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Abstract
Many African large terrestrial mammals move through landscapes in search of food and water.
In north-central and north-eastern Namibia, high numbers of large mammals are present with
important economic and cultural values. However, these mammals are threatened by increasing
anthropogenic pressures, habitat loss and loss of migratory routes. Connectivity conservation
can help reverse the effects of habitat loss and fragmentation on large mammals and strengthen
the resilience of ecological reserve networks to climate change. The study examined the
changes in distribution and movement patterns of African lions (Panthera leo) and African
savanna elephants (Loxodonta africana) over three time periods and identified potential
corridors for these two mammalian species. To reconstruct the species’ past occurrences,
historical maps were digitalised, and shapefiles for their distributions were created. With the
help of ArcGIS software, potential corridors for lions and elephants were detected through the
development of habitat suitability and least-cost connectivity models. The selection and
weighting of species’ habitat factors were based on literature findings and expert knowledge.
The model outputs were validated by expert opinions making use of the species’ home ranges
and core ranges derived from telemetry data. The results of the investigation showed that
Namibian lions and elephants, and likely other large terrestrial mammals, have experienced
substantial range contractions and reduced movements due to human activities dominated by
land use changes, associated habitat loss and fragmentation. Suitable habitats for lions and
elephants were found to be mainly in protected areas, including Etosha, Mangetti and Khaudum
National Parks and along the Omatako River. Potential least-cost paths connecting these major
habitats were detected for lions and elephants, but the implementation would be challenging
due to high human occupancies in the area. Alternative strategies may have the potential to
recover large mammal movements and maintain the viability of their populations within the
study area, e.g. promotion of the development of wildlife-based land uses in communal
conservancies and freehold farms, careful planning of fences, educational programme and
species translocation. Further research is required to confirm the preliminary results of the lion
and elephant corridors and to evaluate the effectiveness of alternative conservation strategies.
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Zusammenfassung
Viele große Landsäugetiere Afrikas legen auf der Suche nach Nahrung und Wasser weite
Strecken zurück. In Nordzentral- und Nordostnamibia gibt es eine große Anzahl großer
Säugetiere von hohem, ökonomischen und kulturellen Wert. Diese Tiere sind jedoch
zunehmend durch anthropogenen Druck und den Verlust von Lebensraum und
Migrationsrouten bedroht. Die Erhaltung von landschaftlicher Konnektivität kann helfen, die
Effekte des Lebensraumverlusts und der Fragmentierung großer Säugetierbestände
umzukehren und die Widerstandsfähigkeit ökologischer Reservenetzwerke gegenüber dem
Klimawandel zu stärken. Diese Arbeit hat die Entwicklung der Verbreitung und der
Bewegungsmuster Afrikanischer Löwen (Panthera leo) und Afrikanischer Elefanten
(Loxodonta africana) über drei Zeiträume untersucht und potenzielle Korridore für diese Arten
identifiziert. Um frühere Vorkommen der Arten zu rekonstruieren, wurden Shapefiles ihrer
Verbreitung erstellt und historische Karten digitalisiert. Mithilfe der ArcGIS Software und der
Entwicklung von Modellen für Lebensraumeignung und kostengünstige Konnektivität, wurden
potenzielle Korridore für Löwen und Elefanten ermittelt. Die Auswahl und Gewichtung der
Faktoren der Lebensraumeignung erfolgte auf Grundlage von Literaturrecherchen und
Expertenwissen. Unter Verwendung der Heimatreviere und aus Telemetriedaten abgeleiteten
Bewegungsprofilen, wurden die Modellergebnisse durch Expertenmeinungen validiert. Die
Ergebnisse der Untersuchung zeigten, dass namibische Löwen und Elefanten eine substanzielle
Verkleinerung ihres Lebensraums und Einschränkung ihrer Bewegungsprofile erlebt haben, die
durch menschliche Aktivitäten, wie eine veränderte Landnutzung und damit einhergehende
Fragmentierung ausgelöst wurden. Geeignete Lebensräume für Löwen und Elefanten wurden
hauptsächlich in geschützten Gebieten wie den Etosha-, Mangetti- und Khaudum National
Parks entlang des Omatako gefunden. Potenzielle, kostengünstige Pfade, die diese HauptLebensräume miteinander verbinden, wurden ermittelt, allerdings stellt die Implementierung
aufgrund der hohen Anzahl von Menschen auf dem Gebiet eine große Herausforderung dar.
Alternative Strategien könnten das Potenzial haben, die Bewegungen großer Säugetiere
wiederherzustellen und die Lebensfähigkeit ihrer Population im untersuchten Gebiet zu
erhalten, z.B. die Förderung der Entwicklung von Wildtier-basierter Landnutzung in
kommunalen Naturschutzgebieten und auf privatem Grundbesitz, sorgfältige Planung von
Zäunen, Bildungsprogramme und die Umsiedlung bestimmter Arten. Weitere Untersuchungen
sind erforderlich, um die vorläufigen Ergebnisse der Korridore für Löwen und Elefanten zu
bestätigen und die Wirksamkeit alternativer Schutzstrategien zu bewerten.
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1 Introduction
Many African savanna species move across landscapes to take advantage of more favourable
conditions with respect to various intrinsic and environmental factors, including the availability
of food and water, mating opportunities and safety from predation (Ojwang et al., 2017). Their
movements can be categorised into two systems: migration and dispersal. Migration usually
refers to regular seasonal movements of animals from one spatial unit to another with a return
journey (Ojwang et al., 2017). It is an adaptive response to living in seasonal environments and
to the spatiotemporal distribution of resources. Purdon et al. (2018) further noted that the
migrations of large herbivorous mammals between dry and wet season ranges are attributed to
high forage quality and availability. Additionally, dispersal is the movement of animals leaving
their maternal home range to establish new territories and find mates that maintain healthy
genetic and demographic diversity (Ament et al., 2014).

