dynamics highlighted here indicates that 

giraffe fit in the category of large-brained, vagile mammals with high behavioural 

plasticity (Van Schaik 2013). Such flexibility in social behaviour may be 

advantageous to giraffe in terms of adjusting to fast-paced climate change, 

translocations, or other human-induced environmental changes to their natural 

ranges over the coming decades. However, it may also signal increased 

vulnerabilities, such as a propensity towards social fragmentation, once thresholds of 

plasticity are met (Van Schaik 2013; van Baaren and Candolin 2018). Better 

understanding of giraffe behavioural plasticity and its thresholds is necessary to 

allow us to predict and protect core areas of remaining giraffe habitat in the face of 

continuing environmental change. The increasing number of giraffe being 

translocated from their natal ranges for the purpose of conservation, sometimes 

outside of their indigenous ranges (Fennessy et al. 2019), may offer an opportunity 

to study thresholds of behavioural flexibility in a natural setting (Flanagan et al. 

2016). 
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CHAPTER 6 – Concluding remarks 

As discussed in Chapter 1, the fitness consequences of environmental change for 

threatened species are mediated by complex behaviours, placing behavioural 

ecologists at the centre of wildlife conservation (Sutherland 1998; Angeloni et al. 

2008; Geldmann et al. 2014; Wong and Candolin 2015; Bro-Jørgensen et al. 2019). 

In this context, the focus in wildlife ecology is shifting away from quantifying 

population means and the adaptionist paradigm, towards explaining behavioural 

variation in terms of spatiotemporal differences in exogenous factors and phenotypic 

plasticity (Bro-Jørgensen et al. 2019). Understanding how variation in environmental 

factors affects behaviour is key, for example, to modelling the adaptive response of 

species to conservation actions such as translocations (Fennessy et al. 2019; Muller 

et al. 2020) or cullings (e.g. Paton et al. 2017), as well as to human-modified 

habitats and climate change (Brivio et al, 2019). The current thesis was guided by 

this paradigm, and this final chapter (Chapter 6) provides both an overview of the 

main results and their direct conservation implications, as well as a discussion on 

how these results can be integrated to advance our understanding of the social and 

environmental drivers of giraffe behaviour. 

 

6.1 Overview of results and discussion of conservation implications 
The introductory chapter (Chapter 1) of this thesis highlighted how deficits in our 

understanding of the behavioural ecology of giraffe and other large herbivores in 

developing countries remain limiting factors in their conservation management 

(Dagg 2014; Ripple et al. 2015; Shorrocks 2016). In particular, gaps in our existing 

knowledge of the spatiotemporal drivers of giraffe behaviour (both social and 

environmental) were identified. Chapters 2, 3, 4, and 5 contributed towards 

addressing these under-researched areas through the testing of clear a priori 

hypotheses relating to four core topics in the research and understanding of giraffe 

socioecology: biotelemetry (Chapter 2), chronobiology (Chapter 3), reproductive 

phenology (Chapter 4) and herd dynamics (Chapter 5). The current section provides 

a summary of the main findings of each chapter, and expands on their conservation 

implications for giraffe and other large herbivores. 

The first empirical chapter of this thesis (Chapter 2) addressed a historical difficulty 



 

 154 

in collecting accurate long-term and fine-scale movement ecology data on wild 

giraffe. Both stationary and animal-borne trials across multiple geographical areas 

were used to test the precision and performance of an 180g solar-powered 

biotelemetry device recently adapted for giraffe. Results showed that the device had 

a high fix acquisition success rate, moderate precision error and a long functional 

lifespan, demonstrating how recent technological advances may be harnessed to 

address both the pressing need to collect fine-scale movement data on large wild 

terrestrial mammals and issues of animal welfare in biotelemetry research (Cooke et 

al. 2004; Casper 2009). 

In terms of welfare issues in conservation research, it is important to stress that while 

such new technologies are proving increasingly attractive and useful (Kays et al. 

2015; Sethi et al. 2018), the highly invasive capture and tagging of wild animals 

should only take place when the research design meets a number of core criteria. 

Specifically, studies that involve attaching technology to wild animals should (a) be 

guided by robust a priori hypotheses (Cooke et al. 2004; McGowan et al. 2017; 

Geen et al. 2019), (b) the minimum number of animals should be tagged to meet 

research aims (i.e. the ‘Three R’s’ ethic; Russell and Burch, 1959; Fenwick et al. 

2009), (c) the performance of new technologies should be systematically tested 

before being used in animal-borne trials (Frair et al. 2010; Joppa 2015) and (d) data 

on the technical details, precision and performance of new technologies should be 

shared to facilitate cross-comparisons and interoperability of metadata (Campbell et 

al. 2015). Finally, in the context of global ecological decline (Ripple et al. 2017; 

Chapter 1), wildlife ecologists have a moral responsibility to actively inform 

conservation management (Gosling and Sutherland 2000; Soulé and Orians 2001; 

Lawler et al. 2006; Angeloni et al. 2008; Knight et al. 2008; Laurence et al. 2012; 

Balme et al. 2014; Kays et al. 2015), particularly (as in studies based on 

biotelemetry data) when data collection involves both direct disturbance and risk of 

injury to individuals (Fennessy et al. 2019; Muller et al. 2020). 

Harnessing the technological advances tested in Chapter 2, Chapter 3 analysed fine-

scale data from twenty animal-borne solar-powered biotelemetry devices to provide 

the first full picture of the chronobiology of wild giraffe across the 24 hr cycle. 

Taking into account diel shifts in sunrise and sunset, results revealed a diurnal, 

bimodal pattern, with locomotor activity peaking pre-dawn and again pre-dusk. 
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Further analyses examined the environmental drivers of diel and seasonal variation 

in giraffe locomotor activity, demonstrating that it (a) markedly increased on moonlit 

nights in comparison to dark nights (lunarphilia), (b) decreased above a 30°C 

thermal threshold and (c) increased pre-dawn during the hottest months of the year 

(likely to compensate for high daytime temperatures). These temperature related 

patterns, and particularly the thermal threshold, suggest that the activity budgets of 

giraffe (and other species; e.g. see Bennie et al. 2014) may be markedly restricted in 

the case of predicted dramatic rises in global temperature over the coming decades 

(Morishima and Akasaka 2010; Maúre et al. 2018). As such, modelling animal 

behaviour in terms of both thermal thresholds and climate change predictions should 

play a central role in future efforts to identify long-term refugia for giraffe and other 

large herbivores (e.g. Mason et al. 2014; Brivio et al. 2019). 

The seasonal effects on giraffe behaviour revealed in Chapter 3 were more closely 

examined in Chapter 4, particularly in relation to the equivocal matter of breeding 

phenology in giraffe. Results of analyses of 3.5 years of observational data revealed 

that, while giraffe maintained the metabolic thresholds to breed year-round in the 

arid northern Namib Desert, there was a consistent wet season birth pulse, coupled 

with higher rates of juvenile survival, for calves born before or during the wet season 

(suggesting that season of birth may convey a fitness advantage; sensu Lee et al. 

2017). Further analyses showed reduced sexual segregation between (dark) dominant 

(Brand 2007; Castles et al. 2019) males and reproductive females during the hot-dry 

season, which, when combined with a wet season birth pulse, suggested a hot-dry 

season conception pulse. These findings add to the sparse literature on the breeding 

phenology of large mammals with a gestation period of a year or longer (e.g. Urian 

et al. 1996; Robeck and Monfort 2005; Ryan et al. 2007; Wittemyer et al. 2007; 

Estes et al. 2011; Ripple et al. 2017) as well as a growing body of literature 

highlighting the potential for phenological mismatch due to changing climates 

(Thackeray et al. 2016, Burgess et al. 2018, Vissar and Gienapp 2019). 

In terms of direct conservation implications, in combination with the results of 

Chapter 3 (demonstrating that giraffe adjust their behaviour during the hot-dry 

season to account for increased daytime temperatures), these results also suggest that 

disturbance of giraffe in northwest Namibia’s riparian woodlands during the hot-dry 

season may increase heat-induced energetic costs (as giraffe move to the exposed 
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open plains when stressed; Scheepers et al. 1992; pers. obs.) while also potentially 

disrupting a seasonal conception pulse. As such, while it is important that 

disturbance of giraffe and other animals is minimised year-round in northwest 

Namibia, particular care should be taken during the hot-dry season. Furthermore, in 

the light of a marked increase in lodge-based, self-drive and ‘conservation tourism’ 

activity in the area over recent years, it would be prudent to limit the number of 

vehicles permitted to drive in the riverbeds per day (where disturbance of animals is 

unavoidable in the narrower sections), particularly during the hot-dry season and 

when temperatures exceed 30 °C. 

Chapter 5 provided an additional perspective on the effects of environmental factors 

on giraffe behaviour through an investigation of the spatiotemporal drivers of 

dynamics in giraffe herd size. Spatial analyses revealed significantly larger herd 

sizes in the relatively resource-rich northern sector of the study site, demonstrating 

(in line with concurrent studies in other populations; Castles 2018; Bond et al. 2019; 

Muller et al. 2019) that spatial variation in food biomass abundance affects the core 

social behaviours of giraffe. Moreover, temporal analyses showed that group size 

varied in line with time of the day (contrary to Bercovitch and Berry 2012; but in 

line with Castles 2018; Bond et al. 2019), with the largest herds consistently 

observed in the morning (likely as herds converged after travelling to feeding sites; 

Chapter 3; Castles 2018).  

Such flexibility in herd size dynamics through time and space may be advantageous 

to giraffe in the face of climate and other human-induced change to resource 

abundance and distribution in their extant ranges (Snell-Rood 2013; Van Schaik 

2013). However, there are likely limits to such flexibility; below a certain density of 

resource abundance giraffe may not be able to maintain levels of social connectivity 

that are effective in balancing the risks and gains of their environment (sensu DeWitt 

et al. 1998; Price et al. 2003; Van Schaik 2013). While further research is necessary 

to determine such thresholds, the current results underline the importance of 

considering the impact of resource abundance on giraffe social structure when 

designating future refugia for this species. 

Additionally, the results of Chapter 5 revealed that average herd size did not 

significantly differ across the twelve months of the year, likely due to the moderating 

effect of longstanding social bonds (see Bercovitch and Berry, 2012; Carter et al. 
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2013; VanderWaal et al. 2014). Research has shown that many fission-fusion species 

can identify social affiliates after years of separation, even after dramatic changes to 

population structure, for example bats (Myotis bechsteinii, Baigger et al. 2013), 

sheep (Ovis aries, Kendrick et al. 2001), and ravens (Corvus corax, Boeckle and 

Bugnyar, 2012). As social connectivity is a key parameter in population resilience, 

conservation actions that facilitate natural patterns of social association (such as the 

maintenance of longstanding social bonds; Carter et al. 2013) will likely have better 

outcomes than those that do not (Kurvers et al. 2014; Engelhard et al. 2017; Snijders 

et al. 2017). As translocations become an ever more popular method of boosting or 

(re)introducing giraffe populations (Flanagan et al. 2016; Fennessy et al. 2019; 

Muller et al. 2020), releasing translocated giraffe with preferred associates (where 

logistically possible) could be effective in decreasing network recovery times and 

improving fitness in new environments (Flanagan et al. 2016; Snijders et al. 2017; 

Franks et al. 2019; Goldenberg et al. 2019). 

 

6.2 Giraffe socioecology: additional implications of integrated results 
Contrary to early research on captive giraffe (del Castillo et al. 2005), and despite a 

strong consistency in behaviour across regions (Bercovitch and Berry 2009), the 

combined results of this thesis demonstrate that variation in giraffe activity patterns 

and sociosexual behaviour cannot be uncoupled from spatiotemporal variation in 

ecological factors. While the previous chapters discussed results in terms of how 

they may contribute towards theoretical advances in broader scientific frameworks 

of animal behaviour, this section integrates the current results in terms of their 

implication for giraffe socioecology in particular. Specifically, it expands on how 

seasonal, spatial and diel variation in giraffe behaviour may be shaped by 

environmental factors across space and time. 

 

6.2.1 Seasonal effects 

Advancing the early observations of Scheepers (1992) and Fennessy (2004), results 

showed that, despite stability in average group sizes across the year (Chapter 5), in 

the arid, seasonal environment of the northern Namib Desert, there were marked 

differences in giraffe behaviour between the hot-dry season (Sept-Feb) and the wet 
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season (March – May; Chapters 3 and 4). In particular, results showed that during 

the hot-dry season (when daytime temperatures were at their hottest and resources 

were limited in spatial distribution) giraffe were more active before dawn (likely 

compensating for daytime thermal thresholds; Chapter 3) and sexual segregation 

between reproductive females and dark (dominant) adult males was reduced 

(signalling a possible conception pulse; Chapter 4). Contrarily, in the wet season 

(when daytime temperatures were lower and resources were more abundant and 

spatially distributed) giraffe were more active during the middle of the day (likely 

due to travelling further between more spatially distributed resources; Chapter 3; 

Fennessy 2004) and females gave birth to more calves (with a possible fitness 

advantage; Chapter 4; see Table 6.1). 

Table 6.1: Seasonal effects on giraffe socioecology based on analyses of 3.5 years 
of data collected from 403 individually recognised wild giraffe in northwest Namibia 
between February 2016 and July 2019. 

 Hot-dry season Wet season  Cold-dry season  

Locomotor activity Increases pre-dawn 

(hotter; compensatory 

strategy due to thermal 

threshold) 

Increases at midday 

(cooler; more widely 

distributed food 

resources) 

 

Births Adults meet metabolic 

thresholds for reproduction 

Birth pulse (resources 

more abundant; possible 

fitness advantage) 

Adults meet 

metabolic thresholds 

for reproduction 

Juvenile survival Increased in Jan and Feb 

(resources more abundant) 

Increased (resources 

peak in abundance) 

Decreased (resources 

less abundant) 

Sexual segregation  Reduced for dark adult 

males in Dec and Jan 

(possible conception 

pulse) 

Reduced for light adult 

males (convergence on 

resources) 

 

Group size Stable Stable Stable 

 

A combination of non-exclusive factors likely drives these seasonal patterns in the 

northern Namib Desert. For example, in the hot-dry season, restrictions on the spatial 

distribution of resources (to riparian riverbeds; Fennessy 2004) combined with 

shade-seeking during high daytime temperatures (Chapter 3; Scheepers 1992) may 
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cause increased convergence of herds in ephemeral riverbeds, leading in turn to 

reduced sexual segregation and increased mating opportunities. Relatedly, a seasonal 

flush of protein rich food at the end of the hot-dry season (podding of Faidherbia 

albida; see Fennessy et al. 2003; Curtis and Mannheimer 2005) may cause a 

synchronized return to estrous in female giraffe after the cold-dry season, prompting 

dominant (dark) males to seek out fertile females, which may contribute to decreased 

sexual segregation and a hot-dry season conception pulse (Chapter 4). 

While further research is necessary to test these specific hypotheses, the seasonal 

effects revealed in Chapters 3, 4, and 5 of this thesis add to a growing body of 

research demonstrating that seasonal shifts in environmental factors affect site-

specific variation in giraffe socioecology. For example, Prehn et al. (2019; but see 

also Seeber et al. 2013; Wolf et al. 2018) found an increase in inter-sexual social ties 

and a putative conception pulse in the wet season (as opposed to the current result 

demonstrating reduced sexual segregation and a putative conception pulse in the hot-

dry season). Furthermore, Lee et al. (2017) found a higher rate of survival for calves 

born during the dry season, whereas the current results revealed a higher rate of 

juvenile survival for calves born during the late hot-dry and wet seasons. These 

results suggest that, despite a strong overall consistency in giraffe behaviour across 

regions (Bercovitch and Berry 2009), results from one population can not readily be 

extrapolated to populations elsewhere. 

 

6.2.2 Spatial effects 

Furthermore, results of spatial analyses of habitat factors (Chapter 5) showed that, 

within the study population, herds were larger in the more resource-rich northern 

sector of the study site than the relatively resource-poor southern sector. This 

suggests that, although the social architecture of giraffe is similar between 

populations, in line with fission-fusion theory (Aureli et al. 2008) environmental 

factors can still have marked effects on social processes within giraffe populations. 

Concurrent studies of spatial variation in exogenous factors on giraffe behaviour 

support this proposition, suggesting that habitat factors (Castles 2018; Muller et al. 

2019; Bond et al. 2019) can strongly affect spatiotemporal variation in giraffe 

behaviour.  
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Habitat drivers of between population differences in behaviour or social structure 

have been demonstrated in a diverse range of other species (Croft et al. 2008; 

Constible et al. 2010; Tanner and Jackson 2012; Gero and Rendell 2015; Rubenstein 

2015; He et al. 2019). Such studies, for example in large wild social mammals 

including ungulates (Rubenstein 2007), cetaceans (Mesnick 2001; Gero et al. 2008; 

Ansmann et al. 2012; Foster et al. 2012; Brown et al. 2016) and primates (Fimbel 

1994), highlight the potential benefits of choosing site- and population-specific 

conservation management initiatives over a blanket approach to conservation 

management across populations. However for many species, including giraffe, we 

are only beginning to understand the complex relationships between habitat factors 

and behaviour. Better understanding the drivers of between and within population 

differences in spatiotemporal variation in behaviour will be key to actively informing 

conservation actions for giraffe and other species in increasingly human-modified 

environments (Soulé and Orians 2001; Lawler et al. 2006; Angeloni et al. 2008; 

Knight et al. 2008; Laurence et al. 2012; Balme et al. 2014). 

 

6.2.3 Diel effects 

Finally, in addition to seasonal effects, the combined results of the current thesis 

showed marked variation in giraffe behaviour across the diel cycle. In particular, 

analyses showed that locomotor activity peaked pre-dawn (Chapter 3; likely as herds 

travelled to feeding sites) and that herds were larger (Chapter 5) during the morning 

(likely as herds converged at feeding sites). At midday, locomotor activity was 

reduced (when giraffe rested and sought shade due to thermal thresholds; Chapter 3; 

Fennessy 2004), and herd sizes were smaller (Chapter 5). In the evening, herds 

remained small and fragmented, however locomotor activity peaked again pre-dusk 

(likely as herds travelled to resting sites; Chapter 3; Burger et al. 2020). Finally, 

locomotor activity decreased during the night in comparison to during the day 

(diurnality), but increased on moonlit nights in comparison to dark nights 

(lunarphilia; Chapter 3; Table 7.2). These findings build on early investigations of 

giraffe activity budgets (Pellew 1983; Fennessy 2004) to provide a more complete 

picture of giraffe chronobiology across the 24 hr cycle. Furthermore, they contribute 

to a growing body of recent research demonstrating the complex interactions 
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between daily shifts in environmental factors and giraffe behaviour (Muller et al. 

2018; Castles et al. 2019; Burger et al. 2020).  

 

Table 6.2: Diel effects on giraffe behaviour based on analyses of 3.5 years of 
observational and telemetry data collected on a population of 403 individual wild 
giraffe in northwest Namibia between February 2016 and July 2019. 

 Morning Midday Evening Night 

Locomotor 

activity 

Pre-dawn peak 

(travelling to 

foraging sites) 

Reduction (thermal 

constraints) 

Pre-dusk peak 

(travelling to resting 

sites) 

Overall reduction 

(diurnality); 

increase on moonlit 

nights (lunarphilia) 

Herd size Largest (groups 

converging on 

food resources) 

Smallest (during 

reduction in 

activity) 

Significantly smaller 

herd sizes than during 

the morning 

 

 

In addition to those discussed in Chapters 3 and 5, a clear implication here is that 

diel effects must be taken into account when researching the social behaviour and 

activity patterns of giraffe and other large herbivores. In particular, the current 

results highlight the fact that including time of the day as a predictor variable, but 

not accounting for daily shifts in the time of sunrise and sunset, could mask temporal 

effects that are directly associated with photic factors, particularly in studies at 

latitudes greater than 20° (Vazquez et al. 2019). Where possible therefore, the angle 

of elevation of the sun should be included as a predictor variable (rather than hour of 

the day) when modelling daily shifts in giraffe and other large herbivore behaviour. 

This method is more likely to accurately capture the diel shifts in exogenous factors 

associated with the 24 hr cycle as they are experienced (i.e. light and temperature; 

see Chapter 3; Bennie et al. 2014; Vazquez et al. 2019). 

 

6.3 Limitations of the current research 
Fieldwork logistics in the remote study area led to a number of limitations in data 

collection that should be considered when interpreting the current results. Flash-

floods, sand-storms, vehicle breakdowns, wildlife encounters and other 

unpredictable circumstances led to some variation in the length and direction of 

survey transects across the 3.5 years of data collection. However, as this variation 
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was largely random, it is unlikely that it affected the patterns reported here. 

Furthermore, due to prohibitively high daytime temperatures in Namibia, the number 

of surveys in December and January was reduced in comparison to the rest of the 

year. To account for this, results based on observations during this period were not 

interpreted in isolation. In particular, the result of reduced sexual segregation in the 

late hot-dry season was supported by the result of a birth pulse in the wet season. 

Similarly, as discussed in Chapter 4, due to the difficulties inherent in early detection 

of giraffe calves (Bercovitch and Berry 2015), coupled with a high mortality rate 

(53% in the current study; ~50% in other populations; Bercovitch and Berry 2009; 

Dagg 2014; Lee et al. 2017) it was impossible to infer with certainty that differences 

in early mortality of juveniles between surveys did not play a role in the 

investigation of breeding phenology. However, the interpretation here did not rely 

solely on calf counts but was linked to dry-season sociosexual behaviour and 

juvenile survival rates, suggesting the results were not driven by differences in 

detectability or neonate survival between surveys. Finally, as data collection was 

conducted on fly-camping expeditions in a dangerous game area, evening 

observations were limited due to the necessity to set up camp before nightfall. Larger 

sample sizes collected during the evening, in addition to observational data across 

the 24 hr cycle (e.g. Burger et al. 2020), would be useful to offer further insights into 

giraffe social behaviour at dusk and during the night. 

Regarding the biotelemetry data, as discussed in Chapter 2, the voltage trials of the 

biotelemetry device were restricted to animal-borne trials in Namibia, which is 

characterised by high availability of daytime solar energy (Maúre et al. 2018). 

Further research is necessary to determine whether the solar accumulator is as 

efficient in other climates. However, preliminary results from the USA and Canada 

(Smithsonian Institute, pers. comm.) are showing that the devices retain a similarly 

high and consistent voltage charge across northern hemisphere latitudes. Finally, due 

to the increased risk of failure of devices attached to male giraffe (due to necking 

behaviours), a greater number of female giraffe were tagged. Despite this limitation, 

this dataset is the first of its kind to overcome historical difficulties in obtaining 

long-term, fine-scale movement ecology data on giraffe to provide unique insights 

into their behavioural patterns (Hart et al. 2020a; b; c). 
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6.4 Future research 

The current research has generated a number of hypotheses that warrant future 

research. Additionally, there are a number of variables that were not directly 

quantified here (e.g. genetic relatedness; hormonal fluctuations; social network 

metrics; predation risk) but that would prove useful to include in future models in 

order to support or advance the current results. 

 

6.4.1 Seasonal shifts in resource availability and estrous in wild giraffe 

For example, the combined results of Chapter 4 suggested a conception pulse in this 

population during the late hot-dry season. As discussed, it is likely that there is a 

strong selection pressure for males to partition mating efforts in line with periods of 

female fertility (Bercovitch et al. 2006; Bercovitch and Berry 2009), particularly in 

the Namib Desert where resources are limited and home ranges are large (meaning 

that males have to expend considerable energy to roam in search of fertile females; 

Fennessy 2009). In this area, the reverse phenology of Faidherbia albida provides a 

key source of protein to giraffe at the end of the resource poor cold-dry season 

(Fennessy 2004; Curtis 2017). In Chapter 4 it is hypothesised that this seasonal food 

source could result in many female giraffe synchronously returning to breeding 

condition after the cold-dry season, leading to a conception pulse. Future research 

using non-invasive methods of determining temporal patterns of endocrinology, such 

as faecal hormone analysis (del Castillo et al. 2005; Bercovitch et al. 2006; Isobe et 

al. 2007; Seeber et al. 2013; Wolf et al. 2018b), potentially coupled with body-

condition scoring and/or forage selection analyses (e.g. Leuthold and Leuthold 1972; 

for review see Dagg 2014; Shorrocks 2016), would be a useful next step to confirm 

the extent to which interactions between resource availability and synchronised 

estrous drive seasonal social behaviours in giraffe. Relatedly, as noted by Castles 

(2018), faecal hormone analysis could also offer the opportunity to test for a 

relationship between coat colour and testosterone levels in males, which may offer 

further insights into whether coat colour is indeed an honest signal of dominance in 

male giraffe. 
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6.4.2 Dynamic social network analysis 

The current results add to a growing body of literature demonstrating how 

spatiotemporal shifts in environmental factors can lead to subtle variations in animal 

social organisation (Croft et al. 2008; Tanner and Jackson 2012; Gero and Rendell 

2015; Rubenstein 2015; Chapters 3, 4 and 5). Recent advances in dynamic social 

network analysis (Pinter-Wollman et al. 2014; Croft et al. 2015) are proving to be 

useful tools in terms of further advancing our understanding of the relationship 

between habitat factors and animal society through time and space. For example, 

such studies allow us to better estimate the recovery times of animal social networks 

following human-induced changes to environmental conditions (Rhodes et al. 2006; 

Banks et al. 2007; Burns et al. 2020). As social connectivity is a key parameter in 

population health and resilience, such studies are key to informing the conservation 

management of threatened species in changing environments (Kurvers et al. 2014; 

Engelhard et al. 2017; Snijders et al. 2017). 

Furthermore, the strong and sustaining social bonds consistently demonstrated in 

giraffe (Bercovitch and Berry 2012; Carter et al. 2013; Vanderwaal et al. 2014), and 

supported by the results of Chapter 5 (showing group size remains stable throughout 

the year), suggest that releasing translocated giraffe with preferred associates could 

be effective in decreasing network recovery times and improving fitness in new 

environments (Flanagan et al. 2016; Snijders et al. 2017; Castles 2018; Franks et al. 

2019; Goldenberg et al. 2019). To test this hypothesis, there is a need for baseline 

data on giraffe social networks to be collected before and after translocations, and 

for comparative studies between groups of giraffe translocated with and without 

preferred associates. The marked increase in translocations to (re)establish 

populations of giraffe (Flanagan et al. 2016; Fennessy 2019; Muller et al. 2020) 

offers an opportunity to harness advanced methods in dynamic social network 

analyses to investigate this possibility. 

 

6.4.3 Predation risk and diel social behaviour 

The current results demonstrated that giraffe were more active on moonlit nights 

than on dark nights (Chapter 3). African lion are the single significant predator of 

giraffe, both generally (Berry 1973; Strauss and Packer, 2013) and in the northern 
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Namib Desert (Stander et al. 2018), and predation risk from lion increases during the 

hours of darkness (Funston et al. 2001; Packer et al. 2011; Preston et al. 2019). As 

such, it is likely that a reduction of locomotor activity on dark nights is driven by 

increased predation risk. However, we currently lack the 24 hr observational data 

necessary to test this hypothesis, or to determine the effect of dark nights on the 

social structure of giraffe herds. As networks can be modelled even if only a small 

percentage of the population is sampled (Silk et al. 2015; Snijders et al. 2017), 

technological advances (e.g. in biotelemetry, see Chapter 2,3; and thermal imaging, 

He et al. 2019; Webber and Vander Wal 2019; Burger et al. 2020) may prove useful 

in overcoming the logistical difficulties inherent in studying giraffe and other wild 

herbivore behaviour throughout the night.  

Furthermore, the proximate risk of predation can affect the intensity of grouping 

patterns in animal populations (Heathcote et al. 2017). For example, when perceived 

predation risk was high, Trinidadian guppies (Poecilia reticulata) had more stable 

and differentiated social structures (smaller groups with closer bonds) than when 

predation risk was low (Heathcote et al. 2017; see also Ellis et al. 2019 on rhesus 

macaques, Macaca mulatta; and Blumstein et al. 2017 on marmots, Marmota 

flaviventer). To date, however, the relationship between intensity of social grouping 

patterns and predation risk has not been widely documented in large terrestrial 

herbivores. Quantifying predation risk based on movement ecology data from desert-

adapted lion (Stander et al. 2018) could offer further insights into how predation risk 

shapes social behaviour in giraffe across the 24 hr cycle. 

 

6.4.4 Social networks and relatedness 

Genetic bottlenecks are a threat to the resilience of populations (e.g. Furlon et al. 

2012) and understanding gene flow is important to conservation, particularly in 

isolated populations. Carter et al. (2013; see also Bercovitch and Berry 2012) found 

that, together, spatial overlap and kinship explained a quarter of variation in the 

association patterns of female giraffe. Despite this, genetic relatedness has yet to be 

mapped in giraffe social networks. Plugging genetic data, ideally from non-invasive 

methods such as faecal (Tighe et al. 2019) or eDNA (e.g. Seeber et al. 2019; Farrell 

et al. 2019; Furlan et al. 2020) analyses, into social network analyses could offer 
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valuable insights into both how kinship may shape social networks, and how social 

networks affect gene flow in wild giraffe. 

For example, in the northern Namib Desert, raw data from biotelemetry devices and 

comparative observations between the current data and that of Fennessy (2004) 

suggest that female giraffe have high site fidelity: some females were consistently 

observed in the same stretch of river for close to two decades (GCF and pers. obs., 

unpublished data). Genetic analyses could help to reveal whether this behaviour is 

driven by natal philopatry (in which case it would be expected that female herds 

would be strongly matrilineal) or by another form of site fidelity (suggesting a 

weaker role of relatedness in social bonds, and that more young females likely 

disperse to find a core home range). Furthermore, genetic analyses may help to shed 

light on paternity, providing further insights into the success of the mating strategies 

of dominant and subordinate males (see Chapter 4).  

It is important to note, however, that future research should only rely on invasive 

methods of DNA collection (e.g. remote biopsy darting or tissue sampling during 

capture) when there are clear a priori conservation research goals, when other 

methods are ineffective, and when the proposed methods of data extraction and 

analysis have been pilot tested and shown to be effective (i.e. in line with the ‘Three 

R’s’ ethic; Russell and Burch, 1959; Fenwick et al. 2009). 

 

6.4.5 Looking ahead: how can we designate refugia on a warming planet?   

The desert-dwelling giraffe population of northwest Namibia is a genetically 

isolated, unique, threatened population living at the edge of its natural range 

(Fennessy 2004). Climate predictions suggest a robust increase in temperatures in 

sub-Saharan Africa over the coming decades, with the south-western region, 

including Namibia, projected to experience the largest increase in daily temperatures 

(far greater than the modelled global mean; Maúre et al. 2018). Even under the 1.5 - 

2°C global heating scenario (a possibility under the terms of the Paris Agreement 

2015; Sigmond 2020), Namibia will become increasingly arid, with temperatures 

predicted to rise by 4 - 6°C by 2100 (Morishima and Akasaka 2010; Engelbrecht et 

al. 2015; Engelbrecht and Engelbrecht 2016). 
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Giraffe are well adapted to high daytime temperatures (they have a large surface area 

relative to body mass and engage in behavioural thermoregulation including seeking 

shade and standing longitudinally to the sun to decrease radiant heat gain; Mitchell 

and Skinner 2004). The current results, however, show that high temperatures 

(30°C+) have a masking effect on giraffe behaviour, resulting in diel and seasonal 

constraints on locomotor activity (Chapter 3). An increase in daily temperatures due 

to climate change could therefore exert considerable pressure on the remaining 

populations of wild giraffe in Africa. In northwest Namibia specifically, increased 

aridity may threaten the riparian woodlands on which the desert-dwelling population 

depends (see Curtis 2017). 

There is a pressing need, therefore, for future research to model the activity, 

connectivity and resource selection behaviour of giraffe and other large herbivores in 

line with emerging research on thermal thresholds (e.g. see Bennie et al. 2014; 

Brivio et al. 2019; Hauenstein et al. 2019). Such research will be invaluable in terms 

of identifying, designating and protecting corridors and areas of conservation with 

the potential to offer refugia to wild mammals on a warming planet (Keppel et al. 

2015). 

  



 

 168 

Literature Cited 
Angeloni, L., Schlaepfer, M. A., Lawler, J. J. and Crooks, K. R. 2008. A 

reassessment of the interface between conservation and behaviour. Animal 

Behaviour 75: 731-737. 

Ansmann, I. C., Parra, G. J., Chilvers, B. L., and Lanyon, J. M. 2012. Dolphins 

restructure social system after reduction of commercial fisheries. Animal 

Behaviour 84: 575-581. 

Aureli, F., Schaffner, C. M., Boesch, C., Bearder, S. K., Call, J., Chapman, C. A., ... 

and Holekamp, K. 2008. Fission-fusion dynamics: new research frameworks. 

Current Anthropology 49: 627-654. 

Baigger, A., Perony, N., Reuter, M., Leinert, V., Melber, M., Grünberger, S., ... and 

Kerth, G. 2013. Bechstein’s bats maintain individual social links despite a 

complete reorganisation of their colony structure. Naturwissenschaften 100: 

895-898. 

Balme, G. A., Lindsey, P. A., Swanepoel, L. H. and Hunter, L. T. 2014. Failure of 

research to address the rangewide conservation needs of large carnivores: 

leopards in South Africa as a case study. Conservation Letters 7: 3-11. 

Banks, S. C., Piggott, M. P., Stow, A. J. and Taylor, A. C. 2007. Sex and sociality in 

a disconnected world: a review of the impacts of habitat fragmentation on 

animal social interactions. Canadian Journal of Zoology 85: 1065-1079. 

Bennie, J. J., Duffy, J. P., Inger, R. and Gaston, K. J. 2014. Biogeography of time 

partitioning in mammals. Proceedings of the National Academy of 

Sciences 111: 13727-13732. 

Bercovitch, F. B. 2020. Giraffe taxonomy, geographic distribution and 

conservation. African Journal of Ecology 58: 150-158. 

Bercovitch, F. B. and Berry, P. S. M. 2009. Reproductive life history of Thornicroft's 

giraffe in Zambia. African Journal of Ecology 48: 535-538. 

Bercovitch, F. B. and Berry, P. S. M. 2012. Herd composition, kinship and fission–

fusion social dynamics among wild giraffe. African Journal of Ecology 51: 

206-216. 

Bercovitch, F. B. and Berry, P. S. M. 2015. The composition and function of all-

male herds of Thornicroft's giraffe, Giraffa camelopardalis thornicrofti, in 

Zambia. African Journal of Ecology 53: 167-174. 



 

 169 

Bercovitch, F. B., Bashaw, M. J. and del Castillo, S. M. 2006. Sociosexual behavior, 

male mating tactics, and the reproductive cycle of giraffe Giraffa 

camelopardalis. Hormones and Behavior 50: 314-321. 

Berry, P. S. M. 1973. The Luangwa valley giraffe. Puku 7: 71-92. 

Blumstein, D. T., Fuong, H., and Palmer, E. 2017. Social security: Social 

relationship strength and connectedness influence how marmots respond to 

alarm calls. Behavioral Ecology and Sociobiology 71: 145. 

Boeckle, M., and Bugnyar, T. 2012. Long-term memory for affiliates in ravens. 

Current Biology 22: 801-806. 

Bond, M. L., Lee, D. E., Ozgul, A. and König, B. 2019. Fission–fusion dynamics of 

a megaherbivore are driven by ecological, anthropogenic, temporal, and 

social factors. Oecologia 191: 335-347. 

Brand, R. 2007. Evolutionary ecology of giraffes (Giraffa camelopardalis) in Etosha 

National Park, Namibia. PhD Thesis. Newcastle, UK, Newcastle University. 

Brivio, F., Zurmühl, M., Grignolio, S., von Hardenberg, J., Apollonio, M. and Ciuti, 

S. 2019. Forecasting the response to global warming in a heat-sensitive 

species. Scientific Reports 9: 1-16. 

Bro-Jørgensen, J., Franks, D. W. and Meise, K. 2019. Linking behaviour to 

dynamics of populations and communities: application of novel approaches 

in behavioural ecology to conservation. Philosopical Transactions of the 

Royal Society B: Biological Sciences 374: 20190008. 

Brown, A. M., Bejder, L., Pollock, K. H., and Allen, S. J. 2016. Site-specific 

assessments of the abundance of three inshore dolphin species to inform 

conservation and management. Frontiers in Marine Science 3: 4. 

Burger, A. L., Fennessy, J., Fennessy, S., and Dierkes, P. W. 2020. Nightly selection 

of resting sites and group behavior reveal antipredator strategies in giraffe. 

Ecology and Evolution 10: 2917-2927. 

Burgess, M. D., Smith, K. W., Evans, K. L., Leech, D., Pearce-Higgins, J. W., 

Branston, C. J., ... and Nager, R. G. 2018. Tritrophic phenological match–

mismatch in space and time. Nature Ecology and Evolution 2: 970-975. 

Burns, D. D., Franks, D. W., Parr, C. and Robinson, E. J. 2020. Ant colony nest 

networks adapt to resource disruption. Journal of Animal Ecology. DOI: 

10.1111/1365-2656.13198  



 

 170 

Campbell, H. A., Beyer, H. L., Dennis, T. E., Dwyer, R. G., Forester, J. D., Fukuda, 

Y., ... and Richardson, C. 2015. Finding our way: on the sharing and reuse of 

animal telemetry data in Australasia. – Science of the Total 

Environment 534: 79-84. 

Carter, K. D., Seddon, J. M., Frere, C. H., Carter, J. K. and Goldizen, A. W. 2013. 

Fission-fusion dynamics in wild giraffes may be driven by kinship, spatial 

overlap and individual social preferences. Animal Behaviour 85: 385-394. 

Casper, R. M. 2009. Guidelines for the instrumentation of wild birds and mammals. 

Animal Behaviour 78: 1477-1483. 

Castles, M. 2018. Drivers of sociability and fission-fusion dynamics in a population 

of wild giraffe (Giraffa Camelopardalis). PhD Thesis, The University of 

Queensland. Australia. 

Castles, M. P., Brand, R., Carter, A. J., Maron, M., Carter, K. D. and Goldizen, A. 

W. 2019. Relationships between male giraffes’ colour, age and sociability 

Animal Behaviour 157: 13-25. 

Constible, J. M., Gregory, P. T., and Larsen, K. W. 2010. The pitfalls of 

extrapolation in conservation: movements and habitat use of a threatened 

toad are different in the boreal forest. Animal Conservation 13: 43-52. 

Cooke, S. J., Hinch, S. G., Wikelski, M., Andrews, R. D., Kuchel, L. J., Wolcott, T. 

G. and Butler, P. J. 2004. Biotelemetry: a mechanistic approach to ecology. 

Trends in Ecology and Evolution 19: 334-343. 

Croft, D. P. 2015 Patterns and processes in animal social networks. In Krause, J., 

James, R., Franks, D. W. and Croft, D. P. (Eds.). Animal Social Networks 

(pp.9-13). Oxford University Press, USA. 

Croft, D. P., James, R. and Krause, J. 2008. Exploring animal social networks. 

Princeton University Press: New Jersey 

Curtis, B. A. 2017. The status of Faidherbia albida trees in the Hoanib River, 

Namibia. Namibian Journal of Environment 1: A-91. 

Curtis, B. A. and Mannheimer, C. A. 2005. Tree Atlas of Namibia National Botanic 

Research Institute, Windhoek pp 623. 

Dagg, A. I. 2014. Giraffe: Biology, Behaviour and Conservation. Cambridge 

University Press, Cambridge. 

del Castillo, S. M., Bashaw, M. J., Patton, M. L., Rieches, R. R. and Bercovitch, F. 

B. 2005. Fecal steroid analysis of female giraffe (Giraffa camelopardalis) 



 

 171 

reproductive condition and the impact of endocrine status on daily time 

budgets. General and Comparative Endocrinology 141: 271-281. 

DeWitt, T.J., Sih, A. and Wilson, D.S. 1998. Costs and limits of phenotypic 

plasticity. Trends in Ecology and Evolution 13: 77-81. 

Ellis, S., Snyder-Mackler, N., Ruiz-Lambides, A., Platt, M. L., and Brent, L. J. 2019. 

Deconstructing sociality: the types of social connections that predict longevity 

in a group-living primate. Proceedings of the Royal Society B 286: 20191991. 

Engelbrecht, C. J. and Engelbrecht, F. A. 2016. Shifts in Köppen-Geiger climate 

zones over southern Africa in relation to key global temperature 

goals. Theoretical and Applied Climatology 123: 247-261. 

Engelbrecht, F., Adegoke, J., Bopape, M. J., Naidoo, M., Garland, R., Thatcher, M., 

... and Gatebe, C. 2015. Projections of rapidly rising surface temperatures 

over Africa under low mitigation. Environmental Research Letters 10: 

085004. 

Engelhard, S. L., Huijbers, C. M., Stewart-Koster, B., Olds, A. D., Schlacher, T. A. 

and Connolly, R. M. 2017. Prioritising seascape connectivity in conservation 

using network analysis. Journal of Applied Ecology 54: 1130-1141. 

Estes, J. A. Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond, W. J., ... 

and Marquis, R. J. 2011. Trophic downgrading of planet Earth. Science 333: 

301-306. 

Farrell, M. J., Govender, D., Hajibabaei, M., Van Der Bank, M. and Davies, T. J. 

2019. Bacterial diversity in the waterholes of the Kruger National Park: an 

eDNA metabarcoding approach. Genome 62: 229-242. 

Fennessy, J. 2009. Home range and seasonal movements of Giraffa camelopardalis 

angolensis in the northern Namib Desert. African Journal of Ecology 47: 

318-327. 

Fennessy, J. T. 2004. Ecology of desert-dwelling giraffe Giraffa camelopardalis 

angolensis in northwestern Namibia. PhD Thesis: University of Sydney 

Fennessy, J. T., Leggett, K. E. A. and Schneider, S. 2003. Distribution and status of 

the desert-dwelling giraffe (Giraffa camelopardalis angolensis) in 

northwestern Namibia. African Zoology 38: 184-188. 



 

 172 

Fennessy, J., Castles, M., Dadone, L., Fennessy, S., Ferguson, S., Miller, M., ... and 

Bower, V. 2019. A journey of giraffe–a practical guide to wild giraffe 

translocations. Giraffe Conservation Foundation, Windhoek. Namibia. 

Fenwick, N., Griffin, G. and Gauthier, C. 2009. The welfare of animals used in 

science: How the “Three Rs” ethic guides improvements. The Canadian 

Veterinary Journal 50: 523. 

Fimbel, C. 1994. Ecological correlates of species success in modified habitats may 

be disturbance‐and site‐specific: the primates of Tiwai Island. Conservation 

Biology 8: 106-113. 

Flanagan, S.E., Brown, M.B., Fennessy, J. and Bolger, D.T. 2016. Use of home 

range behaviour to assess establishment in translocated giraffes. African 

Journal of Ecology 54: 365-374. 

Foster, E. A., Franks, D. W., Morrell, L. J., Balcomb, K. C., Parsons, K. M., van 

Ginneken, A., and Croft, D. P. 2012. Social network correlates of food 

availability in an endangered population of killer whales, Orcinus orca. 

Animal Behaviour 83: 731-736. 

Frair, J. L., Fieberg, J., Hebblewhite, M., Cagnacci, F., DeCesare, N. J. and Pedrotti, 

L. 2010. Resolving issues of imprecise and habitat-biased locations in 

ecological analyses using GPS telemetry data. Philosophical Transactions of 

the Royal Society B: Biological Sciences 365: 2187-2200. 