However, in the wake of increasing anthropogenic pressures and land use transformations,
movements of these savanna species are impeded or extinguished, resulting in isolated
populations (Brennan et al., 2020; Dolrenry et al., 2020; Naidoo et al., 2016; Thomson et al.,
2013). The expansions of human activities have also resulted in the loss, fragmentation or
degradation of wildlife habitats, particularly outside protected areas. Mammalian species are
most vulnerable to habitat loss and fragmentation due to intrinsic biological traits, including
large body sizes, extensive home range requirements, low densities and slow population growth
rates, together with external threats (Crooks et al., 2011). Moreover, climate change aggravates
the problem of isolation as fragmented landscapes are less resilient to ecological disturbances,
to resist the loss of native species and to minimise emerging risks, such as diseases (Ament et
al., 2014).

Connectivity conservation has been widely recognised as a key strategy to the adverse effects
of habitat loss and fragmentation on biodiversity (Pulsford et al., 2015). It also strengthens the
resilience of ecological reserve networks to climate change (Rudnick et al., 2012). While there
are multiple benefits of connecting wildlife habitats, some potential negative social impacts
should also be considered, for instance, negative public perception of large carnivores
repopulating to areas close to human dwellings (Ament et al., 2014). It is essential to improve
the connectivity of ecologically important areas and at the same time minimise human-wildlife
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conflicts between conserved areas and surrounding communities with inclusive planning and
collaboration.

1.1 State of knowledge
Namibia is the most arid country in sub-Saharan Africa, known for its diverse and unique
landscapes, as well as its richness in species (Schalkwyk et al., 2010). The Namibian economy
is highly dependent on its natural resources and major economic sectors, namely agriculture,
mining and tourism (Reid et al., 2007). With the continuing growth of human population, there
is an increasing demand for food, energy and other resources, driving conversions of land
originally protected for wildlife to settlements, agriculture or mining uses (Cushman et al., 2018;
Ojwang et al., 2017; Stoldt et al., 2020). Consequently, it leads to the shrinking of wildlife
habitats and ecosystem degradation, loss of wildlife dispersal areas, migratory routes and
corridors, changes in wildlife populations and increasing human-wildlife conflicts (Ojwang et
al., 2017). Populations of large terrestrial mammalian carnivores and herbivores such as African
lions (Panthera leo) and African savanna elephants (Loxodonta africana) are increasingly
fragmented (Stoldt et al., 2020; Trinkel, 2013).

Fences and roads are environmental concerns to large terrestrial mammals. The intensity and
scale of fencing have increased since the 1970s, particularly on Namibia’s communal land (Van
Der Wulp & Hebinck, 2021). On the one hand, fences (e.g. veterinary control fences, stock
fences and game-proof fences) have been used to delineate boundaries, limit the spread of
diseases between wildlife and livestock, control invasive species and mitigate human-wildlife
conflicts. On the other hand, they can hinder the movements of free-ranging wildlife and
fragment landscapes (Ferguson & Hanks, 2012; Pekor et al., 2019; Stoldt et al., 2020; Van Der
Wulp & Hebinck, 2021). For example, the erecting of fences around the Etosha National Park
interfered the migration of wildebeest (Connochaetes taurinus) with substantial declines (Berry,
1982, 1997; Bolger et al., 2008). Previous studies have also found that fencing prevents
elephants from accessing water sources and forces them to break through fences into
neighbouring lands and villages (Adams et al., 2017; Stoldt et al., 2020). Similarly, roads,
highways and their associated traffic volume can negatively impact wildlife through alteration
of movement patterns and behaviours, traffic collisions and population fragmentation, although
road development can bring economic and social benefits (Newmark et al., 1996; Shepard et
al., 2008).
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In addition, the high reliance on natural resources and the existing fragility of the environment
have contributed to making Namibia one of the most vulnerable countries to climate change
(Ministry of Environment and Tourism, 2011a). Changes in rainfall, evaporation and
temperature patterns directly influence the range, geographical distribution, abundance and life
cycles of wildlife species and ecosystems (Ministry of Environment and Tourism, 2011a;
Thuiller et al., 2006). The combination of rising temperatures and inconsistent rainfall leads to
higher risks of drought and fire, placing further pressure on natural resources.

Human-wildlife conflicts in Namibia are complex issues and remain challenging in wildlife
conservation. Such conflicts are influenced by economic, political and social factors, including
attitude and perception that may further erode local support for conservation (Rust et al., 2016).
The land area and wildlife populations on freehold (private) and communal lands have
increased dramatically since the creation of new property rights systems. Majority of wildlife
(82%) occurs on freehold land, whilst 12% occurs on communal land and only 6% occurs in
national parks (Brown, 2019). This could potentially give rise to conflicts due to competition
of space and resources between humans and wildlife. Numerous studies have indicated that
large iconic species such as lions and elephants exhibit population declines in areas where
livestock production is the main source of income (Dolrenry et al., 2020; Rust & Marker, 2014).
These declines are driven by removal of the problem animals in response to livestock
depredation, crop damage, damage of water facilities and attacks on humans. To minimise the
conflicts between livestock farmers and large carnivores, a variety of measures have been
developed and applied, including translocation of problem animals, the use of livestock
guardian animals and herders, exclusion of predators from farms and killing of recurrent
problem animals (Rust et al., 2016). Besides, measures such as constructing elephant drinking
dams adjacent to main dams for settlements in communal areas, protecting the main water
supply with a sturdy stone wall, placing pointy rocks on the ground, and using traditional or
innovative deterrents (chilli peppers, beehives) have been applied for mitigating humanelephant conflicts. In some cases, these techniques have successfully limited livestock
depredation, crop-raiding and damage of water supplies, but there are still many reports of
problems with large carnivores or herbivores within the country.

Rust et al. (2016) and Stoldt et al. (2020) further suggested that the increase of wildlife
populations resulting from effective conservation efforts will contribute to rising humanwildlife conflicts. The reason for this is that the growing wildlife populations cannot be
3

confined to human defined ranges. If current conservation initiatives neglect the wildlife
populations living outside protected areas, only small, isolated populations confined to national
parks and other protected areas remain. Hence, there is a need to maintain and enhance
connectivity, such as through wildlife corridors, which help expand wildlife space and facilitate
species movements throughout the country with changing seasons and climates (Ament et al.,
2014; Ojwang et al., 2017). They also help increase biodiversity and resilience in degraded
ecosystems and safeguard genetic flow between populations. Apart from sufficient habitats, the
tolerance of human communities is another fundamental element for wildlife population
connectivity and long-term viability, especially for large carnivores (Dolrenry et al., 2020).

1.2 Research gap
Studies about the dispersal of large terrestrial mammals, their survival outside protected areas
and the population connectivity between protected and non-protected areas are limited in
Namibia. Furthermore, most of the projects are based in north-western Namibia or the Zambezi
Strip. Increasing impacts on wildlife movements and rising human-wildlife conflicts involving
elephants and other species have also been seen in north-central and north-eastern Namibia (R.
Kühn, personal communication; Movirongo, 2021). Therefore, this research could support
current conservation efforts in these two sections of the country by understanding the possible
connectivity that might be suitable for animals between the wildlife important areas (e.g. Etosha,
Mangetti and Khaudum National Parks).