Franks, V. R., Andrews, C. E., Ewen, J. G., McCready, M., Parker, K. A. and 

Thorogood, R. 2019. Changes in social groups across reintroductions and 

effects on post-release survival. Animal Conservation. DOI: 

10.1111/acv.12557 

Funston, P. J., Mills, M. G. L. and Biggs, H. C. 2001. Factors affecting the hunting 

success of male and female lions in the Kruger National Park. Journal of 

Zoology 253: 419-431. 

Furlan, E. M., Davis, J. and Duncan, R. P. 2020. Identifying error and accurately 

interpreting environmental DNA metabarcoding results: A case study to 

detect vertebrates at arid zone waterholes. Molecular ecology resources. DOI: 

10.1111/1755-0998.13170  

Furlan, E., Stoklosa, J., Griffiths, J., Gust, N., Ellis, R., Huggins, R. M. and Weeks, 

A. R. 2012. Small population size and extremely low levels of genetic 



 

 173 

diversity in island populations of the platypus, Ornithorhynchus 

anatinus. Ecology and Evolution 2: 844-857. 

Geen, G. R., Robinson, R.A. and Baillie, S.R. 2019. Effects of tracking devices on 

individual birds - a review of the evidence. Journal of Avian Biology 50: 1-

13. 

Geldmann, J., Joppa, L. N., and Burgess, N. D. 2014. Mapping change in human 

pressure globally on land and within protected areas. Conservation 

Biology 28: 1604-1616. 

Gero, S., Engelhaupt, D. and Whitehead, H. 2008. Heterogeneous social associations 

within a sperm whale, Physeter macrocephalus, unit reflect pairwise 

relatedness. Behavioral Ecology and Sociobiology 63: 143-151. 

Gero. S. and Rendell, L. 2015. Oceanic societies: studying cetaceans with a social 

networks approach. In Krause, J., James, R., Franks, D. W., and Croft, D. P. 

(Eds.). Animal social networks (pp.9-13). Oxford University Press, USA. 

Goldenberg, S. Z., Owen, M. A., Brown, J. L., Wittemyer, G., Oo, Z. M. and 

Leimgruber, P. 2019. Increasing conservation translocation success by 

building social functionality in released populations. Global Ecology and 

Conservation 18: e00604. 

Gosling, L. M. and Sutherland, W. J. 2000. Behaviour and conservation. Cambridge 

University Press. 

Hart, E. E., Fennessy, J., Chari, S. and Ciuti, S. 2020a. Habitat heterogeneity and 

social factors drive behavioural plasticity in giraffe herd size dynamics. 

Journal of Mammalogy 101: 248-258. 

Hart, E. E., Fennessy, J., Hauenstein, S. and Ciuti, S. 2020b. Intensity of giraffe 

locomotor activity is shaped by solar and lunar zeitgebers. Behavioural 

Processes: 104178. 

Hart, E. E., Fennessy, J., Rasmussen, H. B., Butler-Brown, M. Muneza, A. B. and 

Ciuti, S. 2020c. Precision and performance of an 180g solar-powered GPS 

device for tracking medium to large-bodied terrestrial mammals. Wildlife 

Biology 2020: 2. 

Hauenstein, S., Kshatriya, M., Blanc, J., Dormann, C. F. and Beale, C. M. 2019. 

African elephant poaching rates correlate with local poverty, national 

corruption and global ivory price. Nature Communications 10: 1-9. 



 

 174 

He, P., Maldonado-Chaparro, A. A. and Farine, D. R. 2019. The role of habitat 

configuration in shaping social structure: a gap in studies of animal social 

complexity. Behavioral Ecology and Sociobiology 73: 9. 

Heathcote, R. J., Darden, S. K., Franks, D. W., Ramnarine, I. W., & Croft, D. P. 

2017. Fear of predation drives stable and differentiated social relationships in 

guppies. Scientific Reports 7: 1-10. 

Isobe, N., Nakao, T., Shimada, M., Fukumoto, Y., Watanabe, H., Minami, S., ... and 

Yoshimura, Y. 2007. Fecal progestagen and estrone during pregnancy in a 

giraffe: A case report. Journal of Reproduction and Development 53: 159-

164. 

Joppa, L. N. 2015. Technology for nature conservation: an industry perspective. 

Ambio 44 Suppl 4: 522-526. 

Kays, R., Crofoot, M. C., Jetz, W. and Wikelski, M. 2015. Terrestrial animal 

tracking as an eye on life and planet. Science 348: aaa2478. 

Kendrick, K. M., da Costa, A. P., Leigh, A. E., Hinton, M. R., and Peirce, J. W. 

2001. Sheep don't forget a face. Nature 414: 165-166. 

Keppel, G., Mokany, K., Wardell-Johnson, G. W., Phillips, B. L., Welbergen, J. A., 

& Reside, A. E. 2015. The capacity of refugia for conservation planning 

under climate change. Frontiers in Ecology and the Environment 13: 106-

112. 

Knight, A. T., Cowling, R. M., Rouget, M., Balmford, A., Lombard, A. 

T. and Campbell, B. M. 2008. Knowing but not doing: selecting priority 

conservation areas and the research-implementation gap. Conservation 

Biology  22:  610- 617. 

Kurvers, R. H., Krause, J., Croft, D. P., Wilson, A. D. and Wolf, M. 2014. The 

evolutionary and ecological consequences of animal social networks: 

emerging issues. Trends in Ecology and Evolution 29: 326-335. 

Laurance, W. F., Koster, H., Grooten, M. Anderson, A. B., Zuidema, P. A., Zwick, 

S., ... and Anten, N. P. 2012. Making conservation research more relevant for 

conservation practitioners. Biological Conservation 153: 164-168. 

Lawler, J. J., Aukema, J. E., Grant, J. B., Halpern, B. S., Kareiva, P., Nelson, C. R., 

... and Zaradic, P. 2006. Conservation science: a 20-year report 

card. Frontiers in Ecology and the Environment 4: 473-480. 



 

 175 

Lee, D. E., Bond, M. L. and Bolger, D. T. 2017. Season of birth affects juvenile 

survival of giraffe. Population Ecology 59: 45-54. 

Leuthold, B. M., and Leuthold, W. 1972. Food habits of giraffe in Tsavo National 

Park, Kenya. African Journal of Ecology 10: 129-141. 

Mason, T. H., Stephens, P. A., Apollonio, M. and Willis, S. G. 2014. Predicting 

potential responses to future climate in an alpine ungulate: interspecific 

interactions exceed climate effects. Global Change Biology 20: 3872-3882. 

Maúre, G., Pinto, I., Ndebele-Murisa, M., Muthige, M., Lennard, C., Nikulin, G., ... 

and Meque, A. 2018. The southern African climate under 1.5 C and 2 C of 

global warming as simulated by CORDEX regional climate 

models. Environmental Research Letters 13: 065002. 

McGowan, J., Beger, M., Lewison, R.L., Harcourt, R., Campbell, H., Priest, M., 

Dwyer, R.G., Lin, H.-Y., Lentini, P., Dudgeon, C., McMahon, C., Watts, 

M., Possingham, H.P. and du Toit, J. 2017. Integrating research using 

animal-borne telemetry with the needs of conservation management. 

Journal of Applied Ecology 54: 423-429. 

Mesnick, S. L. 2001. Genetic relatedness in sperm whales: evidence and cultural 

implications. Behavioral and Brain Sciences 24: 346-347. 

Mitchell, G. and Skinner, J. D. 2004. Giraffe thermoregulation: a 

review. Transactions of the Royal Society of South Africa 59: 109-118. 

Morishima, W. and Akasaka, I. 2010. Seasonal trends of rainfall and surface 

temperature over southern Africa. African Study Monographs, 

Supplementary Issue 40: 67-76. 

Muller, Z. Cantor, M. Cuthill, I. C. and Harris, S. 2018. Giraffe social preferences 

are context dependent. Animal Behaviour 146: 37-49. 

Muller, Z., Cuthill, I. C. and Harris, S. 2019. Giraffe (Giraffa camelopardalis) social 

networks in areas of contrasting human activity and lion density. Ethology 

125: 702-715. 

Muller, Z., Lee, D. E., Scheijen, C. P., Strauss, M. K., Carter, K. D. and Deacon, F. 

2020. Giraffe translocations: A review and discussion of 

considerations. African Journal of Ecology 58: 159-171. 

Packer, C., Swanson, A., Ikanda, D. and Kushnir, H. 2011. Fear of darkness, the full 

moon and the nocturnal ecology of African lions. PloS One 6: e22285. 



 

 176 

Paton, D. G., Ciuti, S., Quinn, M. and Boyce, M. S. 2017. Hunting exacerbates the 

response to human disturbance in large herbivores while migrating through a 

road network. Ecosphere 8: e01841. 

Pellew, R. A. 1983. The giraffe and its food resource in the serengeti. 2. Response of 

the giraffe population to changes in the food-supply. African Journal of 

Ecology 21: 269-283. 

Pinter-Wollman, N., Hobson, E. A., Smith, J. E., Edelman, A. J., Shizuka, D., De 

Silva, S., ... and Fewell, J. 2014. The dynamics of animal social networks: 

analytical, conceptual, and theoretical advances. Behavioral Ecology 25: 242-

255. 

Prehn, S. G., Laesser, B. E., Clausen, C. G., Jønck, K., Dabelsteen, T. and Brask, J. 

B. 2019. Seasonal variation and stability across years in a social network of 

wild giraffe. Animal Behaviour 157: 95-104. 

Preston, E. F., Johnson, P. J., Macdonald, D. W. and Loveridge, A. J. 2019. Hunting 

success of lions affected by the moon's phase in a wooded habitat. African 

Journal of Ecology 57: 586-595. 

Price, T.D., Qvarnström, A. and Irwin, D.E., 2003. The role of phenotypic plasticity 

in driving genetic evolution. Proceedings of the Royal Society of London. 

Series B: Biological Sciences 270:1433-1440. 

Rhodes, M., Wardell-Johnson, G. W., Rhodes, M. P. and Raymond, B. E. N. 2006. 

Applying network analysis to the conservation of habitat trees in urban 

environments: a case study from Brisbane, Australia. Conservation 

Biology 20: 861-870. 

Ripple, W. J., Newsome, T. M., Wolf, C., Dirzo, R., Everatt, K. T., Galetti, M., ... 

and Macdonald, D. W. 2015. Collapse of the world’s largest 

herbivores. Science Advances 1: e1400103. 

Ripple, W. J., Wolf, C., Newsome, T. M., Hoffmann, M., Wirsing, A. J. and 

McCauley, D. J. 2017. Extinction risk is most acute for the world’s largest 

and smallest vertebrates. Proceedings of the National Academy of 

Sciences 114: 10678-10683. 

Robeck, T. R. and Monfort, S. L. 2006. Characterization of male killer whale 

(Orcinus orca) sexual maturation and reproductive 

seasonality. Theriogenology 66: 242-250. 



 

 177 

Rubenstein, D. I. 2015 Networks of terrestrial ungulates: linking form and function. 

In Krause, J., James, R., Franks, D. W. and Croft, D. P. (Eds.). Animal social 

networks (pp.184-196). Oxford University Press, USA. 

Rubenstein, D. I., Sundaresan, S., Fischhoff, I. and Saltz, D. 2007. Social networks 

in wild asses: Comparing patterns and processes among populations. 

Erforschung biologischer Ressourcen der Mongolei (Halle/Saale) 10: 159-

176. 

Russell, W. M. S. and Burch, R. L. 1959. The principles of humane experimental 

technique. Methuen. 

Ryan, S. J., Knechtel, C. U. and Getz, W. M. 2007 Ecological cues, gestation length, 

and birth timing in African buffalo (Syncerus caffer). Behavioral Ecology 18: 

635-644. 

Scheepers, J.L. 1992. Habitat selection and demography of a giraffe population in 

northern Namib Desert, Namibia. Ongules/Ungulates 91: 223-228. 

Seeber, P. A., Duncan, P., Fritz, H. and Ganswindt, A. 2013. Androgen changes and 

flexible rutting behaviour in male giraffes. Biology Letters 9: 20130396. 

Sethi, S. S., Ewers, R. M., Jones, N. S., Orme, C. D. L., Picinali, L. and Parrini, F. 

2018. Robust, real-time and autonomous monitoring of ecosystems with an 

open, low-cost, networked device. Methods in Ecology and Evolution 9: 

2383-2387. 

Shorrocks, B. 2016. The giraffe: Biology, Ecology, Evolution and Behaviour. John 

Wiley and Sons, London. 

Sigmond, M., Fyfe, J.C., Saenko, O.A. et al. 2020. Ongoing AMOC and related sea-

level and temperature changes after achieving the Paris targets. Nature 

Climate Change. DOI: https://doi.org/10.1038/s41558-020-0786-0 

Silk, M. J., Jackson, A. L., Croft, D. P., Colhoun, K. and Bearhop, S. 2015. The 

consequences of unidentifiable individuals for the analysis of an animal 

social network. Animal Behaviour 104: 1-11. 

Snell-Rood, E. C. 2013. An overview of the evolutionary causes and consequences 

of behavioral plasticity. Animal Behaviour 85: 1004-1011. 

Snijders, L., Blumstein, D. T., Stanley, C. R. and Franks, D. W. 2017. Animal social 

network theory can help wildlife conservation. Trends in Ecology and 

Evolution 32: 567-577. 



 

 178 

Soulé, M.E. and Orians, G.H. 2001.  Conservation biology: research priorities for the 

next decade. Island Press, Washington, D.C. 

Stander, P., Steenkamp, W. and Steenkamp, L. 2018. Vanishing Kings: Lions of the 

Namib Desert. HPH Publishing, Johanessberg, South Africa. 

Strauss, M. K. and Packer, C. 2013. Using claw marks to study lion predation on 

giraffes of the Serengeti. Journal of Zoology 289: 134-142. 

Sutherland, W. J. 1998. The importance of behavioural studies in conservation 

biology. Animal Behaviour 56: 801-809. 

Tanner, C. J. and Jackson, A. L. 2012. Social structure emerges via the interaction 

between local ecology and individual behaviour. Journal of Animal Ecology 

81: 260-267. 

Thackeray, S. J., Henrys, P. A. and Wanless, S. 2016. Phenological sensitivity to 

climate across taxa and trophic levels. Nature 535: 241. 

Tighe, A. J., Overby, S., Thurman, K., Gandola, R., Fulanda, B., Byrne, J. and 

Carlsson, J. 2020. Investigating a simplified method for noninvasive genetic 

sampling in East African mammals using silica dried scat swabs. Ecology 

and Evolution 10: 3330-3337. 

Urian, K. W., Duffield, D. A., Read, A. J., Wells, R. S. and Shell, E. D. 1996. 

Seasonality of reproduction in bottlenose dolphins, Tursiops truncatus. Journal 

of Mammalogy, 77: 394-403. 

Van Schaik, C. P. 2013. The costs and benefits of flexibility as an expression of 

behavioural plasticity: a primate perspective. Philosophical Transactions of 

the Royal Society B: Biological Sciences 368: 20120339. 

VanderWaal, K. L., Wang, H., McCowan, B., Fushing, H. and Isbell, L. A. 2014. 

Multilevel social organization and space use in reticulated giraffe (Giraffa 

camelopardalis). Behavioral Ecology 25: 17-26. 

Vazquez, C., Rowcliffe, J. M., Spoelstra, K., and Jansen, P. A. 2019. Comparing diel 

activity patterns of wildlife across latitudes and seasons: Time 

transformations using day length. Methods in Ecology and Evolution 10: 

2057-2066. 

Visser, M. E. and Gienapp, P. 2019. Evolutionary and demographic consequences of 

phenological mismatches. Nature Ecology and Evolution 3: 879-885. 



 

 179 

Webber, Q. M. and Vander Wal, E. 2019. Trends and perspectives on the use of 

animal social network analysis in behavioural ecology: a bibliometric 

approach. Animal Behaviour 149: 77-87. 

Wittemyer, G., Rasmussen, H. B. and Douglas-Hamilton, I. 2007. Breeding 

phenology in relation to NDVI variability in free-ranging African 

elephant. Ecography 30: 42-50. 

Wolf, T. E., Ngonga Ngomo, A. C., Bennett, N. C., Burroughs, R. and Ganswindt, 

A. 2018a. Seasonal changes in social networks of giraffes. Journal of 

Zoology 305: 82-87. 

Wolf, T. E., Schaebs, F. S., Bennett, N. C., Burroughs, R. and Ganswindt, A. 2018b. 

Age and socially related changes in fecal androgen metabolite concentrations 

in free-ranging male giraffes. General and Comparative Endocrinology 255: 

19-25. 

Wong, B. B. M., Candolin, U. 2015 Behavioral responses to changing environments. 

Behavioural Ecology 26: 665 – 673. 

Wong, B. B. M., Candolin, U. 2015. Behavioral responses to changing 

environments. Behavioural Ecology 26: 665 – 673. 

 

 

  



 

 180 

Appendix I – Supplementary figures 
 

 

Fig.AI.5.1: Plots of hourly step length (a, metres walked every hour) and daily 
max distance (b, max distance between daily relocations) recorded for giraffe in 
north-west Namibia monitored using GPS satellite telemetry between July 2017 and 
March 2018 (sample size: n = 40,133 relocations from n = 10 giraffe fitted with a 
GPS transmitter; GCF, unpublished data). The median hourly step-length (a) and the 
median value of maximum daily distance travelled (b) were extracted as proxies for 
giraffe movement at the small and large spatial scale, respectively, and used to define 
the size of the buffer used when extracting environmental predictors in the area 
where giraffe herds were observed (see p.131 in the manuscript for full details). This 
figure is first mentioned in Chapter 5, on p.131. 

 
 

 

 

 

a) median speed = 169.21 m/h

speed (m/h)

Fr
eq

ue
nc

y

0 500 1000 1500 2000 2500

0
20

00
40

00
60

00
80

00
b) median max distance = 3291.1 m

daily max distance between GPS relocations (m)
Fr

eq
ue

nc
y

0 5000 10000 15000 20000

0
20

40
60

80
10

0



 

 181 

 

Fig.AI.5.2: Northing and Easting loadings on PC1 and PC2 from principal 
component analysis (PCA) embracing the variability of the two spatial predictors, 
i.e., Easting and Northing coordinates. The first axis (PC1) explained 89% of the 
variability in the spatial variation of the coordinates corresponding to giraffe herd 
locations. This figure is first mentioned in Chapter 5, on p.131. 
 

 

 

 

Fig.AI.5.3: Loadings of ESA map categories on PC1 and PC2 (left plot) and PC1 
and PC3 (right plot) from principal component analysis for the 5 land-use variables 
(extracted based on observed giraffe locations). The first 3 principal components 
were able to capture >90% of the variability in the land-use extracted from the 
locations where giraffe herds were observed. ESAV7 corresponds to bare areas and 
ESAV6 corresponds to sparse vegetation whereas ESAV2, ESAV3 and ESAV4 
correspond to shrub-covered areas, grassland and woody vegetation/trees 
respectively. This figure is first mentioned in Chapter 5, on p.131. 
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Fig.AI.5.4: Loadings of ESA map categories on PC1 and PC2 (left plot) and 
PC1 and PC3 (right plot) from principal components analysis for the 5 land-use 
variables (extracted from 100 random points in the northern river system and 100 
points in the southern river system). The first 3 principal components were able to 
capture >85% of the variability in the land-use extracted from the random locations. 
ESAV7 corresponds to bare areas and ESAV6 corresponds to sparse vegetation 
whereas ESAV2, ESAV3 and ESAV4 correspond to shrub-covered areas, grassland 
and woody vegetation/trees respectively. Whereas ESAV7 is clearly readable in the 
bottom-left and ESAV6 in the centre-top of the plot, the other 3 ESA variables are 
clustered in the bottom-right of the plot. This figure is first mentioned in Chapter 5, 
on p.137. 
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Appendix II – Supplementary tables 
 

Table AII.1.1: Biological characteristics and period of data collection for 20 

Angolan giraffe fitted with GPS tracking units in the northern Namib Desert, 

Namibia, between July 2016 and February 2019. This table is first mentioned in 

Chapter 2, on p.62. 

Sex Age (at capture) Start date Period of data 

collection (days) 

F 12 30/08/16 838 

F Not recorded 30/08/16 898 

F 15 19/07/18 210 

F 20 13/07/16 946 

M 12 15/07/17 109 

F 5 17/07/17 577 

M 19 23/09/17 509 

M 15 21/09/17 544 

M 10 23/09/17 69 

F 15 21/09/17 511 

M 12 20/09/17 134 

F 16 20/09/17 512 

F 5 16/07/18 213 

F 15 16/07/18 213 

F Not recorded 13/07/16 216 

F 15 22/07/18 207 

F 18 17/07/18 212 

F 12 21/07/18 208 

F Not recorded 19/07/18 210 

F Not recorded 20/07/18 209 
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Table AII.5.1: Results of Principal Component Analysis (PCA) embracing the 
variability of the two spatial predictors, i.e., Easting and Northing coordinates. The 
first axis explained 89% of the variability in the spatial variation of the coordinates 
corresponding to giraffe herd observations. This table is first mentioned in Chapter 
5, on p.131. 