1.3 Objectives and research questions
The thesis aims to examine the changes in distribution and movement patterns of large
terrestrial mammals over time and their interactions with humans in north-central and northeastern Namibia. It also provides insights on potential migration and dispersal recovery
strategies for the mammalian species. In order to increase animal movements and enhance their
population viability, potential wildlife corridors are identified between Etosha National Park
and Khaudum National Park, which could further be used to connect other ecologically
important areas inside or outside the country.

4

The following questions form the basis of this research:
•

How did the distributions and movements of large terrestrial mammals, namely lions
and elephants, change over time?

•

What are the factors influencing the distribution and movement patterns of large
mammalian carnivores and herbivores?

•

What are the preconditions for planning and implementing wildlife corridors between
Etosha National Park and Khaudum National Park?

•

How feasible is the implementation of the proposed wildlife corridors in the study area?

•

What are the other potential migration and dispersal recovery strategies that could be
applied by governmental organisations, non-governmental organisations (NGO),
environmental education institutions in Namibia, as well as local communities?

5
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2 Socio-economic development and conservation in Namibia
2.1 Human population and its distribution
Covering an area of about 824,000 km2, Namibia has a population estimated at 2.5 million with
an annual growth rate of 1.8%. It is also one of the most sparsely populated countries, with an
average of three people per km2 (Figure 1). Namibians are of diverse ethnic origins; the largest
ethnic group is the Ovambo, making up half of the population. Other ethnic groups include
Kavango, Herero, Damara, Nama, Caprivians, San, Tswana, Whites, Coloureds and Basters.
As shown in Table 1, the population is unevenly distributed. Many more people live in northern
Namibia than in the central and southern regions due to a more favourable agricultural climate,
along with the past colonial and apartheid interference. It is estimated that 50% of Namibia’s
population lives in the rural parts of northern communal areas, whereas the other half resides in
cities and urban areas (Namibia Statistics Agency, 2019).

Figure 1. Human population density in Namibia.
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Table 1. Population distribution by regions in Namibia (adapted from Namibia Statistics Agency,
2019).

Regions

Number of people

Percentage

North central (Omusati, Oshana,
Ohangwena, Oshikoto)

908,384

37.7

North-east (Kavango East,
Kavango West, Zambezi)
North-west (Kunene)

346,033

14.3

102,485

4.2

East (Otjozondjupa, Omaheke)

233,971

9.7

South (Karas, Hardap)

179,482

7.4

Central (Khomas, Erongo)

643,288

26.7

Total

2,413,643

100

2.2 Land use and tenure
Namibia, formerly South West Africa, was colonised by Germany from 1884 to 1914, followed
by the South African administration until its Independence in 1990. The country inherited the
two contrasting land ownership systems from the colonial rule: private land ownership and
communal land ownership. According to Mendelsohn et al. (2012), commercial farmland,
mainly in the south and central Namibia, were reserved for private ownership by Whites
throughout the colonialism period, while homelands and tribal lands for non-whites were redesignated as communal lands at Independence. To this day, 58% of Namibia’s land is owned
by the central government, while 42% belongs to private individuals and companies. Of the
total government-owned land, 35% is allocated as communal land and managed under various
customary governance systems. Another 23% of the state land consists of national parks,
restricted areas, townland boundaries, research farms and resettlement farms (Namibia
Statistics Agency, 2018).

Agriculture remains the prime economic activity on most of the communal and freehold land
(Figure 2). It provides food, income and employment, together with supporting rural
subsistence farmers. Due to differences in soil fertility, vegetation types and aridity, the uses of
communal land across the country vary greatly. In the higher rainfall areas of north-central and
north-eastern Namibia, both crop cultivation (mainly pearl millet, maize and sorghum) and
livestock rearing (goats and cattle) are practised (Mendelsohn et al., 2012). Besides, there are
large sectors of remaining commonage for grazing, hunting, firewood collection and plant
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harvesting. Several private commercial farms have also emerged in northern communal areas,
such as Kavango, Oshikoto and Otjozondjupa. By contrast, pastoral livestock farming
predominates in freehold farms in the more arid areas of central, southern and western Namibia,
while tourism and wildlife have also become increasingly popular (Mendelsohn et al., 2012).

9
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Figure 2. Major land uses and distribution in Namibia.

2.3 Wildlife ownership and conservation
Wildlife is an important national asset. Before the era of colonisation, it was part of rural
livelihood strategies, and wildlife numbers were around 8-10 million in 1770 (Brown, 2017).
However, wildlife populations experienced a rapid decline under the colonial administration,
as depicted in Figure 3. During the 19th and 20th centuries, wildlife populations decreased
drastically as a consequence of disease outbreaks and overexploitation by European explorerhunters and settlers (Lindsey, 2011). To protect wildlife and keep out commercial hunters, the
Governor of German South West Africa proclaimed Etosha Pan (Game Reserve No. 2) as one
of three game reserves in 1907 under Ordinance 88 (Dieckmann, 2007; Ministry of
Environment and Tourism, 2010). The other two were Omuramba Omatako (Game Reserve No.
1) and Namib-Naukluft (Game Reserve No. 3). At the time, Game Reserve No. 2 encompassed
the Etosha Pan and the Kaokoveld from the Kunene River in the north to the Hoarusib River in
the south (about 90,000 km2), making it the world’s largest nature reserve (Barnard et al., 1998).
Certain species like elephants, lions, black rhinos (Diceros bicornis) and white rhinos
(Ceratotherium simum) were absent from the game reserve. Although lions were not
documented until 1912, there were still no elephants or rhinos recorded in the earliest wildlife
census (1926) on account of large inaccessible areas in Etosha (Berry, 1997). Following the
rinderpest epidemic in 1896, the early Etosha National Park also served as a buffer zone to
protect the livestock of the settlers (Ministry of Environment and Tourism, 2010).

Over the years, there have been numerous changes in the boundaries of Game Reserve No. 2,
mainly in response to political decisions rather than conservation reasons (Berry, 1997;
Dieckmann, 2007). Major boundary alterations took place between 1958 and 1970 (Figure 4).
For example, in 1958, the valuable cultivated land to the east of Etosha (Game Reserve No. 1)
was exchanged for a large game-rich corridor to the south-west of Etosha (Barnard et al., 1998).
Boreholes were drilled in western Etosha in 1961 for attracting elephants from farms in the
Outjo and Kamanjab districts into the park (Martin, 2005; Ministry of Environment and
Tourism, 2010). Within the same year, the construction of a high game-proof fence began along
the eastern and southern border of the park (Berry, 1997). The recommendations of the
Odendaal Commission (1963) further demarcated Etosha’s present boundary in 1970, reducing
the park size to 22,270 km2. Most of the excised land became communal homelands for
Ovambo, Herero and Damara peoples (Barnard et al., 1998). The park was also completely
enclosed with fencing in 1973.
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Figure 3. Wildlife trends in Namibia from 1770 to 2015 (Brown, 2017).

Figure 4. Etosha boundary alterations between 1907 and 1970 (Dieckmann, 2007).
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By the 1960s, wildlife populations in Namibia reached their lowest point due to a mixture of
unregulated hunting, competition with livestock, fences and veterinary controls (Brown, 2017;
Lindsey et al., 2009). Negative wildlife trends improved considerably when individual
landowners were given conditional rights to utilise wildlife in 1967 (Schalkwyk et al., 2010).
The Nature Conservation Ordinance No. 4 of 1975 further provided a framework for
consumptive utilisation, thereby increasing wildlife populations on Namibia’s freehold
farmland by 80% (Lindsey et al., 2013; Schalkwyk et al., 2010). Besides, portions of communal
land were allocated to individual farmers by the previous government between the 1960s and
1980s, with farms being used for commercial cattle farming, such as those at the Mangetti
Kavango Cattle Ranch (KCR). The trend of commercial farms in communal areas continued to
increase, and the Ranch has also become a favoured area for elephants. From the early 1990s,
an expansion in wildlife-based land uses on private land has promoted the establishment of
freehold conservancies, in which commercial farmers collaborate to improve wildlife
management across large landscapes (Ministry of Environment and Tourism, 2010). These
conservancies have largely focused on ecotourism or consumptive activities.
Apart from freehold conservancies, Namibia’s protected area network was strengthened by the
addition of more game parks under the South African administration (Mendelsohn et al., 2002;
Ministry of Environment and Tourism, 2010). An example is the Khaudum National Park,
which is also one of the focal areas of this study. Khaudum is a true wilderness and supports
many iconic species, with an area of 3,842 km2. It was initially proclaimed as a game reserve
in 1989 and was given a national park status in 2007. The protected area network has continued
to extend during the post-independence period. To date, the country has around 20 state-run
protected areas.