 

 

Table AII.5.2: Results of PCA analysis for the 5 land-use variables (extracted 
based on observed giraffe locations). The first 3 principal components were able to 
capture >90% of the variability in the land-use extracted from the locations where 
giraffe herds were observed. This table is first mentioned in Chapter 5, on p.131. 
 PC1ESA PC2ESA PC3ESA PC4ESA PC5ES

A 

Standard deviation 1.6306 1.1849 0.7956 0.55126 0.01554 

Proportion of variance 0.5318 0.2808 0.1266 0.06078 0.00005 

Cumulative proportion 0.5318 0.8126 0.9392 0.99995 1.00000 

 

 

Table AII.5.3: Results of PCA analysis for the 5 land-use variables (extracted 
from 100 random points in the northern river sytem and 100 points in the southern 
river system). The first 3 principal components were able to capture >85% of the 
variability in the land-use extracted from the random locations. This table is first 
mentioned in Chapter 5, on p.137. 
 PC1NS PC2NS PC3NS PC4NS PC5NS 

Standard deviation 1.5483 1.1069 0.8620 0.7965 0.00306 

Proportion of variance 0.4794 0.2451 0.1486 0.1269 0.00000 

Cumulative proportion 0.4794 0.7245 0.8731 1.0000 1.00000 

 

  

 PC1 PC2 

Standard deviation 1.3351 0.4665 

Proportion of variance 0.8912 0.1088 

Cumulative Proportion 0.8912 1.0000 
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Precision and performance of an 180  g solar-powered GPS device 
for tracking medium to large-bodied terrestrial mammals

Emma E. Hart, Julian Fennessy, Henrik B. Rasmussen, Michael Butler-Brown, Arthur B. Muneza and 
Simone Ciuti

E. E. Hart (https://orcid.org/0000-0002-5622-2089) ✉ (emma.hart1@ucdconnect.ie), Laboratory of Wildlife Ecology and Behaviour, School of 
Biology and Environmental Science, Univ. College Dublin, Dublin, Ireland. – J. Fennessy, Giraffe Conservation Foundation, Windhoek, Namibia. 
– H. B. Rasmussen, Savannah Tracking Ltd, Nairobi, Kenya. – M. Butler-Brown, Dept of Biological Sciences Graduate Program in Ecology, 
Evolution Ecosystems and Society, Dartmouth College, Hanover, NH, USA. – A. B. Muneza, Giraffe Conservation Foundation, Windhoek, 
Namibia. – S. Ciuti, Laboratory of Wildlife Ecology and Behaviour, School of Biology and Environmental Science, Univ. College Dublin,  
Dublin, Ireland.

Advances in the technology of biotelemetry are transforming the ways in which we remotely acquire environmental, 
physiological and behavioural data. Large and heavy batteries, however, continue to reduce the availability of GPS track-
ing devices for small taxa and for species with morphologies that limit attachment options. Device miniaturisation is 
beginning to be achieved through the use of in-built solar accumulators, but it is important that the rapid uptake of these 
technologies does not outpace systematic tests of their precision and performance. Here, we share the technical details of 
a new 180 g solar-powered device originally designed for vultures but adapted for use on terrestrial herbivores. We test the 
precision and performance of this device using both stationary and animal-borne trials across multiple geographical areas. 
Our results show exceptionally high fix acquisition success rates and moderate precision error. We also demonstrate that 
these solar-powered devices maintain a high and stable voltage over long-term animal-borne trials. These results highlight 
the importance of a-priori testing of new technologies in biotelemetry research and demonstrate how solar-technology can 
help to address some of the challenges we face in tracking terrestrial mammals.

Keywords: biotelemetry, miniaturised technology, movement ecology, terrestrial mammals, wildlife tracking

Computational tools and automated methods of ecosystem 
monitoring are offering unprecedented insights into the 
natural world (Joppa 2015, Sethi et al. 2018). In the field 
of movement ecology, biotelemetry, or the remote measure-
ment of state variables of free-living organisms (Cooke et al. 
2004), is transforming the ways in which we acquire environ-
mental, physiological and behavioural data (Kays et al. 2015, 
McGowan et al. 2017). Recent advances allow us to determine 
near real time positioning with a high level of accuracy and 
precision for species ranging from honeybees (Kissling et al. 
2014) to humpback whales (Garrigue  et  al. 2015), while 
integrated biosensors (Tomkiewicz et al. 2010) and a growing 
array of aerial imaging platforms (Pimm et al. 2015) allow 
this robust spatiotemporal data to be paired with environ-
mental variables.

To capitalize on such technology, researchers must com-
ply with the animal welfare guidelines that devices weigh no 
more than 2–5% of an animal’s bodyweight (Cooke et al. 
2004, Casper 2009). Many biotelemetry devices, however, 
and particularly those that support remote download GPS 
capabilities, require cumbersome batteries to support a long 
operational lifespan (Fischer et al. 2017, Sethi et al. 2018). 
The size and weight of the battery therefore becomes a lim-
iting factor in research design, with the majority of mam-
mal species still falling outside of the minimum bodyweight 
bracket for remote download GPS biotelemetry devices 
(Kays  et  al. 2015). Furthermore, variation in morphology 
means that certain species are difficult to tag with cumber-
some units, regardless of the size and weight of the animal. In 
particular, since Adams (1965), most large mammal research-
ers have opted to use neck collar attachments (suitable for 
supporting a heavy battery). Some species, however, (e.g. 
giraffe Giraffa giraffa, Fennessy et al. 2016; Fig. 1a–d; and 
wild boar Sus scrofa; Morelle et al. 2014) have unusual neck 
morphologies that do not easily support a collar type attach-
ment. Research and resultant management implications  

Wildlife Biology 2020: wlb.00669
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are therefore likely to be weighted towards large mammals 
and, within large mammal research, towards those species 
that have morphologies conducive to attaching a heavy 
battery. This has the potential to create a systematic bias, 
particularly considering the rapid expansion of this field 
(Fraser et al. 2018).

Compromising on battery life to reduce battery size and 
weight is one way to create smaller, lighter units that have a 
wider range of attachment options and are therefore suitable 
for use on a wider range of animals. However, this strategy 
can also lead to costly tradeoffs. For example, extending bat-
tery life by choosing longer intervals between position fixes 
may limit the inferences that can be drawn from the result-
ing data (Frair et al. 2010). Similarly, reducing transmission 
distance by opting for in situ antennae-based download, or 
daily download to the International Space Station (i.e. the 
ICARUS system; Curry 2018), can extend battery life but 
may increase logistical costs or limit the availability of real 
time position fixes (Fischer et al. 2017). There is therefore 
still a growing demand for smaller and lighter units that 
incorporate advanced satellite-based download technology 
(Kays et al. 2015). Such device miniaturisation is beginning 
to be achieved through the use of in-built solar accumula-
tors, allowing the size and weight of the devices to be greatly 
reduced in both biologgers and GPS biotelemetry devices 
(Geen et al. 2019).

While such developments are opening up attachment 
possibilities for a wider range of species, there is a danger 
that the rapid uptake of these technologies could outpace 
systematic tests of their precision and performance. A lack 
of a-priori testing of new devices both limits incisive study 
design and undermines our ability to draw accurate infer-
ences from the resulting data (Frair et al. 2010, Joppa 2015). 

This in turn reduces both the viability of cross-comparisons 
and the interoperability of metadata in online repositories 
(Campbell et al. 2015). As such, while there is an exigent 
need for the development of smaller, lighter devices, it is 
also important that the performance of each new technol-
ogy is tested and the resulting data shared with the scientific  
community.

Here we present the technical details of a newly devel-
oped 180 g solar-powered device, originally designed for 
vultures, but now adapted for a wide range of large terres-
trial mammals, including giraffe (Fig. 1e–g). Using both sta-
tionary and animal-borne trials across multiple geographical 
areas (sensu Jung et al. 2018), we test the performance of the 
new device on measures of fix acquisition success rate and 
precision error (two major sources of GPS error; Frair et al. 
2010, Jung et al. 2018, Hofman et al. 2019). Furthermore, 
we test the diel, seasonal and long-term voltage performance 
of the solar-powered device in an 18-month animal-borne 
trial on wild giraffe.

Material and methods

Solar-powered device technical details

The GPS devices weighed approximately 180 g and mea-
sured 66 × 52 × 23 mm (Fig. 1e–g). The battery system 
contained a rechargeable 680 mA h−1 AA lithium polymer 
battery, charged by a 33 × 27 mm 4v monocrystalline solar 
cell capable of providing up to 100 mW. Positioning was 
based on the GPS with data reporting via the short burst data 
(SBD) service on the full Earth coverage Iridium network. 
This allowed for two-way communication and therefore ‘on 

Figure 1. Giraffe are an illustrative case of how reducing the size and weight of devices can open up GPS biotelemetry device attachment 
options for large mammals: (a–d) attachment options that have proven problematic for giraffe researchers due to the size and weight of the 
device and (e) the solar-powered device tested here that, due to reduced size and weight, has opened up a new attachment option (on the 
ossicone; f–g). Specifically photos show giraffe (a) neck collar (Namibia; 2001; © Giraffe Conservation Foundation, GCF), (b) head harness 
(c) ear tag (South Africa: 2011; © Francois Deacon, University of Free State), (d) head collar (Kenya; © Ian Craig, Northern Rangelands 
Trust) and (e) ‘Ossi-unit’ incorporating the solar-powered unit tested here (© Ken Bohn, San Diego Zoo Global) and fitted to the ossicone 
of (f ) a female and (g) a male giraffe (Uganda; © Michae1 Butler Brown).
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animal’ reprogramming of device parameters, including the 
GPS fix and uploading intervals and the duration of GPS 
averaging. Battery-voltage and temperature were automati-
cally recorded at each data upload. The device had a cut out 
voltage level of 3.2 volts, at which it would suspend opera-
tions until recharged to avoid damage to the battery.

A 433 MHz UHF telemetry beacon (for back-up localisa-
tion), programmable on frequency, output power and time 
interval, and a 12 bit tri-axial accelerometer (to enable a 
mortality alarm) were also integrated into the devices. Accel-
eration data were evaluated in real time on board the devices. 
This allowed for the mortality alarm to trigger the device to 
send an automatic GPS location by SMS/email in the case of 
a lack of movement. Server based geo-fencing analysis could 
also be activated on predefined points, lines or polygons. The 
accompanying data management software package allowed 
for general querying, the addition of auxiliary information 
and remote downloads in csv, kmz and shp formats. The 
devices were produced by Savannah Tracking Ltd, Nairobi, 
Kenya in partnership with the Giraffe Conservation Founda-
tion (GCF).

Data collection

To estimate fix acquisition success rate, precision error and 
battery voltage, GPS biotelemetry data were collected from 
a total of fifty individual devices (twenty of which were used 
in more than one study). Data were collected in five geo-
graphical areas between July 2017 and January 2019. The 
sample sizes varied across measured parameters. All devices 
were programmed to an inter-fix interval of one-hour and a 
10 s GPS averaging period.

Data handling and analyses

Data handling and analyses were performed in R ver. 3.4.2 
(<www.r-project.org>). Environmental features for spatial 
points in the stationary tests were recorded either at the test 
site (canopy cover, height above the ground, orientation of 
the unit) or extracted in ArcMap 10.3.1 (slope; ESRI 2014).

Success rate

Fix success rate can be affected by multiple variables includ-
ing animal behaviour (e.g. standing in the shade), envi-
ronmental factors (e.g. dense vegetation), satellite coverage 
(which can vary both by geographical area and time of the 
day) and battery voltage (due to cut out thresholds). To test 
the overall fix acquisition success rate of the devices we used 
data from 35 animal-borne devices fitted to free-roaming 
giraffe between July 2017 and January 2019 across four 
geographical areas in Africa (northwest Namibia = 20, north-
ern Kenya = 11, northeast Uganda = 2, central Namibia = 2). 
Fixes were collected at a predefined (fixed) one-hour interval. 
The fix success rate was calculated by dividing the number of 
recorded fixes by the number of scheduled fixes.

Animal-borne devices

To tag giraffe for the animal-borne trials giraffe were darted 
and immobilized by a registered wildlife veterinarian  

working alongside an experienced giraffe capture team. 
Females with a calf and visibly pregnant females were 
avoided. Giraffe were darted in the shoulder or rump with 
100% success rate of administration; there was no need to 
re-dart any animal and there were no partial drug admin-
istrations. After darting, the vehicle remained stationary or 
kept a distance of ~ 100 m from the giraffe until induction 
occurred (~ 3–6 min). Once narcotised, giraffe were roped 
by the capture team and brought to the ground. The anti-
dote was immediately intravenously administered while 
the giraffe were blindfolded and restrained, after which the 
devices were fitted. For each giraffe the entire procedure from 
darting to release took under 30 min. In line with the policy 
guidelines of the GCF, recapture of giraffe is being under-
taken wherever possible to replace or remove failed devices. 
These modalities were the same for all animals included in 
the study. The capture methods and veterinary procedures 
involved are described in detail in Fennessy et al. (2019).

Modelling approach (precision error and voltage)

To model precision error and voltage (full details on model 
predictors and structure reported below), we used gener-
alised additive mixed models (GAMMs) using the function 
gam from the mgcv package in R (Wood 2011). We used 
smoothing functions to allow for non-linear relationships 
and cross-validation to automatically determine the opti-
mal amount of smoothing (Wood 2006, 2011). The mod-
els were fit using the select = TRUE implementation in the 
gam algorithm of the mgcv package, which allowed auto-
mated model selection. This option adds a penalty to each 
smoothing term, allowing it to be penalized out of the model 
via optimization of the smoothing parameter selection  
criterion (Wood 2017).

Precision error

To estimate precision error we used data from twenty-
five devices deployed in stationary tests in twelve test sites 
across four geographical areas, with two devices used in 
multiple test sites (northwest Namibia = 2 devices; central 
Namibia = 10 devices; northwest Uganda = 10 devices; and 
northeast Uganda = 5 devices). Each device was deployed for 
a minimum of one day. We calculated the centroid of all 
recorded position fixes for each test site and computed the 
distance between each fix and its corresponding centroid.

To model the effects of environmental variables on preci-
sion error, we extracted degrees of slope for the centroid of 
all fixes for each test site from a 30 m resolution digital eleva-
tion model from the RCMRD GeoPortal (as recommended 
by Jung et al. 2018). The remaining environmental variables 
were manipulated at each test site. These included canopy 
cover (with devices either tested in the open or under single 
trees), height above the ground (with devices 1, 1–1.5 or 
2–2.5 m above the ground) and orientation (with devices in 
either a horizontal or vertical position). These values allowed 
us to test whether precision was likely to be negatively 
affected by slope of the terrain, canopy cover, proximity to 
the ground and/or the possible attachment position of the 
device (i.e. horizontal or vertical).
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We wrote one a priori model structure based on our 
main set of environmental predictor variables, and included 
individual device and geographical area as random effects. 
We screened all candidate predictors for collinearity using a 
Pearson correlation matrix (Zuur et al. 2009). Height above 
the ground was collinear (|rp| > 0.7) with both canopy cover 
and device orientation, leading to an incompatibility in our 
a priori model. To avoid collinearity issues (|rp| > 0.7), we 
wrote two alternative GAMM structures and compared 
these models using the Akaike information criterium (AIC).

 • Model 1 included canopy cover and device orientation 
as categorical predictors, hour of the day and degrees of 
slope as smoothing splines, and individual device and 
geographical area as random effects on the intercept.

 • Model 2 included height above the ground (1, 1–1.5 or 
2–2.5 m) as a categorical predictor, hour of the day and 
degrees of slope as smoothing splines, and individual 
device and geographical area as random effects on the 
intercept.

A final collinearity screening for each model structure 
showed all predictor variables had correlation coefficients 
below the collinearity threshold of |rp| < 0.7 (Zuur  et  al. 
2009). The AIC showed Model 1 to be the superior model, 
therefore, height above the ground was not retained in the 
best model.

Equation 1 (describing Model 1) had the following  
structure:

Precision error log transformed intercept f+ + =( )1 1� ( "hour, bs cc"))
( ) ( )"+ = + = +

+
f f canopy
orie

2 3 3device_id, bs re" degrees_slope, k
nntation f+ = + ( )4( )"geographical_area, bs re" error Gaussian

where:
fn are smoothing functions to allow for non-linear rela-

tionships depicting the variation of precision error over time 
(hour, cyclic cubic regression spline), in relation to degrees 
of slope (with knots limited to 3 to prevent overfitting), 
canopy cover (categorical, closed or open) and orientation of 
the device (categorical, vertical or horizontal), and with the 
individual device (device_id) and geographical area as ran-
dom effects on the intercept. The model successfully met the 
assumptions of constant variance and normality of residuals 
(Wood 2017) when we log transformed the response vari-
able. Residuals were independent with no trace of spatial or 
temporal autocorrelations.

Voltage analysis

To investigate the battery life of the solar-powered devices 
over time, we ran a voltage analysis using data from twenty 

animal-borne devices fitted to free-roaming giraffe in north-
west Namibia from July 2017 to Feb 2019.

To model the effects of environmental variables on volt-
age levels we used a GAMM (Wood 2006). Battery volt-
age was expected to vary with Julian day (day of the year; 
with reduced voltage expected during the winter months due 
to shorter days), angle of elevation of the sun (diel varia-
tion; with reduced voltage expected at night) and days since 
deployment (battery lifespan; with reduced voltage expected 
in line with the number of days deployed). Angle of eleva-
tion of the sun was extracted using the oce package in R (Kel-
ley and Richards 2014, <www.r-project.org>). Individual 
device was included in the model as a random effect on the 
intercept. Collinearity screening showed that all predictor 
variables had correlation coefficients below the threshold of 
|rp| < 0.7 (Zuur et al. 2009).

Equation 2 (describing Model 3) had the following  
structure:

Voltage intercepet f f
f
� + + =

+
1 2

3

( ) ( " )sun_angle julian_day, bs cc"
(( ) ( " )days_deployed device_id, bs error(Gaussian)re"+ = +f4

where:
fn are smoothing functions to allow for non-linear rela-

tionships depicting the variation of voltage over time in 
relation to the angle of the sun, the day of the year and 
the number of days since deployment, and with individ-
ual device (device_id) as a random effect on the intercept. 
The model successfully met the assumptions of constant 
variance and normality of residuals (Wood 2017). Residu-
als were independent with no trace of spatial or temporal  
autocorrelations.

Results

Success rate

We found a high and consistent fix acquisition success rate 
of 99.7% (Table 1).

Precision error

Our final dataset comprised 1350 fixes (northwest 
Namibia = 140; central Namibia = 955; northwest 
Uganda = 175; and northeast Uganda = 80). Environmental 
variables included degrees of slope (0–14 degrees, x  = 4.09, 
SD = 2.29), canopy cover (with 1135 fixes in the open and 
215 under tree canopy) and orientation (with 1210 fixes 
with the device in a horizontal position and 140 fixes with 
the device in a vertical position). Results of the stationary 

Table 1. Fix acquisition success rate of 35 GPS devices trialled on giraffe in four geographical areas in east and southwest Africa between July 
2017 and January 2019.

Geographical area n units Cumulative n days deployed Recorded/scheduled fixes Success rate (%)

NW Namibia 20 4672 111 790/112 128 99.7
Central Namibia 2 336 28 428/28 446 99.9
Northern Kenya 11 347 8297/8300 99.9
NE Uganda 2 57 2696/2748 98.1
Total 35 5412 151 211/151 622 99.7
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tests showed that the devices had moderate overall precision 
error ( x  = 12.79 m, SD = 16.69 m; Table 2).

Model 1, modelling the effects of environmental vari-
ables on precision error, explained 10.2% of the variance. 
We found a small but significant effect of canopy cover (esti-
mates under tree canopy with open habitat as a reference 
category: β = 0.192, SE = 0.092, t = 2.077, p = 0.038, Fig. 2) 
and a significant effect of hour of the day (smoothing spline 
edf = 5.85, F = 4.93, p < 0.001, Fig. 3) but no significant 
effect of slope of the terrain (smoothing spline edf = 0.4921, 
F = 0.598, p = 0.202) or unit orientation (estimates in a 
vertical position with horizontal position as reference cat-
egory: β = −0.184, SE = 0.465, t = −0.397, p = 0.692) on  
precision error.

Voltage analysis

Results of our voltage analysis, using data from twenty 
devices fitted to free-roaming giraffe between July 2017 and 
February 2019 (fixes = 112 408), showed that the voltage 
remained high across the study ( x  = 4.18 volts, SD = 0.08) 
never dropping below the cut-out threshold (3.2 volts).

Model 3, modelling the effects of external variables on 
voltage level, explained 59.4% of the variance. We found 
small but significant effects for: the number of days the 
device had been deployed (smoothing spline edf = 8.792, 

F = 558204.16, p < 0.001), with a decrease in voltage (~ 0.2 
volts) after 300 days of deployment (Fig. 4a); the angle of 
elevation of the sun at the time of the fix (smoothing spline 
edf = 4.843, F = 6.66, p < 0.001; with no meaningful effect 
on voltage; Fig. 4b); and the day of the year (Julian Day, 
smoothing spline edf = 8, F = 110151.84, p < 0.001), with 
two similarly slight decreases in voltage (< 0.1 volt) which 
corresponded with the rainy season in NW Namibia in 
March and April (Julian days 60–120) and with the shorter 
winter days from May to August (Julian days 120–212; Fig. 
4c). Although our model allowed us to explain these slight 
reductions in voltage, the reductions had little relevance in 
terms of device functionality; all values fell between 4 and 
4.3 volts (a range of 0.3 volts) and never approached the 
voltage cut out threshold of 3.2 volts (Fig. 4).

Discussion

Results of our stationary tests and animal-borne trials showed 
that the 180 g solar-powered GPS biotelemetry devices had 
an exceptionally high fix acquisition success rate and moder-
ate precision error. Our results also demonstrated that the 
devices retained high and stable voltage across long-term 
animal-borne trials.

Table 2. Results of stationary tests for precision error of 25 GPS devices (with two devices used in multiple locations) in four geographical 
areas in East and southwest Africa between February and June 2018.

Geographical area n units n fixes 
Precision error (m)

Mean Median 75% Quantile 90% Quantile

NE Uganda 5 80 18.26 17.13 20.4 25.06
NW Uganda 10 175 14.76 12.04 19.98 27.99
NW Namibia 2 140 18.59 12.37 20.14 32.69
Central Namibia 10 955 11.68 7.28 13.07 24.13
Total 27 1350 12.79 8.54 16.61 26.25

Figure 2. Effect of canopy cover on precision error from 1350 fixes 
(1135 open sky, 215 tree cover; 1210 horizontal; 140 vertical) col-
lected from 25 GPS devices (with two units used in multiple loca-
tions) in four geographical areas in East and southwest Africa 
between February and June 2018, with point wise 95% confidence 
intervals for the fitted generalized additive mixed  
model (GAMM).