Conversely, wildlife on communal land still declined in the 1980s because of drought, diseases
and poaching for meat and other products by South African officials and local people (Ministry
of Environment and Tourism, 2014). After independence, the new Namibian government
implemented the Nature Conservation Amendment Act of 1996 (an amendment to the 1975
Ordinance) that enabled rural communities to obtain ownership and use rights over wildlife and
tourism through the formation of conservancies (Jones, 2007; Lindsey et al., 2013). In 1998,
the first four communal conservancies were gazetted: Nyae Nyae, Salambala, ≠Khoadi-//Hôas
and Torra (NACSO, 2013). These changes have encouraged communities to manage wildlife
sustainably, and thus catalyse a remarkable wildlife recovery on communal land.
13

Figure 5 shows an overview of the areas under wildlife management in Namibia. There are
currently 86 registered communal conservancies, 1 community conservation association and 43
registered community forests under the community-based natural resources management
(CBNRM) programme, covering 21.9% of Namibia (MEFT/NACSO, 2021). Combined with
freehold conservancies (6.1%) and state protected areas including tourism concessions (17.6%),
the total land available to wildlife is about 45.6%. The continued expansion of conservancies
and community forests may help combat habitat fragmentation and climate change, as well as
increasing connectivity of ecological corridors at large landscape scales. Nevertheless, growing
wildlife populations and range expansions have created further opportunities for conflicts
between people and animals, particularly elephants and predators. If effective mitigation
strategies are not introduced and applied, these conflicts could undermine the conservancy
movement.
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Figure 5. Areas in Namibia under wildlife management (NACSO, 2018).
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3 Materials and methods
This study is based on a mixed methods research design integrating both quantitative and
qualitative data collection and analysis methods.

3.1 Literature review
Literature review was conducted to acquire background information about the socio-economic
development and ecological conservation in Namibia (Chapter 2); to collect historical and
recent information of species distribution and wildlife corridors; to collect environmental and
anthropogenic parameters (geodata) for habitat suitability analysis; and to identify the factors
influencing the distributions and movements of large terrestrial mammals. It was also used to
research the preconditions of creating effective wildlife corridors, as well as examples of other
possible conservation strategies. The review included academic journal articles (e.g. articles
from Biological Conservation and Journal of Applied Ecology), theses, government reports,
publications by local (Namibia) and/ or international agencies and institutions working in the
field of wildlife conservation. The TUM Library Access of E-Journals, electronic databases
such as Scopus, Web of Science, ScienceDirect, as well as the eLibrary of Namibia
Environmental Information Service were used for literature search with the keywords including
wildlife corridor, wildlife distribution, animal movement, dispersal, migration, landscape
connectivity, human-wildlife conflicts, conservation, population recovery, large terrestrial
mammals, large carnivores, large herbivores, African lion Panthera leo, African elephant
Loxodonta africana, Namibia and southern Africa.

Moreover, the selection of literature was based on:
•

relevance to the key themes (wildlife movement, wildlife corridor, wildlife population
recovery)

•

date of publication (preference for more recent studies while still taking account of
important older publications)

•

language of study (preference for studies conducted in English)

•

number of citations (preference for high number of citations)

•

types of journal articles (preference for fully published peer-reviewed journal articles)
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3.2 Study area
The study area is situated in north-central and north-eastern Namibia, totalling 179,280 km2
(Figure 6). It borders with Angola and Botswana in the north and east, respectively. In the west,
it is limited by the city of Otjiwarongo and covers the eastern side of the Etosha National Park.
The Omatako River serves as the furthest point of the study area in the south. The study site
consists of communal land including conservancies, freehold farms, state protected areas, major
road sections (e.g. B8 Grootfontein-Rundu and B1 Tsumeb-Ondangwa) and part of Namibia’s
veterinary cordon fence (the Red line fence) within the administrative regions of Ohangwena,
Oshikoto, Kavango East, Kavango West, Otjozondjupa and Omaheke.