Figure 3. Effect of hour of the day on precision error from 1350 
fixes collected from 25 GPS devices (with two units used in multi-
ple locations) in four geographical areas in East and southwest 
Africa between February and June 2018, with point wise 95% con-
fidence intervals for the fitted generalized additive mixed model 
(GAMM). Each line is one of 500 draws from the Bayesian poste-
rior distribution of the model.
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Our measures of fix acquisition success rate (99.7%) from 
animal-borne trials compare favourably with those of other 
studies. In a recent review, Hofman et al. (2019) reported an 
overall fix acquisition success rate of 78% across 167 stud-
ies of GPS biotelemetry in terrestrial wildlife research. Our 
measure of precision error ( x  = 12.79 m) from stationary 
tests is moderate. Jung  et  al. (2018) for example report a 
mean 4.3 m precision error on stationary tests of GPS collars 
designed for bison Bison bison and caribou Rangifer taran-
dus. However, Jung et al. (2018) used an inter-fix interval 
of 24 h in comparison to our 1 h inter-fix interval, and also 
report an average of 5–20 m accuracy across the literature on 
stationary trials of biotelemetry devices for terrestrial mam-
mals. In terms of the effects of environmental variables on 
precision, we found that precision error was slightly higher 
in the morning, likely due to variation in satellite coverage 
across the diel cycle. In line with Jung et al. (2018), there 
was also a significant but weak effect of canopy cover, with 
a trend towards increased error when the test site was under 
the canopy of a single tree. Slope of terrain (0–14°) and unit 
orientation (90 or 180°) did not have significant effects on 
precision error.

Results of our voltage analysis showed that although sig-
nificant, variation in voltage level in line with the angle of 
elevation of the sun did not have a meaningful effect on the 
functionality of the units. This suggests that, once charged, 
the units maintained high voltage throughout periods of 
little or no solar energy (i.e. when animals were standing in 
the shade, or during the night). We also found little seasonal 
variation; although day of the year was statistically signifi-
cant, the size of the effect was very small, with a negligible 
dip in voltage corresponding to the wet season (cloudier) 
and winter days (reduced hours of daylight). A limitation of 
our study was that our voltage trials were restricted to field 
trials in Namibia, which is characterised by high availability 
of daytime solar energy (Maúre et al. 2018). Further research 
is necessary to determine whether the solar accumulator is 
as efficient in climates characterised by lower availability 
of daytime solar energy. However, preliminary results from 
animal-borne trials in the USA and Canada (on a variety 

of large mammals; Fig. 5) are showing that devices retain a 
similarly high and consistent voltage charge across northern 
hemisphere latitudes, and are expected to function within a 
charging temperature range of −45° to +85°C (Smithsonian 
Conservation Biology Institute (SCBI); Savannah Tracking 
Ltd., unpubl.).

In terms of functional longevity, our results showed a very 
slight dip in voltage level (< 0.2 volts) after approximately 
300 days of deployment, possibly signalling a minor reduc-
tion in battery system efficiency. However, at no point across 
the 18 months of the study did the voltage level approach 
the cut out threshold of 3.2 volts, nor did any of the devices 
in this study fail prematurely due to other technical issues. 
Such low failure rates compare favourably with the 48% fail-
ure rate for GPS biotelemetry devices in terrestrial wildlife 
research as reviewed by Hofman et al. (2019).

Since our trials, the battery system of the units tested 
here has been upgraded (to a Tadiran 150 mA h−1 ⅔ AA 
sized lithium ion battery with a charge cycle performance 
of 5000+ recharging cycles; <https://tadiranbatteries.
de>). This has allowed for a further reduction in unit size 
(65 × 37 × 32 mm) and weight (100 g). While this weight 
still precludes many small terrestrial mammals (Cooke et al. 
2004, Casper 2009, Kays et al. 2015), these solar-powered 
devices do open up possibilities for tracking terrestrial spe-
cies weighing ~5–10 kg or above and that are active (at least 
in part) during daylight.

It was beyond the scope of this study to run trials on 
the upgraded battery system; however, it is expected that 
upgraded units will outperform the units tested here in 
terms of functional longevity. The upgraded system is also 
expected to have the capability to record hourly fixes for six 
days without any power input (Savannah Tracking, unpubl.) 
making the devices more suitable for species inhabiting envi-
ronments with lower availability of daytime solar energy. 
Furthermore, there is an option to combine a solar accu-
mulator (as tested here) with a primary battery, potentially 
extending the lifespan of devices where solar charging oppor-
tunities are limited by environmental conditions (e.g. closed 
canopies) or species-specific behaviour (e.g. crepuscularity).
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Figure 4. Effect of (a) the number of days of deployment, (b) the degrees of elevation of the sun (sun angle; with 0 degrees corresponding 
to sunrise/sunset) and (c) the day of the year (Julian day; with the rainy season ~ days 60–120, and shorter winter ~ days 120–210), on the 
voltage profile extracted from 112, 408 fixes from 20 devices fitted to free-roaming Angolan giraffe in NW Namibia from June 2017 to 
January 2019. The plots show point wise 95% confidence intervals for the fitted generalized additive mixed model (GAMM), and each line 
is one of 50 draws from the Bayesian posterior distribution of the model. The horizontal dashed line marks the voltage cut out threshold of 
3.2 volts.
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The past two decades have illustrated how technologi-
cal advances can provide new insights into the behavioural 
and ecological correlates of life history events for a wide 
range of species, for example migration (Juang et al. 2002), 
social interaction (Farine  et  al. 2017, Papageorgiou  et  al. 
2019), mortality (Collins and Kays 2011) and dispersion 
(Killeen et al. 2014), as well as personality and individual 
differences (Hertel et al. 2019). We expect that advances in 
the functional longevity of tracking devices such as those 
presented here will open up unprecedented possibilities 
over the coming decade, ultimately allowing us to remotely 
gather information on animals across their entire lifespans. 
Such advances in functional longevity will have clear ani-
mal welfare implications in terms of the cost–benefit balance 
in animal tracking ethics (Kays et al. 2015). In particular, 
while it is clear that the minimum number of animals should 
always be tagged to fulfil the requirements of robust a priori 
study designs (Cooke  et  al. 2004, McGowan  et  al. 2017, 
Geen et al. 2019), devices with longer lifespans will poten-
tially lead to a greater quantity and quality of data collected 
per individual captured as well as to a reduced frequency of 
recaptures for removal or replacement of failed devices.

To conclude, we have shared the technical details 
and capacity of a new solar-powered biotelemetry device  
originally designed for vultures, adapted for giraffe and now 

being field-tested on a range of species using a variety of 
methods of attachment (Fig. 5). Future trials using larger 
sample sizes over a broader range of conditions for each 
variable would be a useful next step in terms of understand-
ing the precision and accuracy of this device in less favour-
able environments (e.g. under closed canopies and on steep 
mountainous terrain; Jung et al. 2018). As ever-increasing 
restrictions on the free-movement of wildlife (Tucker 2018) 
underline the importance of acquiring accurate baseline 
data to inform conservation management strategies (Fra-
ser et al. 2018), we urge that wildlife researchers share data 
on the performance of new biotelemetry devices wherever 
possible in order that we might best capitalise on rapid  
technological advances.
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A B S T R A C T

Natural cycles of light and darkness shift the balance of risks and gains for animals across space and time.
Entrainment to photic cycles allows animals to spatiotemporally adapt their behavioural and physiological
processes in line with interplaying ecological factors, such as temperature, foraging efficiency and predation risk.
Until recently, our understanding of these chronobiological processes was limited by the difficulties of 24 h
observations. Technological advances in GPS biotelemetry however are now allowing us unprecedented access to
long-term, fine-scale activity data. Here we use data derived from frontline technology to present the first large-
scale investigation into the effects of natural fluctuations of light and darkness on the locomotor activity patterns
of a threatened African mega-herbivore, the giraffe (Giraffa spp.). Using data from a remote population of
Angolan giraffe (G. g. angolensis) in the northern Namib Desert, Namibia, we reveal the first full picture of giraffe
chronobiology in a landscape of fear. Furthermore, we present clear evidence of the effect of moonlight on the
nocturnal activity patterns of large ungulates. Our results are in line with recent research demonstrating that,
rather than a fixed internal representation of time (circadian clock), many surface-dwelling ungulates have
plastic activity patterns that are vulnerable to modification by external factors including light and temperature.
Relatedly, we highlight important conservation management implications of rising temperatures and increasing
light pollution on the chronobiology of surface-dwelling mammals.

1. Introduction

Photic cycles shape the temporal partitioning of activity patterns in
surface-dwelling mammals in complex ways. Fluctuations in solar light
intensity provide the photic cues (zeitgebers; Menaker et al., 1997)
necessary for animals to synchronize peaks of activity with the hours of
daylight, twilight or darkness (Ensing et al., 2014; Hazlerigg and Tyler,
2019; Lowrey and Takahashi, 2004). Such entrainment to cycles of light
and dark allows animals to adapt their behavioural and physiological
processes to other exogenous factors that covary with photic cycles
(sensu Bennie et al., 2014). Specifically, it allows for the emergence of
diurnal, crepuscular or nocturnal patterns of activity: adaptive re-
sponses to photoperiod that balance the risks and gains of interplaying
ecological factors such as foraging efficiency (Prugh and Golden, 2014)
predation (Smith et al., 2019; Valeix et al., 2009) or human disturbance
(Ensing et al., 2014; Pęksa and Ciach, 2018) across space and time.

Natural cycles of lunar light intensity also affect the nocturnal

activity patterns of mammals in a variety of complex ways (Colino-
Rabanal et al., 2018; Palmer et al., 2017; Prugh and Golden, 2014). For
example, the effects of moonlight on nocturnal predator activity can be
shaped by the quality of their preferred hunting strategy (Carnevali
et al., 2016). Specifically, species that rely on visual acuity for cursorial
hunting techniques (sensu African wild dog Lycaon pictus; Rasmussen
and Macdonald, 2011) are more active during moonlit nights. Con-
versely, the success of species that rely on ambush strategies (sensu
African lion, Panthera leo) is either unaffected (Cozzi et al., 2012) or
reduced (Funston et al., 2001; Packer et al., 2011; Preston et al., 2019)
by the presence of moonlight, and these species are therefore often less
active on bright nights. Variation in predator response to moonlight has
a knock-on effect on prey species, resulting in cyclical variation in the
level of predation risk associated with nocturnal foraging across the
lunar cycle (Owen-Smith, 2019; Tyler et al., 2016; Wu et al., 2018).

However, while bright moonlight can increase nocturnal foraging
efficiency and predator detection, it can also increase the risk of being
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detected by predators (Colino-Rabanal et al., 2018; Pagon et al., 2013).
Considering this trade-off, the visual acuity hypothesis (Prugh and
Golden, 2014) proposes that moonlight increases activity (lunarphilia)
only in prey species that rely on vision as their primary sensory system
(as such species benefit most from increased light intensity at night). As
such, as with solar zeitgebers, the response of various mammalian taxa
to the intensity of lunar zeitgebers reflects a complex interaction be-
tween behavioural and physiological factors.

Historically, our understanding of such factors has been limited by
the difficulties inherent in following and covertly observing animals
throughout the 24 h cycle (Ensing et al., 2014). Recent advances in GPS
biotelemetry devices however are allowing us to study diel activity
patterns in unprecedented ways. We can now remotely track the
movements of tagged animals in near real-time (Cooke et al., 2004;
McGowan et al., 2017; Hart et al., 2020b) and pair this data with re-
motely sensed environmental variables (sensu Ensing et al., 2014),
opening the doors for better understanding of the exogenous drivers of
mammalian chronobiological processes.

Here we use a large dataset derived from frontline technology in
biotelemetry to investigate the locomotor activity patterns of a threa-
tened African mega-herbivore, the giraffe (Fennessy et al., 2016; Winter
et al., 2018; Muller et al., 2018). Preliminary research has suggested
that giraffe activity is concentrated during the hours of daylight (al-
though nocturnal foraging may increase on bright nights; Pellew,
1983), with peaks in activity at dawn and dusk (Fennessy, 2004;
Pellew, 1983; Leuthold and Leuthold, 1978). However, there has yet to

be a systematic study of the chronobiology of giraffe.
Here, we analyse the intensity of giraffe locomotor activity (average

speed per hour) using GPS biotelemetry data collected from a popula-
tion of Angolan giraffe (G. g. angolensis; Fennessy et al., 2016; Winter
et al., 2018) in the northern Namib Desert, Namibia. Locomotor activity
has been shown to be a strong proxy for overall activity (Ensing et al.,
2014), however, it does not account for periods where the animal may
be active but not covering much ground, for example when eating. We
therefore conservatively define our measure of locomotor activity as a
proxy for energy expenditure and detectability (with the assumption
that the faster giraffe move the more likely they are to be detected by
predators; Ciuti et al., 2012), rather than for overall activity.

Our specific aims and expectations are as follows.

1 Firstly, we aim to investigate how photic constraints shape giraffe
locomotor activity. The effects of solar photic zeitgebers are masked
by the natural covariance of light and temperature (Muñoz-Delgado
et al., 2004; Rasmussen and Macdonald, 2011). Specifically, mam-
mals must balance the metabolic costs of activity with those of
thermoregulation (Brivio et al., 2019; Selebatso et al., 2017). Other
large African ruminants inhabiting areas of high daytime tempera-
tures (e.g. the Greater kudu Tragelaphus strepsiceros; Owen-Smith,
1998; or Cape buffalo Syncerus caffer; Owen‐Smith and Goodall,
2014) balance photic and thermal constraints by adopting bimodal,
crepuscular activity rhythms. As such, and in line with preliminary
research into giraffe activity budgets (Fennessy, 2004; Pellew, 1983)

Fig. 1. Map of the study region in the northern Namib Desert, Namibia, showing (a) giraffe locations recorded using solar-powered GPS tracking devices (ossicone
units; Hart et al., 2020b) fitted to 20 giraffe between July 2016 and February 2019; (b) a group of giraffe with an adult female (left) tagged with a GPS tracking unit,
and (c) a distant giraffe moving between patches of vegetation in the arid desert landscape.
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we expect a bimodal rhythm, with locomotor activity concentrated
at dawn and dusk. Furthermore, as photo- and thermoperiods shift
seasonally, we expect that locomotor activity will fluctuate ac-
cording to temperature, with reduced locomotor activity during the
middle of the day during the hot summer months (sensu Fattorini
et al., 2019; Pagon et al., 2013).

2 Secondly, preliminary observational research has suggested that
giraffe increase feeding activity on moonlit nights (Pellew, 1983).
Here we aim to use advanced technology in biotelemetry (see Hart
et al., 2020b) to investigate the effects of the lunar cycle on giraffe
nocturnal locomotor activity. As ruminants, giraffe cannot afford to
entirely suppress foraging activity at night (Owen-Smith and
Novellie, 1982). Furthermore, lion are the single significant pre-
dator of giraffe, both generally (Berry, 1973; Strauss and Packer,
2013) and in our study site (Stander et al., 2018), and the hunting
efficiency of lion is reduced on moonlit nights (e.g. Funston et al.,
2001). Considering their high visual acuity (Veilleux and Kirk,
2014), increased light intensity at night likely improves both pre-
dator detection and foraging efficiency for giraffe (Prugh and
Golden, 2014). As such, we predict that giraffe locomotor activity
will increase on moonlit nights.

2. Methods

2.1. Study area

We conducted the study within a remote, ∼12,500 km2, protected
area of the northern Namib Desert in northwest Namibia (-18.94661 °N,
13.05204 °E, Fig. 1a). The area comprises communal conservancy land
and a portion of the Skeleton Coast National Park (SCNP). Tourism and
low-density livestock grazing constitute the dominant land uses in the
conservancies, whilst human activities in the SCNP are confined to low
levels of tourism. Annual rainfall in the wider region varies from
150mm on the mountainous escarpments to the east (up to 1200m
a.m.s.l.) to less than 20mm on the dune sea to the west (near sea-level;
Fennessy, 2004). The rugged terrain is intersected by ephemeral river
systems that flood in the event of heavy rainfall in their upper catch-
ments (which lie outside of the study area). These watercourses remain
dry at the surface for the majority of the year, but subterranean water
flows support riparian woodlands year round. These linear woodlands
are dominated by species including Faidherbia albida, Vachellia tortilis
and Vachellia erioloba, and provide the main habitat for a persistent
population of free-roaming Angolan giraffe (Fig. 1b,c; Fennessy, 2004;
Hart et al., 2020a; Scheepers, 1992).

Small prides of desert-dwelling African lion actively hunt giraffe
and other wildlife in the area year-round (Stander et al., 2018). Over a
17-year observation period, giraffe were the fourth most common
species to be predated upon, following oryx (Oryx gazella), Hartmann’s
mountain zebra (Equus zebra hartmannae) and ostrich (Struthio camelus).
However, despite making up only 8.3 % of overall kills, due to their
large size giraffe represented 38 % of the biomass consumed by lion
during the observation period (Stander et al., 2018).

2.2. Data collection

GPS biotelemetry data were collected between July 2016 and
February 2019 from twenty adult giraffe (15 females; 5 males; see
supplementary Table 1). The giraffe were randomly selected, evenly
distributed between the two main river systems, and tagged using gir-
affe-specific biotelemetry ossicone units (Hart et al., 2020b; produced
by Savannah Tracking Ltd, Nairobi, Kenya in partnership with the
Giraffe Conservation Foundation) each set to one-hour frequency. These
giraffe were the first cohort to be tagged with these newly developed
units as part of an on-going study in the area.

Giraffe were darted and immobilized by a registered Namibian
wildlife veterinarian working alongside an experienced giraffe capture

team. As the giraffe were habituated to vehicles, all darting was un-
dertaken by vehicle at a distance of ∼ 30m. Females with a calf and
visibly pregnant females were avoided. Giraffe have large target areas
of high muscle content and were darted in the shoulder or rump with
100 % success rate of administration; there was no need to re-dart any
animal and there were no partial drug administrations. After darting,
the vehicle remained stationary or kept a distance of ∼ 100m from the
giraffe until induction occurred (∼ 3–6min s). Once narcotised, giraffe
were roped by the capture team and brought to the ground. The anti-
dote was immediately intravenously administered while the giraffe
were blindfolded and restrained after which the ossicone units were
fitted. For each giraffe the entire procedure from darting to release took
under 30min and all 20 captures were successful and resulted in no
injuries. These modalities were the same for all animals included in the
study. Dosages of the primary opioid drug (etorphine or thiafentanil
combined with hyaluronidase to aid absorption) and antidote (dipre-
norphine or naltrexone) varied depending on the size of the giraffe and
were at the discretion of the veterinarian (see Fennessy et al., 2019 for
detailed dosage guidelines).

2.3. Data handling and analyses

Data handling and analyses were performed in R version 3.4.2 (R
Core Team, 2017). Biotic and abiotic environmental features for the
spatial points where giraffe were relocated by means of GPS satellite
telemetry were extracted in ArcMap 10.3.1 (ESRI, 2014).

2.4. Data set

The GPS units recorded time, date, position and air temperature
(°Celsius). We removed the data associated with the first seven days
after capture for each individual giraffe and retained data until mor-
tality (1 giraffe), unit failure (7 giraffe of which 3 were recaptured and
the units replaced, one of which subsequently failed), or the end of the
monitoring period (14 giraffe). We calculated speed (metres per hour)
as a proxy for intensity of locomotor activity, based on the difference in
location (step length) between successive GPS readings, divided by the
time difference between locations (sensu Smith et al., 2019). The vast
majority (95.2 %) of locations were collected every one hour (123,400
out of 129,566). Locations with a time difference>4 h were removed
(< 1%). Air temperature was recorded at four-hour intervals to sustain
battery life.

To analyse the effects of solar and lunar zeitgebers on giraffe loco-
motor activity we calculated the angle of elevation of the sun for each
location, and both the angle of elevation and illuminated fraction of the
moon, using the oce (Kelley and Richards, 2014) and lubridate
(Grolemund and Wickham, 2011) packages in R (R Core Team 2017).
We also created a categorical lunar index. With day (sun angle> 0),
and with night (sun angle< 0) categorised as Moon< =1 st Quarter
(illuminated fraction ≤ 25 %, moon angle> 0), Moon> 1st Quarter
(illuminated fraction> 25 %, moon angle> 0), and No Moon (moon
angle< 0).

To account for the possible confounding effects of environmental
variables on locomotor activity we included additional variables: (a)
distance to ephemeral rivers (main and minor), (b) habitat type, (c)
monthly NDVI, and (d) terrain ruggedness. These variables may affect
variation in locomotor activity, for example due to giraffe slowing
down in areas of high food availability or on steeper terrain (sensu Ciuti
et al., 2012). To extract habitat type we used the 20m resolution land-
use map for the African continent generated by the European Spatial
Agency (ESA; esa-landcover-cci.org). We extracted NDVI values by
month of the year and location based on a monthly NDVI time series
from Landsat 8 satellite imagery (at 30m resolution). Finally we cal-
culated terrain ruggedness (in meters; Riley et al., 1999) from a 30m
resolution digital elevation model from the RCMRD GeoPortal (geo-
portal.rcmrd.org). We associated values to the starting location of the
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speed records for the environmental variables.

2.5. Generalised additive mixed modeling

To model our proxy for giraffe locomotor activity (response vari-
able: log-transformed speed), we built one a priori model structure
based on our main set of predictions, while also accounting for the set
of confounding covariates expected to regulate giraffe locomotor ac-
tivity. Locomotor activity was expected to vary as a function of sunangle
(daily variation), Julian day (seasonal variation), moon elevation and
moon illumination (nocturnal variation), air temperature, and individual
giraffe (random effect). The model also accounted for possible variation
due to the distance to and type of the closest river, monthly NDVI and
habitat (variation based on food availability), terrain ruggedness (varia-
tion based on the steepness of terrain), sex of giraffe and year of study
(as a factor to account for inter-annual variability not accounted for by
the predictors listed in the model structure).