Figure 6. Map of the study area located in the north-central and north-eastern Namibia.
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3.2.1 Climate
Namibia has a subtropical desert climate with unpredictable rainfall patterns, high temperature
variability and persistent droughts. The country generally follows a decreasing rainfall gradient
from just above 600 mm in the north-east to less than 50 mm in the south-west (Figure 7a). The
inland temperatures are also higher than the coastal zones, with warmer days and cooler nights
(Mendelsohn et al., 2002). In the study area, precipitation ranges between 350 mm and 600 mm,
and most rain occurs in summer between November and April (Mendelsohn et al., 2002).
Additionally, the maize triangle of Tsumeb, Grootfontein and Otavi receives more rainfall (500600 mm) as a result of moist air being forced upwards by hills and mountains (Mendelsohn et
al., 2002). Average annual temperatures are around 20°C to 22°C and can reach above 22°C in
the regions along the Angolan border (Figure 7b). Based on climate models, Namibia is
predicted to become hotter and drier with increased rainfall variability (Ministry of
Environment and Tourism, 2011a).

Figure 7. Average annual (a) rainfall and (b) temperature in Namibia.
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3.2.2 Hydrology
Figure 8 shows the distribution of main rivers and waterholes in the study area. The major water
source is the perennial Okavango River, which supports the rural communities concentrated
along the river for domestic and agricultural purposes. The Omuramba Omatako is also a
Namibian ephemeral tributary of the Okavango River (Pinheiro et al., 2003). Furthermore,
groundwater reserves in Namibia are closely linked to the geological formations that make up
the Earth’s crust. Kalahari aquifers hold water in intergranular pore spaces and are common in
the Kavango and north-western Otjozondjupa regions, whereas fractured aquifers can be found
near the Tsumeb-Grootfontein area (Christelis & Struckmeier, 2011; Mendelsohn et al., 2002).
Besides, the distribution of boreholes and dug wells in Kavango is associated with the
settlements, mostly along the Okavango River, the Omatako valley and the main roads from
Grootfontein to Rundu (Christelis & Struckmeier, 2011). Water points are more dispersed in
the north-eastern Otjozondjupa and northern Omaheke regions because of poor groundwater
availability in north-eastern areas. A few water schemes are used for veterinary border posts as
well.

Figure 8. Distribution of main rivers and waterholes in the study area.
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3.2.3 Topography and soils
The study area extends from the Central Plateau towards the eastern Kalahari Basin. The
elevation in north-central Namibia varies between 1,000 m and 1,800 m, with landscapes
ranging from mountains near the Otavi region to flat plains (Figure 9). In the Kavango regions,
the landscape is uniform, having a plain topography with an average elevation of 1,100 m above
sea level. Various soil types can also be found within the subject area, with ferralic arenosols
predominantly in the north-eastern regions (Mendelsohn et al., 2002). Other soil types include
calcisols, cambisols, fluvisols, leptosols and regosols. Additionally, the north-central regions
with highly fertile eutric cambisols have the highest potential for crop cultivation (Mendelsohn
et al., 2002).

Figure 9. Elevation and relief in Namibia.

3.2.4 Flora
Vegetation in Namibia is determined by climate variables, soil types and landscapes
(Mendelsohn et al., 2002). Trees in the northern, wetter parts are taller and denser than the rest
of the country. There are five main vegetation type units within the study area (Figure 10). The
north-eastern sector is covered by North-eastern Kalahari Woodland, Eastern Drainage and
Northern Kalahari, which comprises broad-leaved, deciduous woodlands with varying bush and
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grass undergrowth. Common tree species include Burkea africana, Baikiaea plurijuga,
Pterocarpus angolensis, Guibourtia coleosperma, Schinziophyton rautanenii, Terminalia
sericea and Strychnos cocculoides (Mendelsohn & El Obeid, 2005). The vegetation in Oshikoto
and north-western Otjozondjupa is classified as Karstveld and made up of mixed woodlands.
Dense woodlands are located on the dolomite hills around the Grootfontein area, while the
surrounding lowlands are dominated by Acacia species, Terminalia prunioides, Combretum
apiculatum and Dichrostachys cinerea (Mendelsohn & El Obeid, 2005; Starik et al., 2020).
Further south of the study area (near Otjiwarongo) belongs to Thornbush Shrubland, consisting
of Acacia trees surrounded by grassland and patches of shrubland (Mendelsohn et al., 2002).
Tree species such as Terminalia sericea and Ziziphus mucronate are abundant in this region.