We screened all candidate predictors for collinearity using a Pearson
correlation matrix (Zuur et al., 2009). Sunangle and moon metrics (i.e.
the lunar index) were strongly collinear (|rp|> 0.8) leading to an in-
compatibility in our a priori model, where we were aiming to simulta-
neously test the effect of sun and moon on giraffe locomotor activity.
We therefore built two model structures. The first aimed at in-
vestigating the effect of sunlight on giraffe locomotor activity and
therefore included the highly accurate predictor sunangle but omitted
our moon metrics. In the second model we replaced sunangle with an
interaction between month and hour of the day. Hour of the day had the
same function of predicting sunlight as our sunangle predictor, but was
not collinear with our moon metrics, and thus allowed us to test for the
effect of our moon metrics on giraffe locomotor activity in the second
model. A final collinearity screening for each model structure showed
all predictor variables had correlation coefficients below the colli-
nearity threshold of |rp|< 0.7 (Zuur et al., 2009).

Given the two alternative structures, we modelled giraffe locomotor
activity using two generalized additive mixed models (GAMMs) with
the function gam from the mgcv R package (Wood, 2011). We used
smoothing functions to allow for non-linear relationships and cross-
validation to automatically determine the optimal amount of smoothing
(Wood, 2006, 2011). The models were fit using the select= TRUE
implementation in the gam algorithm of the mgcv package, which al-
lowed automated model selection. This option adds a penalty to each
smoothing term, allowing it to be penalized out of the model via op-
timization of the smoothing parameter selection criterion (Wood,
2017).

Eq. (1) (describing model 1) had the following structure:

locomotor activity ∼ intercept + f1(distance to the closest main river) +
f2(distance to the closest minor river) + f3(monthly NDVI) + f4(giraffe
ID) + year+ sex + f5(terrain ruggedness) + f6(sun angle when sun is
rising) + f7(sun angle when sun is falling) + habitat type + f8(Julian
day) + f9(temperature) + error (Gaussian) (1)

Where:
fn are smoothing functions to allow for non-linear relationships

depicting the variation of locomotor activity over time (Julian Day,
cyclic cubic regression splines. i.e. a penalized cubic regression spline
whose ends match), in relation to the angle of the sun in the first half of
the day (rising) and second half of the day (falling) and in relation to
environmental variables including distance to rivers (both main and
minor), monthly NDVI, and terrain ruggedness, and with habitat type, year
and sex as categorical fixed effects, and giraffe ID as a random effect. To
meet the assumptions of homogeneity and normality (Wood, 2017) we
opted to use log transformed speed as our response variable and run a
GAMM with a Gaussian distribution of errors (identity link), rather than
a GAMM with a Gamma distribution of errors (log link) fitted on un-
transformed speed values. The two GAMMs had identical patterns in

terms of significance values of single effects, although assumptions
were not fully met and the fit was worse when working with a Gamma
distribution of errors.

Eq. (2) (describing model 2) had the following structure:

locomotor activity ∼ intercept + f1(distance to the closest main river) +
f2(distance to the closest minor river) + f3(monthly NDVI) +
f4(giraffe_ID) + year+ sex + f5(terrain ruggedness) + f6(hour in
January) + f7(hour in February) + f8(hour in March) + f9(hour in
April) + f10(hour in May) + f11(hour in June) + f12(hour in July) +
f13(hour in August) + f14(hour in September) + f15(hour in October) +
f16(hour in November) + f17(hour in December) + f18(temperature) +
habitat_type + moon_index + error (Gaussian) (2)

Where:
fn are smoothing functions to allow for non-linear relationships

depicting the variation of locomotor activity over time (hour, cyclic
cubic regression spline) throughout the 12 months, in relation to en-
vironmental variables including distance to rivers (both main and
minor), monthly NDVI, terrain ruggedness, and temperature, and with
habitat type, year, lunar index and sex as categorical fixed effects and
giraffe_ID as a random effect. The model successfully met the assump-
tions of constant variance and normality of residuals (Wood, 2017)
when we log transformed the response variable.

2.6. Spatial and temporal autocorrelation

As the location fixes were only 1 h apart we checked for spatial and
temporal autocorrelation of residuals in each model structure. To check
for spatial autocorrelation we used the variogram function (Zuur et al.,
2009) but the models did not show any trace of spatial autocorrelation
(flat semivariograms with no nuggets). We did however find severe
issues of temporal autocorrelation using the autocorrelation function
pacf (stat package), with clear temporal autocorrelations between any
given locations and those collected with a time lag of 24, 48, 72, 96 h.
In practice, locomotor activity of giraffe recorded during a given time of
the day was strongly correlated with that recorded at the same time
during the following few days. Including correlation structures to ac-
count for this issue (sensu Zuur et al., 2009) did not fix the temporal
correlation, likely affecting our p-values and statistical inference. To
circumvent this issue we rarefied our dataset based on 50,000 random
draws from our original dataset and fitted the above-mentioned GAMM
models. The resulting models had no issue of either spatial or temporal
residual autocorrelation, and were used to test our hypotheses. The
GAMM predictions were depicted with point wise 95 % confidence
intervals as well as lines depicting scenarios obtained from 500 draws
from the Bayesian posterior distribution of the models.

2.7. Diurnality, crepuscularity and lunarphilia

To offer an additional perspective on locomotor activity patterns,
we assessed diurnality, crepuscularity and lunarphilia using three se-
parate indices based on the following formulae (adapted from Ensing
et al., 2014):

(1) Diurnality: (diurnal activity - nocturnal activity) / (diurnal ac-
tivity+ nocturnal activity), where activity is defined as the average
speed recorded during the day (diurnal; sun angle> 0), or night
(nocturnal; sun angle< -6), with twilight (sun angle -6 to 0) excluded.

(2) Crepuscularity: (crepuscular activity – non-crupuscular activity) /
(crupuscular activity+ non-crepuscular activity), where activity (average
speed) is defined as crepuscular when the sun angle is between -6 and 0
(twilight), and otherwise defined as non-crepuscular.

(3) Lunarphilia: (moonlit activity – dark activity) / (moonlit ac-
tivity+ dark activity), where activity is defined as the average speed at
night (sun angle< - 6), and defined as moonlit when the moon angle
is> 0 and the illuminated fraction is> 1st Quartile, and otherwise
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defined as dark.
When the range of the speed record covered two different temporal

categories, the speed record was assigned to the category of the starting
location. All indices were designed to vary from -1 to 1. For example,
for the diurnality index a value of higher than 0 means locomotor ac-
tivity is diurnal, whereas lower than 0 means that it is nocturnal, and a
value of zero means it is the same during the day and night. We mod-
elled the variation of the indices over time (month) using a generalised
additive mixed model (GAMM), with the index as the response variable,
month (fitted as a circular spline) as the main predictor and individual
giraffe as a random effect.

3. Results

Our final dataset comprised 119,294 giraffe locations with no
missing data, rarefied to 50,000 locations based on a random draw.

Model 1, testing the effect of sun angle on giraffe locomotor activity,
explained 27.4 % of variance in locomotor activity. In terms of possibly
confounding parametric coefficients, year, habitat type and sex did not
have significant effects on giraffe locomotor activity (Table 1).

After accounting for the effect of potential fixed-effect confounding
factors, in terms of the approximate significance of smoothing terms
(Table 2), sun angle had a significant effect on locomotor activity, with a
peak in locomotor activity just before dawn (sun angle just below zero)
when the sun was rising and just after dusk (sun angle just below zero)
when the sun was falling (Fig. 2). Significant smoothing terms also in-
cluded temperature (with locomotor activity peaking at approximately
30 °C); distance to main rivers (with decreased locomotor activity in
closer proximity to ephemeral riverbeds); terrain ruggedness (with

decreased locomotor activity on more rugged terrain) and Julian day
(with a slight dip in locomotor activity during the cold-dry season, from
∼ days 150–200). The smoothing terms temperature, distance to major
river and terrain ruggedness were significant in both models, however our
second model (see below) much better explained the variability in the
response variable and we therefore plotted the environmental effects
based on the estimates from the second model rather than from the first
model.

Model 2, testing the effect of our lunar index on giraffe locomotor
activity, explained 29.2 % of variance in locomotor activity. The lunar
index was the only significant parametric predictor, with no significant
effect of habitat type, year or sex on rates of locomotor activity (Table 3;
in line with the results of model 1). Results showed significantly higher
rates of locomotor activity on moonlit nights than on dark nights
(Fig. 3).

In terms of approximate significance of smoothing terms (Table 4),
hour was significant for every month (Fig. 4) and (as per Model 1)
significant smoothing terms also included temperature (with locomotor
activity peaking at approximately 30 °C), distance to main rivers (with
locomotor activity decreasing closer to main rivers); and terrain rug-
gedness (with locomotor activity decreasing on rougher terrain;
Fig. 5a,b,c). Distance to minor rivers was also slightly significant in
Model 2 (p=0.006), but not in Model 1).

3.1. Indices

The variation of the three index values over month of the year was
modelled using generalized additive mixed effect models (GAMMs).
Predictions of these GAMMs were depicted with point wise 95 % con-
fidence intervals to which we overlapped 500 scenario lines that we
drew from the Bayesian posterior distribution of the model. In all cases,
GAMMs’ point wise 95 % CIs did not overlap zero, meaning that giraffe
were significantly more active (a) during the day than at night, (b)
during twilight (when the sun angle is between -6 and 0) than during
the rest of the day, and (c) on moonlit nights than on dark nights, in all
months of the year at the p < 0.05 significance level (Fig. 6).

4. Discussion

We used over 2.5 years of data from frontline technology to provide
the first full picture of giraffe chronobiology in a landscape of fear.
Taking into account the diel shifts in sunrise and sunset, we showed
that locomotor activity peaked during the cooler daylight periods
(morning and evening), consistent with patterns documented for other
African ungulates (Owen-Smith, 2002; Owen‐Smith and Goodall, 2014;
Scheibe et al., 2009). As expected, environmental variables had a
masking effect (Muñoz-Delgado et al., 2004; Rasmussen and
Macdonald, 2011; Scheibe et al., 2009); locomotor activity decreased
after a 30 °C threshold, on rough terrain, and close to the resource-rich
main rivers (Fennessy, 2004; Hart et al., 2020a). Furthermore, we
found a marked synchronization of nocturnal locomotor activity with
the lunar cycle, demonstrating some of the first evidence of the strong
effect of moonlight on the nocturnal behaviour of large wild herbivores.

Our results support previous reports of a bimodal diurnal activity
pattern in giraffe (Pellew, 1983; Fennessy, 2004; Baxter and Plowman,
2001). However, we found that giraffe locomotor activity peaked pre-
dawn (during twilight; defined here as when the sun was -6 to 0° below
the horizon; Fig. 2) rather than post-dawn (sensu Pellew, 1983;
Fennessy, 2004). Our pre-dawn and pre-dusk peaks likely reflect tra-
velling (i.e. walking to a foraging site at dawn or resting site at dusk; see
Burger et al., 2020; Owen‐Smith and Goodall, 2014) rather than feeding
(sensu Pellew, 1983; Fennessy, 2004). In line with this interpretation,
Fennessy (2004) showed that walking activity peaked during the first
(07:00−08:00hh) and last (18:00−19:00hh) hours of the observation
period, whereas foraging activity peaked slightly later in the morning
and slightly earlier in the evening. Relatedly, our results showed that

Table 1
Significance of parametric coefficients as estimated by our first generalized
mixed additive model, explaining the effect of sun angle on giraffe locomotor
activity in 20 giraffe tracked in the northern Namib Desert, Namibia, from July
2016 to February 2019.

Estimate Std. Error t value Pr(> |t|)

Intercept 5.32431 0.49381 10.782 < 0.001
Year [2016] 0
Year [2017] 0.1074 0.07516 1.429 0.153
Year [2018] 0.07842 0.07458 1.051 0.293
Year [2019] −0.05119 0.07809 −0.655 0.512
Sex [female] 0
Sex [male] 0.03062 0.06136 0.499 0.618
Habitat type [Tree cover] 0
Habitat type [Shrub cover] −0.6512 0.48797 −1.335 0.182
Habitat type [Grassland] −0.59329 0.48744 −1.217 0.224
Habitat type [Cropland] −0.59904 0.48802 −1.227 0.22
Habitat type [Sparse vegetation] −0.58999 0.48743 −1.21 0.226
Habitat type [Bare areas] −0.56607 0.48735 −1.162 0.245

n=50,000, deviance explained=27.4 %.

Table 2
Approximate significance of smoothing terms as estimated by our first gen-
eralized additive mixed model, explaining the effect of sun angle on giraffe
locomotor activity in 20 giraffe tracked in the northern Namib Desert, Namibia,
from July 2016 to February 2019.

edf Ref.df F p-value

f1(Distance to the closest main river) 1.00E+00 2 221.742 < 0.001
f2(Distance to the closest minor river) 5.09E-06 2 0 0.4515
f3(monthly NDVI) 6.96E-01 2 2.831 0.0461
f4(Giraffe_ID – random effect) 1.56E+01 17 17.759 < 0.001
f5(terrain ruggedness) 1.25E+00 2 71.465 < 0.001
f6(Sun angle when the sun is falling) 1.54E+01 17 351.164 < 0.001
f7(Sun angle when the sun is rising) 1.52E+01 17 559.617 < 0.001
f8(Julian day) 4.07E+00 8 21.432 < 0.001
f9(temperature) 1.88E+00 2 99.781 < 0.001

n=50,000, deviance explained=27.4 %.
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giraffe locomotor activity significantly increased in line with distance to
ephemeral rivers (which provide the main source of food for giraffe in
the study area; Fennessy, 2004; Hart et al., 2020a), suggesting that they
speed up to travel to, but slow down to feed in, these resource rich
areas.

Thermal constraints explain our finding of reduced locomotor ac-
tivity during the middle of the day, when giraffe likely reduce activity
to balance the metabolic costs of movement with those of thermo-
regulation (Brivio et al., 2019; Owen-Smith, 2002; Selebatso et al.,
2017). Similar bimodal patterns have been shown in other large African
ruminants inhabiting areas of high daytime temperatures (e.g. Cape
buffalo; and sable, Hippotragus niger, Owen‐Smith and Goodall, 2014;
blesbok, Damaliscus pygargus phillipsi and wildebeest, Twine, 2002). We
found that temperature had a significant masking effect, with loco-
motor activity peaking at a 30 °C threshold and then decreasing in line
with rising temperatures (Fig. 5.b). This threshold is in line with the
0−35 °C ‘thermal activity time’ for mammals defined by Bennie et al.
(2014) and similar thresholds have been reported elsewhere for large

ungulates. For example Greater kudu curtailed activity at temperatures
of over 30 °C (winter) or 36 °C (summer; Owen-Smith, 1994, 1998)
while diurnal activity in white-tailed deer (Odocoileus virginianus) was
constrained when temperatures reached 30 °C (Beier and McCullough,
1990).

Seasonal change in temperature or photoperiod can also result in
compensatory strategies (Fattorini et al., 2019; Owen-Smith, 2002;
Tyler et al., 2016). We found a trend towards a less pronounced pre-
dawn depression in locomotor activity in the hot-dry and early wet
seasons (October-March) in comparison to the late wet and cold-dry
seasons (April-September; Fig. 4), while our indices showed an increase
in diurnality in the cold-dry season and an increase in crepuscularity in
the hot-dry season. Increasing pre-dawn locomotor activity on hot days
may allow giraffe to compensate for reduced locomotor activity in the
middle of the day due to thermal thresholds (sensu Fattorini et al.,
2019). Similar compensatory strategies for reduced activity on hot days

Fig. 2. Effect of sun angle on log transformed giraffe speed (as a proxy for intensity of locomotor activity) when (a) the sun is rising (night, sun below the horizon, and
day, sun above the horizon), (b) the sun is falling (day, sun above the horizon, and night, sun below the horizon), and with (c) a reproduction of (a) to improve the
interpretability of the 24 h cycle of locomotor activity. The dashed vertical lines mark sunrise (a, c) and sunset (b). Locomotor activity patterns are based on a random
draw of 50,000 locations from 119,294 locations recorded from 20 giraffe fitted with GPS tracking units between July 2016 and February 2019, with point wise 95 %
confidence intervals for the fitted generalized additive mixed model (GAMM). Each line is one of 500 draws from the Bayesian posterior distribution of the model. All
other predictors in the model have been set, with the mean for numerical variables, and for sex (female) river type (main), Year (2018), Julian day (1), and habitat type
(tree cover areas), and with a median effect for the random effect of Giraffe ID. Data vary from 2 log speed (∼ 7.5 m/hr) to 8 log speed (∼ 2980m/hr) through 5 log
speed (∼150m/hr).

Table 3
Significance of parametric coefficients as estimated by our second generalized
additive mixed model, testing the effect of our lunar index on giraffe locomotor
activity in 20 giraffe tracked in the northern Namib Desert, Namibia, from July
2016 to February 2019.

Estimate Std. Error t value Pc(> |t|)

Intercept 5.3661 0.4893 10.967 < 0.001
Year [2016] 0
Year [2017] 0.03382 0.07493 0.451 0.651
Year [2018] −0.02481 0.07395 −0.335 0.737
Year [2019] −0.11194 0.0752 −1.489 0.136
Sex [female] 0
Sex [male] 0.02567 0.05904 0.435 0.663
Habitat type [Tree cover] 0
Habitat type [Shrub cover] −0.62823 0.48306 −1.301 0.193
Habitat type [Grassland] −0.57458 0.48257 −1.191 0.233
Habitat type [Cropland] −0.58798 0.48308 −1.217 0.223
Habitat type [Sparse vegetation] −0.57781 0.48267 −1.197 0.231
Habitat type [Bare areas] −0.55193 0.48264 −1.144 0.252
Lunar index [Day] 0
Lunar index [illuminated fraction

<=1 st Quarter]
0.2845 0.06411 4.438 < 0.001

Lunar index [illuminated fraction
> 1 st Quarter

0.33303 0.05747 5.795 < 0.001

Lunar index [No Moon] −0.17146 0.05695 −3.011 < 0.002

n=50,000, deviance explained=29.2 %.

Fig. 3. The effect of our lunar index (taking into account illuminated fraction
and angle of elevation of the moon) on giraffe locomotor activity. 1st Quarter
(illuminated fraction=25 %) has been abbreviated to 1st Q to improve read-
ability. Locomotor activity patterns are based on a random draw of 50,000
locations from 119,294 locations recorded from 20 giraffe fitted with GPS
tracking units between July 2016 and February 2019, with point wise 95 %
confidence intervals for the fitted generalized additive mixed model (GAMM).
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(or cold nights) have been documented in other large terrestrial her-
bivores, including Przewalski horses (Equus ferus przewalskii, Berger
et al., 1999; Arnold et al., 2006), red and roe deer (Cervus elaphus,

Berger et al., 2002; Capreolus capreolus, Pagon et al., 2013), black
wildebeest (Connochaetes gnou, Maloney et al., 2005), North American
elk (Cervus elaphus canadensis, Merrill, 1991), llama (Lama glama, Riek
et al., 2017), mouflon (Ovis orientalis orientalis, Scheibe et al., 2009),
chamois (Rupicapra rupicapra, Grignolio et al., 2018) and Cape buffalo
(Winterbach and Bothma, 1998). Finally, we found that diurnal activity
around midday increased in the middle of the wet season (April). This
increase is likely caused by giraffe travelling further between more
widely distributed food resources during the wet season (Fennessy,
2004; Hart et al., 2020a; Scheepers, 1992).

As expected for a large ungulate with high visual acuity (Prugh and
Golden, 2014; Veilleux and Kirk, 2014) our diurnality index showed
that overall giraffe had significantly higher rates of locomotor activity
during the day than at night. As predicted, we also found a clear effect
of lunarphilia throughout the year. Specifically we found that giraffe
were significantly more likely to be active on moonlit nights (Fig. 6c)
than on dark nights, with even a small fraction of lunar illumination
(< 25 %) resulting in significantly higher levels of activity than on dark
nights (Fig. 3). These results provide the first robust empirical evidence
of marked synchronization of giraffe activity with the phases of the
moon. In line with both Prugh and Golden’s (2014) visual acuity hy-
pothesis and with optimal foraging theory (Charnov, 1976; Brown,
1988), we suggest that lunarphilia in giraffe may represent both a cu-
mulative and compensatory strategy (sensu Grignolio et al., 2018) with
giraffe increasing activity at night when light conditions are favourable,
predation is reduced and/or when daytime conditions are unfavour-
able, for example due to seasonal thermal constraints.

Table 4
Approximate significance of smoothing terms as estimated by our second gen-
eralized additive mixed model testing the effect of our lunar index on giraffe
locomotor activity (m =288.96m/h, sd =389.43m/h) in the northern Namib
Desert, Namibia, from July 2016 to February 2019.

edf Ref.df F p-value

f1(Distance to the closest main river) 1 2 179.601 < 0.001
f2(Distance to the closest minor river) 0.3673 2 0.519 0.006
f3(monthly NDVI) 0.8501 2 2.437 0.072
f4(Giraffe_ID) 15.584 17 17.422 < 0.001
f5(terrain ruggedness) 1.2176 2 61.665 < 0.001
f6(hour in January) 17.0754 18 83.229 < 0.001
f(hour in February) 16.5267 18 57.163 < 0.001
f8(hour in March) 14.5737 18 25.247 < 0.001
f9(hour in April) 14.0946 18 28.779 < 0.001
f10(hour in May) 13.7195 18 25.142 < 0.001
f11(hour in June) 15.5837 18 25.698 < 0.001
f12(hour in July) 17.1192 18 42.2 < 0.001
f13(hour in August) 17.3083 18 81.176 < 0.001
f14(hour in September) 17.1529 18 77.265 < 0.001
f15(hour in October) 16.7317 18 72.008 < 0.001
f16(hour in November) 16.8428 18 71.261 < 0.001
f17(hour in December) 16.9855 18 93.967 < 0.001
f18(temperature) 0.983 2 92.496 < 0.001

n=50,000, deviance explained=29.2 %.

Fig. 4. Effect of hour of the day by month of the year on log transformed giraffe speed (as a proxy for locomotor activity), based on a random draw of 50,000
locations from 119,294 locations recorded from 20 giraffe fitted with GPS tracking units between July 2016 and February 2019, with point wise 95 % confidence
intervals for the fitted generalized additive model (GAM). This figure was designed to show seasonal diel patterns of locomotor activity in giraffe; for a clear depiction
of the effect of angle of elevation of the sun please see Fig. 2. Each line is one of 100 draws (instead of 500, to improve readability) from the Bayesian posterior
distribution of the model. All other predictors in the model have been set, with the mean for numerical variables, and for sex (female) river type (main), year (2018),
hour (0) and habitat type (tree cover areas), and with a median effect for the random effect of Giraffe_ID. Data vary from 3 log speed (∼ 20.08m/hr) to 6 log speed
(∼ 403m/hr) through 4.5 log speed (∼ 90m/hr).
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This is one of the first studies to show clear evidence of the effect of
moonlight on the nocturnal activity patterns of large ungulates.
Previous studies of lunarphilia have relied on proxies for nocturnal
activity. For example, using vehicle collision data, Colino-Rabanal et al.
(2018) suggested that wild boar (Sus scrofa), roe deer, and white-tailed
deer were more active on moonlit nights. Data showing actual noc-
turnal activity of ungulates however remains limited to a narrow range
of species, and there is as yet little agreement relating to the effect of
the lunar cycle on ungulates in a landscape of fear. For example, using
biotelemetry, Beier and McCullough (1990) and Woodside (2010)
found no effect of lunarphilia on white-tailed deer or American elk
respectively, whereas Grignolio et al. (2018) showed a weak effect of
lunarphilia in alpine chamois (Rupicapra rupicapra; see also Carnevali
et al., 2016). Our results add to this emergent literature and provide an
empirical basis for further study of the effect of the lunar cycle on the
chronobiology of large herbivores.

Our results are in line with recent research demonstrating that, ra-
ther than a fixed internal representation of time (circadian clock),
surface-dwelling ungulates have plastic activity patterns that are vul-
nerable to modification by external factors (Bennie et al., 2014; Ensing
et al., 2014; Grignolio et al., 2018; Menaker et al., 1997). Validating
categories of activity by observation (e.g. walking, feeding, resting;
Owen‐Smith and Goodall, 2014; Soltis et al., 2016) presents logistical
challenges, but would be a useful next step in terms of modelling the
effects of spatiotemporal variables on activity patterns. Furthermore,

while the sample size is large for a study of this kind, we lacked the
power to explore differences in locomotor activity patterns by sex or
age. Larger sample sizes and the further development of algorithms for
use with accelerometers (sensu Soltis et al., 2016 for African elephant,
Loxodonta africana), will likely improve our ability to remotely measure
activity budgets in future research (Joppa, 2015; Sethi et al., 2018).

5. Conservation implications

Finally, we draw attention to the conservation management im-
plications of our results. In line with recent research on other mammals
(e.g. Bennie et al., 2014) our results showed that giraffe locomotor
activity was constrained by temperatures above 30 °C. Furthermore, we
showed that light conditions at night strongly affected giraffe loco-
motor activity. Over the last four decades, southern Africa has seen a
significant rise in mean annual temperatures, and further dramatic rises
are predicted (Maúre et al., 2018; Morishima and Akasaka, 2010).
Furthermore, increases in light pollution are being shown to affect the
behaviour of mammals (Kyba et al., 2011; Rotics et al., 2011). Our
results reiterate the importance of identifying refugia in line with pre-
dicted rising temperatures (e.g. Brivio et al., 2019; Mason et al., 2014),
and limiting light pollution (Gaston et al., 2013; Minnaar et al., 2015),
when making management decisions regarding wild giraffe and other
large ungulate populations.

Fig. 5. Effect of significant predictors on (a) distance to main rivers (in meters), (b) temperature (in °Celsius) and (c) terrain ruggedness (in meters; Riley et al., 1999)
on log transformed giraffe speed (as a proxy for locomotor activity) based on a random draw of 50,000 locations from 119,294 locations recorded from 20 giraffe
fitted with GPS tracking units between July 2016 and February 2019, with point wise 95 % confidence intervals for the fitted generalized additive mixed model
(GAMM). Each line is one of 200 draws (instead of 500, to improve readability) from the Bayesian posterior distribution of the model. All other predictors in the
model have been set, with the mean for numerical variables, and for sex (female) river type (main), year (2018), Julian Day (1), and habitat type (tree cover areas),
and with a median effect for the random effect of Giraffe_ID. Data vary from 3.5 log speed (∼ 33m/hr) to 5.5 log speed (∼ 245m/hr), through 4.5 log speed (∼
90m/hr).

Fig. 6. Indices showing the extent to which giraffe locomotor activity, based on 130, 899 locations recorded from 20 giraffe fitted with GPS tracking units between
July 2016 and February 2019, was (a) diurnal, (b) crepuscular and (c) driven by moonlight. In all plots, single dots represent index values for individual giraffe
monitored in this study. The variation of such index values over month of the year was modelled using generalized additive mixed effect models (GAMMs).
Predictions of these GAMMs were depicted with point wise 95 % confidence intervals. Each line is one of 500 draws from the Bayesian posterior distribution of the
model. In all cases, GAMMs’ point wise 95 % CIs did not overlap zero, meaning that giraffe are significantly more active (a) during the day than night, (b) at twilight
than during the rest of the day, and (c) on moonlit than dark nights, at the p < 0.05 significance level.
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Habitat heterogeneity and social factors drive behavioral plasticity 
in giraffe herd-size dynamics
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Behavioral plasticity, or the mechanism by which an organism can adjust its behavior in response to exogenous 
change, has been highlighted as a potential buffer against extinction risk. Giraffes (Giraffa spp.) are gregarious, 
long-lived, highly mobile megaherbivores with a large brain size, characteristics that have been associated with 
high levels of behavioral plasticity. However, while there has been a recent focus on genotypic variability and 
morphological differences among giraffe populations, there has been relatively little discussion centered on 
behavioral flexibility within giraffe populations. In large wild herbivores, one measure of behavioral plasticity is 
the ability to adjust herd size in line with local environmental conditions. Here, we examine whether a genetically 
isolated population of Angolan giraffes (G.  g.  angolensis) in a heterogeneous environment adjust their herd 
sizes in line with spatiotemporal variation in habitat. Our results suggest that ecological factors play a role in 
driving herd size, but that social factors also shape and stabilize herd-size dynamics. Specifically, we found that 
1) mixed-sex herds were larger than single-sex herds, suggesting that sexual composition of herds played a role 
in driving herd size; 2) the presence of young did not influence herd size, suggesting that giraffes did not make 
use of the dilution effect to safeguard their young from predation; and 3) there was a strong relationship between 
herd size and spatial, but not seasonal, variation in food biomass availability, suggesting stability in herd sizes 
over time, but temporary variation in line with resource availability. These findings indicate that giraffes adjust 
herd size in line with local exogenous factors, signaling high behavioral plasticity, but also suggest that this 
mechanism operates within the constraints of the social determinants of giraffe herd size.

Key words: Angolan giraffe, conservation, fission–fusion, generalized additive model, Giraffa camelopardalis, Giraffa giraffa 
angolensis, herd dynamics, herd size, megaherbivore, phenotypic plasticity

An estimated 60% of large wild herbivore species are threat-
ened with extinction (Ripple et al. 2015, 2017; Tilman et al. 
2017). Habitat loss, degradation, and fragmentation due to an-
thropogenic activities remain the primary immediate threats to 
terrestrial mammals (Dirzo et al. 2014), while climate-warming 
scenarios predict further dramatic changes to existing habitats 
over the coming half-century (Thomas et al. 2004; Brivio et al. 
2019). As earth’s biota enter a sixth mass extinction (Estes 
et al. 2011; Ceballos et al. 2015), species’ adaptive capacity, 
or their ability to adjust to changing environments, has become 
of increasing relevance (Refsnider and Janzen 2012). Central 
to the discussion surrounding adaptive capacity is the suite of 
mechanisms that could allow organisms to persist in the face of 
extreme exogenous change. One such mechanism is phenotypic 

plasticity (Beever et al. 2016). Here, we explore phentotypic 
plasticity in a genetically isolated population of Angolan gir-
affes (Giraffa giraffa angolensis) in the northern Namib Desert, 
Namibia.

Phenotypic plasticity is the mechanism by which an organism 
can change its behavior, physiology, or morphology in response 
to environmental change (Price et al. 2003). As such, it offers a 
more nuanced explanation than the traditional neo-Darwinian 
viewpoint that natural selection shapes an organism to the point 
where it fits like a glove with the local environment (Mery and 
Burns 2010; Van Schaik 2013). While natural selection parsi-
moniously explains variation in morphology, physiology, or 
behavior in terms of genetically based local adaptation, its ex-
planatory power is limited to individuals or populations whose 
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environment remains similar across their home ranges. When 
local conditions vary within an organism’s home range, or 
change dramatically within the life span of an organism due to 
dispersal, translocation, or exogenous factors, an alternative ex-
planation is necessary to describe the ability of various species 
to fine-tune their adaptation to local conditions. Phenotypic plas-
ticity is the mechanism commonly used to explain this ability, 
and has thus been highlighted as a potential buffer against ex-
tinction risk (Snell-Rood 2013; Van Schaik 2013).

Phenotypic plasticity however has intrinsic costs and thresh-
olds that limit its effectiveness (DeWitt et al. 1998). In particular, 
it requires the maintenance of the physiological mechan-
isms necessary to enable organisms to perceive and respond 
to exogenous change (Dukas 1999; Mery and Burns 2010). 
Additionally, some of the resultant morphological changes 
are irreversible and thus can even be maladaptive depending 
on the rate of environmental change, particularly if there is a 
delay between perceiving and responding to local conditions. 
Behavioral plasticity allows a more rapid response to changes 
in external stimuli than morphological plasticity and thus is less 
limited by such delays (Van Schaik 2013). However, behavioral 
plasticity relies heavily on cognitive processes and it therefore 
correlates with large brain size and, relatedly, longer genera-
tion times (González-Lagos et al. 2010; Van Schaik 2013). The 
combination of long generation times and the ability of indi-
viduals to persist in the face of limited exogenous change can 
delay adaptation through natural selection. As such, high be-
havioral plasticity results in a trade-off; in the face of fast-paced 
environmental change it can be advantageous in the short term 
by allowing adjustment to the local environment, but disadvan-
tageous in the longer term by slowing the rate of genetic change 
(Price et al. 2003; Van Schaik 2013).

Giraffes are long-lived, highly mobile megaherbivores with a 
large brain size (Graïc et al. 2017), suggesting that the taxon is a 
strong candidate for high levels of behavioral plasticity. They are 
also vulnerable to extinction, with the latest continent-wide survey 
estimating ~111,000 individuals remaining in the wild (Muller 
et al. 2018a; Giraffe Conservation Foundation 2019). There has 
been a strong recent focus on the study of genotypic variability 
and morphological differences in giraffe, proposing that four spe-
cies may exist (Lydekker 1904; Fennessy et al. 2016; Winter et al. 
2018), but relatively little discussion centered on how to measure 
behavioral flexibility within populations. In large wild herbivores, 
one measure of behavioral plasticity is the relationship between 
herd size and local environmental conditions (sensu Marino and 
Baldi 2014). If we can predict herd size through space and time, 
in line with ecological correlates and within a single population 
that regularly utilizes a heterogeneous environment, then there is 
a strong argument for inferring that flexibility in herd size is due, 
at least in part, to behavioral plasticity rather than natural selec-
tion or genetic drift. However, in giraffes, herd-size dynamics are 
also complicated by their social architecture.

Giraffes have a complex multilevel fission–fusion social 
structure (Castles 2018) in which small social units embed 
within larger communities that in turn link to form intricate 
social networks (VanderWaal et al. 2014). This system results 

in a high level of variability in giraffe herd size, with fusion 
events leading to the combination of smaller units into larger 
herds, and fission events leading to the division of larger herds 
into smaller units (Carter et al. 2013; Castles 2018). Contrary 
to expectation, recent research suggests that neither predation 
risk nor the presence of young giraffes are primary drivers of 
herd size (Muller et  al. 2018b), but rather that both internal 
herd composition by sex and external habitat conditions across 
space and time play central roles in driving giraffe herd size.

For example, both Bercovitch and Berry (2010) and Brand 
(2007) reported greater sizes of giraffe herds during resource-
rich wet seasons than during resource-poorer dry seasons, sug-
gesting that temporal variation in resource availability may 
drive herd size. However, it has also been suggested that, in 
addition to spatiotemporal habitat factors, herd size is driven by 
the sexual composition of herds, with mixed-sex herds likely to 
be larger than single-sex herds (sensu Castles 2018; Muller et 
al. 2018b). Building on these results, we suggest that variation 
in giraffe herd size within populations likely is driven by both 
social factors (including sex of the herd) and environmental 
factors (possibly signaling mechanisms of behavioral plasticity 
that allow giraffes to adjust herd sizes to local habitat condi-
tions). Here, we explore this possibility in a genetically isolated 
population of giraffes in the hyper-arid northern Namib Desert.

The extant range of this population is intersected by two 
ephemeral river systems that form the main provenance of re-
sources for the open population of giraffes. These river systems 
vary in their vegetative composition and individual giraffes 
move between the two systems (Fennessy 2004). This desert-
dwelling population of giraffes is water independent, relying 
primarily on the water content of the vegetation of the riparian 
woodlands for their water intake (Scheepers 1992; Fennessy 
2004). In this highly seasonal, heterogeneous, and harsh envi-
ronment, we expect that any behavioral flexibility in line with 
local environmental factors would be accentuated (sensu Gedir 
et al. 2016). However, despite early reports of herd size dis-
parity in this population (Scheepers 1992; Fennessy 2004), as 
yet no research has examined whether such variation may be 
the result of adjustment to local variation in exogenous factors.

Here, we explore this possibility by examining the intrinsic 
and extrinsic drivers of herd size disparity. In line with previous 
research, we predict that social factors, but not risk of preda-
tion, will drive herding dynamics. Additionally, we propose 
that local environmental factors and habitat heterogeneity will 
predict herd size. Specifically, we predict:

 1. larger herd sizes when herds are of mixed-sex (i.e., include 
both adult males and adult females; sensu Castles et al. 2018),

 2. that the presence of juveniles will not drive herd size 
(signaling giraffes do not make use of the dilution effect 
to safeguard their young against predation; sensu Muller 
et al. 2018b), and

 3. that there will be a strong relationship between spatiotem-
poral variation in habitat factors and herd size (indicating 
giraffes make use of behavioral plasticity to adjust herd 
size in line with exogenous factors).
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Materials and Methods

Study area.—We conducted the study within a remote 4,500-
km2 protected area of the northern Namib Desert in northwest 
Namibia (−18.94661°N, 13.05204°E; Fig. 1). Here, ephemeral 
watercourses provide the main habitat for a persistent popu-
lation of free-roaming Angolan giraffes (G.  g.  angolensis—
Fennessy et al. 2016; hereafter, giraffes). The apex predator in 
the study area is the African lion (Panthera leo), and resident 
lions actively hunt giraffes (Stander et al. 2018).

Data collection.—We recorded field observations by vehicle 
along a 250-km transect across 17 sampling periods (each of 
7–10  days duration) from February 2016 to February 2018 
(Fig. 1a). Data were collected under Giraffe Conservation 
Foundation (GCF) research permits 2162/2016 and 2277/2017, 
University College Dublin (UCD) ethics approval number 
AREC-E-16-50, and followed the guidelines of the American 
Society of Mammalogists (Sikes et al. 2016).

We recorded the composition (age, sex) and GPS position 
(Etrex 10; Garmin, Olathe, Kansas) of each herd of giraffes, 
with herds defined as one or more giraffes engaged in the same 
behavior, not moving in opposing directions, and not more than 
500 m apart (Carter 2013; VanderWaal et  al. 2014). We cat-
egorized age classes as juvenile (≤ 1 year), subadult (13 months 
to 4 years), and adult (4+ years—Fennessy 2004). In line with 

Bercovitch and Berry (2015), Strauss (2014), and Langman 
(1977), criteria for age estimations were based on height (as 
visually compared to adults), behavior, body shape, coat tex-
ture, ossicone angulation and size, and presence or absence of 
an umbilical remnant. All giraffes were individually identified 
by pelage pattern (Fennessy 2004; Carter 2013), allowing us to 
avoid pseudoreplication by recording data for each individual 
only once per day.

Data handling and analyses.—Data handling and analyses 
were performed in R 3.4.2 (R Development Core Team 2017). 
Spatial analyses and visualization were carried out in ArcMap 
10.3.1 (ESRI 2014) using Geospatial Modeling Environment 
(GME—Beyer 2012) combined with the 3.1.1 compatible ver-
sion of R (R Development Core Team 2014).

Herd-size dynamics.—To analyze herd-size dynamics, we 
created a data set with rows corresponding to herd sightings 
and columns recording the time, date, and coordinates (easting 
and northing in meters) of the sighting, and the size (response 
variable), age (presence or absence of subadults and juveniles; 
binary variable), and sex composition (male only, female only, 
or mixed) of each herd.

Male and female herds were defined as herds where all adult 
individuals were male or female, respectively, whereas mixed 
herds were defined as having a minimum of one adult male and 
one adult female present. As juveniles, and possibly subadults, 

Fig. 1.—Map of the study region showing a) giraffe (Giraffa giraffa angolensis) herd sightings by season (n = 497), with seasons simplified to a 
3-month “cold-dry season” (June–August), a 6-month “hot-dry season” (September–February), and a 3-month “wet season” (March–May), with 
b) a photograph of a herd of giraffe over the northern ephemeral river, and c) NDVI values for a section of the southern river, with high (corre-
sponding to single trees) to low (corresponding to bare areas) NDVI values.
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usually associate with their mother, they are likely by definition 
to be in larger herds (Muller et al. 2018b). To avoid this circu-
larity and allow us to still test for the effect of the presence of 
younger giraffes on herd size, the response variable herd size 
was calculated based on the total number of adult giraffes present 
rather than on the total herd size. We then included the presence 
or absence of juveniles or subadults as a binary dummy predictor.

Time was converted into a categorical variable with morning 
(0600–1000 h), midday (1000–1600 h), and evening (16:00–
20:00 h), each accounting for 4 h of the total 12-h sampling 
period. As time of the day values were not available for a subset 
of the data, we replaced missing time values in this subset with 
random hours drawn from the observed distribution of hours. 
We preliminarily ran the model describing the variability 
of herd size (described in full below) both including and ex-
cluding this subset. We found that the effect size and the direc-
tion of our estimates did not vary depending on whether or not 
we included the subset in the analysis. We therefore prepared 
the data to be analyzed by the final model with the full available 
sample size.

To examine variation in local environmental factors, we ex-
tracted values for three sets of environmental predictors for 
each herd location:

 1. We created a normalized difference vegetation index 
(NDVI) time series at 16-day intervals from Landsat 8 
satellite imagery at 30-m resolution and extracted values 
for each herd location from the raster closest in date. Any 
images corrupted by > 10% cloud cover were replaced by 
Sentinel 2 satellite imagery reclassified to the same 30-m 
resolution. Visual inspection of our NDVI time series 
suggested it accurately captured NDVI to the accuracy of 
single trees (see Fig. 1c). As such NDVI values provided 
a strong proxy for food availability at a fine scale (sensu 
Pettorelli et al. 2005).

 2. We extracted habitat composition using the 20-m reso-
lution land-use map for the African continent generated 
by the European Spatial Agency (ESA). This categor-
izes habitat into 10 categories, five of which occurred 
in the study site: shrub-covered areas, grassland, crop-
land, sparse vegetation, and bare areas. Visual inspection 
showed that the ESA classification for cropland more ac-
curately corresponded to woody vegetation–trees in the 
study site, and so we reclassified it as such.

 3. We calculated terrain slope in degrees and terrain rugged-
ness in meters (sensu Riley et al. 1999) from a 30-m resolu-
tion digital elevation model from the RCMRD GeoPortal.

The NDVI, slope, and ruggedness rasters had a relatively fine 
(30 m) resolution, so we extracted these values using a small 
buffer size around each observed herd location. We calculated 
the radius of this buffer size based on the median distance 
walked by giraffes in an hour (Thurfjell et al. 2014), extracted 
from GPS biotelemetry data (n = 40,133 relocations) from 10 
giraffes (n = 5 males, n = 5 females) collected between July 
2017 and March 2018 in the same study area. The 10 giraffes 
were evenly distributed between the two river systems and 

tagged using giraffe-specific biotelemetry units (produced by 
Savannah Tracking Ltd, Nairobi, Kenya), each set to 1-h fre-
quency. These giraffes were the first cohort to be randomly 
selected for capture as part of a longer ongoing study in the 
area. The capture method and veterinary procedures involved 
are detailed in Fennessy et al. (2019). Extracting environmental 
variables at this small buffer size provided an estimate of the 
environment the giraffe is likely exposed to 1 h before or after 
each observation (Ensing et al. 2014). Visual inspection of the 
ESA land-use map showed that it gave a rougher estimation 
of habitat type in this area than the other rasters. As such, we 
extracted values from this raster using a larger buffer size with 
the diameter based on the median value of the maximum daily 
distance traveled by giraffes using the same telemetry data set 
as for the smaller buffer. This provided an estimate of the en-
vironment the giraffe is likely exposed to 12 h before or after 
each observation.

We screened all candidate predictors for collinearity using 
a Pearson correlation matrix (Zuur et  al. 2009). The candi-
date predictors included: time and date of sighting; easting 
and northing coordinates; presence of juveniles and of sub-
adults; herd type (male, female, or mixed); NDVI, slope, and 
terrain ruggedness; and habitat type. Depending on their eco-
logical importance to the model, collinear predictors (|rPearson| 
≥ 0.7) were either dropped from the analysis or transformed 
into uncorrelated variables using principal component analysis 
(PCA—Venables and Ripley 2002).

We modeled herd size using a generalized additive model 
(GAM) with the function gam from the mgcv package. We 
used smoothing functions to allow for nonlinear relationships 
and cross-validation to automatically determine the optimal 
amount of smoothing (Wood 2006, 2011). Given the nature of 
our response variable (i.e., count data), we fit our first model 
with a Poisson distribution of errors. We detected a slight 
overdispersion and corrected the standard errors using a quasi-
generalized linear model (GLM) (where the variance is given 
by φ × μ, where μ is the mean, and φ is the dispersion param-
eter). The model was fit using the select = TRUE implementa-
tion in the gam algorithm of the mgcv package, which allowed 
automated model selection. This option adds a penalty to each 
smoothing term, allowing it to be penalized out of the model 
via optimization of the smoothing parameter selection criterion 
(Wood 2017).

To investigate differences in availability of food biomass be-
tween the two river systems, we defined the overall area of each 
river used by giraffes by creating a 500-m buffer around the sur-
veyed section of each river (see Fig. 1). We then generated 100 
random points within each river system, and extracted the per-
centage cover of the five habitat type categories found from each 
of these buffered points. We used PCA (Venables and Ripley 
2002) to transform the correlated proportions describing the 
habitat occurrence at random points into uncorrelated principal 
components. We then used a nonparametric Mann–Whitney 
test for two independent samples to compare the values of the 
principal components describing the habitats of the two river 
systems.
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Results
We observed 497 herds comprising 1,624 individual sightings 
of adult giraffes (n = 705 males; n = 919 females).

Buffer-size analysis.—Results of our buffer-size analysis using 
GPS satellite telemetry data from a concurrent study (n = 40,133 
relocations) showed that the median hourly step length was 169.2 
m (radius of small buffer size) and median value of the maximum 
daily distance travelled was 3,291.1 m (diameter of large buffer size; 
Supplementary Data SD1). These buffer sizes were used to extract 
the environmental predictors at the small and large spatial scales.

Herd-size dynamics.—Results of collinearity screenings 
showed that the spatial predictors easting and northing were 
collinear (rp  =  −0.8). It was crucial to include a spatial var-
iable to account for the residual spatial autocorrelation and 
the environmental heterogeneity that is not embraced by the 
other model predictors. We thus ran a PCA (Zuur et al. 2009) 
to transform easting and northing into the uncorrelated vari-
ables PC1 and PC2 (explaining 89% and 11% of the variance, 
respectively; Supplementary Data SD2). The five habitat type 
variables (shrub-covered areas, grassland, woody vegetation/
trees, sparse vegetation, and bare areas) were also correlated 
(|rp| > 0.4) or collinear (|rp| = ~0.7). To avoid overfitting, we ran 
a PCA to transform these five predictors into three uncorrelated 
variables PC1ESA, P2ESA, and PC3ESA (explaining 53%, 
28%, and 13% of the variance, respectively; Supplementary 
Data SD2). Finally, slope and terrain ruggedness were found to 
be collinear (rp = 0.9) and we therefore dropped terrain rugged-
ness from the analysis. A final collinearity screening showed 
all predictor variables had correlation coefficients of |rp| ≤ 0.3.

The GAM explained 54%s of variance in herd size ( x̄ = 3.3, 
SD = 2.8) and had the following structure:

herd size ∼ intercept + f1(MONTHmale herds)
+ f2(MONTHfemale herds) + f3(MONTHmixed herds)

+ f4(PC1, PC2) + f5(PC1ESA) + f6(PC2ESA)
+ f7(PC3ESA) + f8(NDVImale herds)

+ f9(NDVIfemale herds) + f10(NDVImixed herds)
+ f11(slope) + J-SApresence + herd_type
+year_of_study + time_of_the_day + error

where f1,n are smoothing functions to allow for nonlinear rela-
tionships depicting the variation of herd size over time (month) 
for each herd type (male, female, or mixed), over space (PC1 
and PC2), as a function of habitat type (PC1ESA, PC2ESA, 
PC3ESA), NDVI for each herd type, and slope, and with J-SA 
(the presence or absence of juveniles or subadults), herd type, 
year of study (to account for annual differences in weather and 
sample size), and time of the day (dawn, day, and dusk) fitted as 
categorical fixed effects, and Poisson distributed error.

Significant parametric predictors (Table 1) included herd 
type, with female herds (n  =  101) significantly smaller than 
mixed herds (n = 239) but significantly larger than male herds 
(n = 157; Figs. 2b and 2e), and time of the day, with herds re-
corded in the first 4 h of the sampling period (n = 163) signifi-
cantly larger than those both in the middle of the day (n = 251) 
and in the evening (n = 83; Figs. 2c and 2f). Herds with ju-
veniles or subadults present (n = 109) showed a trend toward 
slightly larger aggregations than those without (n = 388), but 
this effect was not significant (Figs. 2a and 2d). Herd size de-
creased slightly across the three calendar years of study (Table 
1), but this was likely due to uneven sampling (2016 and 2018 
were partially sampled, whereas 2017 was fully sampled) and 
year of study was retained in the model to account for this. Year 
of study was fitted as a fixed effect and not as a random term in 
the model because of the reduced degrees of freedom.

In terms of approximate significance of smoothing terms 
(Table 2), slope did not affect herd size, and we did not find a 
significant variation of month by herd type (female, x̄ = 2.32, 
SD  =  1.39; male, x̄  =  1.73, SD  =  1.33; mixed x̄  =  6.30, 
SD = 4.34), meaning that all herd types tended to have a stable 
size over the course of the year. Likewise, we did not find a 
significant variation of herd size as a function of NDVI by herd 
type. To better appreciate this result, we visualized the fre-
quency of NDVI values extracted for each giraffe herd location 
and found that, at the small spatial scale, giraffe herds regard-
less of size were located near to trees (Fig. 3; values 0.10–0.11 
NDVI; see inset Fig. 1c), meaning that herds tended to relo-
cate themselves where the NDVI values were higher, regardless 
of the size or composition of the herd. Our spatial variables 
PC1 and PC2 were strongly significant, meaning that herd size 

Table 1.—Significance of parametric coefficients as estimated by the generalized additive model explaining the variability of giraffe (Giraffa 
giraffa angolensis) herd size (n = 497) in the northern Namib Desert, Namibia, from February 2016 to February 2018. Significant effects (P < 0.05) 
are shown in bold. *SEs corrected using a quasi-GLM model where the variance is given by φ × μ, where μ is the mean, and φ the dispersion 
parameter.

Estimate SE* t-value P-value

Intercept 1.016 0.099 10.279 < 0.001
Herd type [female] 0    
Herd type [male] −0.267 0.099 −2.687 0.007
Herd type [mixed] 0.700 0.082 8.532 < 0.001
Juveniles or subadults in the herd [absent] 0    
Juveniles or subadults in the herd [present] 0.113 0.066 1.716 0.087
Time of the day [dawn] 0    
Time of the day [day] −0.232 0.059 −3.916 < 0.001
Time of the day [dusk] −0.158 0.077 −2.055 0.040
Year of study [2016] 0    
Year of study [2017] −0.128 0.063 −2.013 0.045
Year of study [2018] −0.252 0.106 −2.376 0.018
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was strongly driven by environmental heterogeneity across the 
study area, with herd sizes larger as values increased along PC1 
(from southeast to northwest) and decreased along PC2 (from 
southwest to northeast; Fig. 4a).

Our habitat-classification variables, embraced by the prin-
cipal components PC1ESA, PC2ESA, and PC3ESA, were also 
significant in explaining the variability of herd size. Herd sizes 
were larger as PC1ESA values increased (from bare areas to 
a combination of shrub-covered areas, grassland, and woody 
vegetation and trees; Fig. 4b), and this was the main driver 
among the three principal components. We also found herd 
sizes slightly decreased as PC2ESA values increased (from 
a combination of bare areas and shrub-covered areas, grass-
land, and woody vegetation and trees to areas of sparse veg-
etation; Fig. 4c). Finally, we found aggregations to be larger 
as PC3ESA values assumed the value of approximately zero 
(from grassland to a combination of woody vegetation and 
trees, shrub-covered areas, and sparse vegetation; Fig. 4c; see 
Supplementary Data SD2 for principal component loadings).

Our GAM showed that the largest herd sizes were re-
corded in the northern sector of the study site (Fig. 4a). 
To further explore the differences between the northern 
and southern sectors of our study region, we extracted 

the proportion of habitat type for each of our five habitat 
categories from 200 sampling points randomly selected 
within the two main river systems (100 points each). We 
fitted a PCA to transform the proportions of the habitats 
occurring at the random points into three uncorrelated prin-
cipal components PC1NS, PC2NS, and PC3NS, which ex-
plained 48%, 25%, and 15% of the variance, respectively 
(Supplementary Data SD2; Table 3).

As the data were not normally distributed, we ran a 
Mann–Whitney U-test for two independent samples. PC1NS 
was the principal component with the highest loading, and 
the northern river system had significantly higher values 
of PC1NS than the southern (W  =  3,241, 95% CI: −0.886, 
−0.265, P < 0.001; where higher values correspond to a 
move from bare areas to a combination of shrub-covered 
areas, grassland, and woody vegetation and trees). There was 
no significant difference on PC2NS between the northern and 
southern river systems (W = 4,622, 95% CI: −0.133, 0.029, 
P = 0.354), although there was a trend for slightly higher 
values to the north (with values moving from a combina-
tion of bare areas and shrub-covered areas, grassland, and 
woody vegetation and trees to areas of sparse vegetation). 
Finally, we found the northern river system had significantly 

Fig. 2.—Fixed-effect predictors of giraffe (Giraffa giraffa angolensis) herd size in 497 herds observed in northwest Namibia from February 2016 
to February 2018. The top-row plots depict the effect size (effect size ±95% CIs) of the predictors responsible for driving giraffe herd size: a) pres-
ence of juveniles or subadults, b) herd type, and c) time of the day, as predicted by our generalized additive model fitted with Poisson distribution 
of errors and quasi-Poisson correction for uncertainties. The bottom-row plots depict the relationship between the same predictors, d) presence of 
juveniles or subadults, e) herd type, and f) time of the day, and observed herd size.
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higher levels of PC3NS values than the southern (W = 4,108, 
95% CI: −4.89e−2, −0.0074e−2, P = 0.028; with low to high 
values moving from grassland to a combination of woody 
vegetation and trees, shrub-covered areas, and sparse veg-
etation; Supplementary Data SD2). To demonstrate the dif-
ferences between the river systems in terms of each habitat 
type, we tabulated the percentage proportions of each habitat 
category by river system (Table 3).

Discussion
Our results indicated that 1) mixed-sex herds were larger than 
single-sex herds, suggesting that the sexual composition of 
herds played a role in driving herd size (sensu Castles 2018); 
2)  the presence of young did not drive herd size, suggesting 
that giraffes did not make use of the dilution effect to safeguard 
their young from predation (sensu Muller et  al. 2018b); and 
3) there was a strong relationship between herd size and spatial, 
but not seasonal, variation in resource availability. Specifically, 
our results showed that herd size did not vary by month of the 
year, and that herd sizes were larger overall in the northern river 
system, which supported a greater proportion of vegetation 
than the southern river system. Finally, we found that larger 
herd sizes were recorded in the mornings and evenings, likely 
signaling temporary fusion events driven by biphasic feeding 
activities. Overall, while our results suggest that social factors 
play a central role in shaping herd size dynamics (sensu Carter 
2013; VanderWaal 2014), they also indicate that local environ-
mental factors predict herd size.

As giraffes have long generation times (4 or 5 years—Dagg 
and Foster 1976), local adaptation to ecological change through 
natural selection would take considerable time (Refsnider and 
Janzen 2012). Additionally, as giraffes are vagile (Flanagan 
et al. 2016), have long life spans (> 20 years—Bercovitch and 
Berry 2015), and individuals have been observed to regularly 
move between the two river systems (Fennessy 2009), it is un-
likely that our finding of local spatial herd size disparity can be 
parsimoniously explained by natural selection or genetic drift 
(sensu Van Schaik 2013). We suggest, therefore, that giraffes 
adjust herd size in line with local exogenous factors through 
mechanisms of behavioral plasticity, but that these mechanisms 
operate within the constraints of the social determinants of gi-
raffe herd size.

In particular, our results suggest that food biomass availa-
bility was a strong environmental driver of variability in herd 
size. Specifically, we found that herd sizes were larger the 
closer herds were to the linear ephemeral river systems, where 
multiple classes of vegetation were present, and the farther 
they were from bare desert areas. Furthermore, we found that 
herd sizes were larger the closer herds were to the narrow ri-
parian woodlands, which include a combination of bare areas 
and vegetated areas (Fig. 1b), and the farther they were from 
areas of sparse vegetation found in the mountainous water-
sheds between the river systems (Fig. 1a). Finally, we found 
that, overall, herd sizes were larger in the northern sector of the 
study area, and that this sector supported a greater proportion 
of vegetation than the southern sector. In combination, these re-
sults suggest that giraffe herd sizes are larger in areas of greater 
food biomass availability, signaling that local resource avail-
ability is a likely driver of variation in herd-size dynamics of 
giraffes.

After taking into account both spatial and habitat variables, 
we did not find a positive relationship between spatiotemporal 
variation in NDVI, which we used as a proxy for availability 
of vegetation biomass (Pettorelli et  al. 2005), and herd size. 

Table 2.—Approximate significance of smoothing terms as es-
timated by the generalized additive model (Poisson distribution of 
errors with standard errors corrected via quasi-Poisson to account for 
overdispersion) explaining the variability of giraffe (Giraffa giraffa 
angolensis) herd size (n  =  497) in the northern Namib Desert, Na-
mibia, from February 2016 to February 2018. Significant effects 
(P < 0.05) are shown in bold. Descriptions of the principal component 
(PC) axes are given in the text.

edf Ref.df F P-value

f11(slope) 1.423e−05 9 0.000 0.484
f2(MONTHfemale herds) 5.478e−01 9 0.109 0.162
f1(MONTHmale herds) 5.768e−01 9 0.094 0.217
f3(MONTHmixed herds) 6.278e−06 9 0.000 1.000
f9(NDVIfemale herds) 2.568e−04 9 0.000 0.368
f8(NDVImale herds) 2.404e−05 9 0.000 0.990
f10(NDVImixed herds) 4.576e+00 9 0.818 0.135
f4(PC1, PC2) 9.553e+00 99 0.321 < 0.001
f5(PC1ESA) 9.049e−01 9 0.910 < 0.001
f6(PC2ESA) 1.000e+00 9 0.800 0.002
f7(PC3ESA) 4.136e+00 9 1.345 0.005

Fig. 3.—Frequency of mean NDVI values extracted for the buffered 
locations of 497 giraffe (Giraffa giraffa angolensis) herds observed in 
northwest Namibia from February 2016 to February 2018. The radius 
of the buffer from which we extracted values (169.2 m) was equivalent 
to the median hourly distance covered by giraffes, as shown by a con-
current satellite telemetry study in the same area. At the small spatial 
scale, giraffe herds regardless of size were located near trees along 
riverbeds (values 0.08–0.12 NDVI; see inset Fig. 1c, with NDVI ≤ 0 
corresponding to bare areas).
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This is likely due to differences in the spatial resolution of our 
habitat and NDVI predictors. Specifically, as our NDVI values 
were extracted at a fine spatial resolution, capturing the mean 
distance a giraffe covers in 1 h, they reflected the fact that gir-
affes consistently chose to locate in areas of high NDVI (Figs. 
1c and 3) regardless of the size of their herd. Conversely, our 
habitat predictors were extracted at a coarser spatial resolution, 
capturing the mean distance a giraffe covers in 1 day, and there-
fore reflected differences in the overall proportion of vegeta-
tion cover between local habitats. As such, while our NDVI 
predictors demonstrated that giraffes consistently locate in the 
areas supporting the highest levels of NDVI that are immedi-
ately available to them in time and space, our habitat predictors 
demonstrated that giraffes adjust their herd sizes in relation to 
the overall proportion of food biomass supported by their local 
area. We might expect, therefore, that seasonal shifts in the phe-
nology of the local vegetation in this area (Fennessy 2004) may 
also predict variation in giraffe herd size.

However, after taking into account spatial differences be-
tween north and south, and differences in habitat compo-
sition, we found temporal variation in herd size on a diel 
scale but not on a monthly scale. While variation in herd 
size on a diel scale likely represents temporary herd fu-
sions during daily biphasic foraging bouts (Fennessy 2004; 
Castles 2018), our failure to find fluctuation in herd size on 
a monthly scale may be explained by the complex social 

architecture of giraffes. Specifically, giraffes temporarily in-
flate their herd sizes on a diel scale, likely when herds merge 
to feed in the morning and evenings, but they retain rela-
tively stable herd sizes across the year. Giraffes form strong 
social bonds, resulting in permanent social units that embed 
within complex social networks (Carter 2013; VanderWaal 
et al. 2014; Wolf et al. 2018). Social bonds may therefore re-
sult in long-term stability in herd size in this population. The 
results from our analysis of herd sexual composition support 
this proposition.

In particular, mixed-sex herds were larger than single-sex 
herds. This result is likely an artifact of male giraffes tempo-
rarily joining herds of female giraffes to breed (Castles 2018). 
As such, larger herd sizes in mixed relative to single-sex herds 
likely signals only temporary inflation of otherwise relatively 
stable social units. Furthermore, in line with Muller et  al. 
(2018b), we found that the presence of young did not lead 
to larger herd sizes, suggesting stability in the size of giraffe 
breeding herds, and also signaling that they do not make use of 
the dilution effect to safeguard their young (sensu Kie 1999). 
Thus, while ecological correlates temporarily drive variation 
in herd size through mechanisms of behavioral plasticity, so-
cial factors stabilize the size of core units over time. This flex-
ibility has clear advantages in terms of balancing the costs and 
benefits of group living, particularly in environments with het-
erogeneity in spatial or temporal resource availability. Recent 

Fig. 4.—Effects of spatial and habitat type predictors (smoothing splines) on giraffe (Giraffa giraffa angolensis) herd size based on observa-
tions of 497 giraffe herds in northwest Namibia from February 2016 to February 2018 as predicted by our generalized additive model fitted with 
Poisson distribution of errors and quasi-Poisson correction for uncertainties. Herd size significantly increased in line with a) our spatial variables 
PC1 and PC2, with larger herd sizes recorded in the northern section of the study area; and b) our main habitat variable PC1ESA, with larger herd 
sizes recorded moving from bare areas to a combination of shrub-covered areas, grassland, and woody vegetation and trees. Additionally, b) dem-
onstrates a slight increase in herd sizes as PC2ESA values decrease, moving from areas of sparse vegetation to a combination of bare areas and 
shrub-covered areas, grassland, and woody vegetation and trees; and c) shows an increase in herd sizes as PC3ESA values assumed the value of 
approximately zero, moving from grassland to a combination of woody vegetation and trees, shrub-covered areas, and sparse vegetation.

Table 3.—Mean values of proportions for each habitat type category as extracted from 100 random points in the surveyed section of each of the 
northern and southern river systems. These proportions were highly correlated and therefore transformed via principal component analysis (PCA) 
into uncorrelated principal components (PC1NS, PC2NS, PC3NS, where PC stands for principal components and NS for North–South), which 
here are reported as mean values for each river system. Descriptions of the PC axes are given in the text. * Variability explained, PCA.

Shrub Grass Woody Sparse Bare PC1NS (48%*) PC2NS (25%*) PC3NS (15%*)

Northern river section (n = 100) 4.4% 13.3% 6.1% 13.5% 62.5% 0.44 0.11 0.11
Southern river section (n = 100) 1.1% 9.4% 1.4% 8.6% 79.2% −0.44 −0.11 −0.11
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research is suggesting a similar social architecture across a 
wide range of herbivores.

Traditionally, the social structure of many large herbivorous 
ungulates was believed to be one of simple loose associations 
between members of the same species (Langman 1977), but 
more recent research has revealed increasingly complex social 
models for these taxa. For example, social network analyses 
have demonstrated that plains zebras (Equus burchellii—
Fischhoff et al. 2007), bison (Bison bison—Fortin et al. 2009), 
and guanacos (Lama guanicoe—Marino and Baldi 2014) ad-
just their herd sizes in line with ecological correlates, but that 
herd size remains mediated by social ties. This combination 
of drivers of herd dynamics is likely common to many gregar-
ious, herbivorous ungulates. Complex between-species social 
networks are also mediated by ecological correlates, adding a 
further level of complexity to our understanding of the herd 
dynamics of mixed-species groupings (e.g., Meise et al. 2019).

Plasticity in herd-size dynamics indicates that giraffes fit in 
the category of large-brained, vagile mammals with high be-
havioral plasticity (Van Schaik 2013). Flexibility in behavior 
may be advantageous to giraffes in terms of adjusting to fast-
paced climate change, translocations, or other human-induced 
environmental changes to their natural ranges over the coming 
decades. However, it may also signal an increased vulnerability 
to extinction once thresholds of plasticity are met (Van Schaik 
2013; van Baaren and Candolin 2018). Better understanding 
of giraffe behavioral plasticity and its thresholds is necessary 
to allow us to predict and protect core areas of remaining gi-
raffe habitat in the face of continuing environmental change. 
The increasing number of giraffes being translocated from their 
natal ranges for the purpose of conservation, sometimes outside 
of their indigenous ranges (Fennessy et  al. 2019), may offer 
an opportunity to study thresholds of behavioral flexibility in a 
natural setting (Flanagan et al. 2016).
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