Figure 10. Vegetation types in Namibia.

3.2.5 Fauna
Namibia is currently home to 229 mammal species, with rodents (53 species) as the largest
group, followed by bats (43 species) and carnivores (35 species) (Mendelsohn et al., 2002;
Ministry of Environment and Tourism, 2014). The study area covers 4 national parks and 15
registered communal conservancies, which support a high abundance and diversity of large
herbivorous and carnivorous mammals (Figure 11). In Etosha National Park, a total of 114
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species of mammals are found, including four of the African Big Five and many more rare and
endangered species (Ministry of Environment and Tourism, 2010). Giraffe (Giraffa giraffa),
zebra (Equus quagga) and wildebeest are also common and easily spotted in the park.
Furthermore, the Khaudum National Park in Kavango East forms part of the Kavango-Zambezi
Transfrontier Conservation Area (KAZA), enabling important migratory routes, particularly for
elephants (Stoldt et al., 2020). Khaudum has been viewed as a stronghold of Namibia’s lion and
wild dog (Lycaon pictus) populations as well. Between Etosha and Khaudum is the Mangetti
National Park. It is one of the country’s latest national parks, proclaimed in 2008, and promotes
economic growth through tourism development and joint management with local communities,
while hosting a thriving collection of wildlife (Ministry of Environment and Tourism, 2010).

Figure 11. Diversity of mammals in Namibia (Mendelsohn et al., 2002).

3.3 Focal species
Large carnivores, particularly apex predators, are valuable candidates for connectivity analysis
due to their important ecological roles, significant spatial requirements and vulnerability to
altered landscapes. For instance, African lions are classified as vulnerable on the IUCN Red
List, as they have suffered extensive range contractions with population declines and currently
occupy only 8% of their historic range (Bauer et al., 2016; Sargent et al., 2021). Inbreeding and
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diseases have also been underlined as a major threat to some subpopulations if limited
connectivity is present (Cushman et al., 2018; Trinkel et al., 2010).

Lions are highly mobile animals whose spatio-behavioural strategies depend not only on
targeting resource-rich areas but also on complex social interactions (Everatt et al., 2019). They
are the most gregarious felids, with related females residing together in prides and related or
unrelated males forming coalitions that compete over pride tenure (Bauer et al., 2016). Feeding
upon large herbivores such as zebras and wildebeests, they also help control numbers of these
species’ populations. The size of lion home ranges can vary widely from 20-45 km2 in places
like Manyara National Park and Ngorongoro Crater to more than 2,000 km2 in the semi-arid
ecosystems such as Etosha National Park (Lehmann et al., 2008; Lesilau et al., 2021; Loveridge
et al., 2009; Stander, 1991).

Apart from lions, large herbivores such as savanna elephants are considered endangered and
threatened by habitat loss and fragmentation, along with poaching (Gobush et al., 2021).
Elephants are known to range over vast areas, with individual range sizes from 10 km2 to over
10,000 km2 (Douglas-Hamilton et al., 2005; Lindsay et al., 2017; Lohay et al., 2020; Ngene et
al., 2017). They can travel long distances in response to seasonal changes and droughts.
Depending on productivity and water availability, they exhibit range residency, migratory or
nomadic movement patterns (Gobush et al., 2021; Purdon et al., 2018). As the largest of all land
mammals, elephants play a crucial role in maintaining ecological balance. They transform
woody vegetation into grasslands through feeding activities or trampling, aid in seed dispersal
and often co-occur with other large mammal species (Adams et al., 2017; Purdon et al., 2018;
Young et al., 2009).

In addition to the above-mentioned characteristics, lions and elephants in Namibia are of
tremendous tourism and cultural value and predominantly reside in national parks. Some
populations roam beyond conservation areas into human communities and are exposed to higher
human-caused mortalities. Moreover, fencing and heavily used roads in north-central and northeastern Namibia might act as barriers to the movements of both species. Therefore, this study
selected lions and elephants as focal species to understand the dynamics of their movement
patterns and detect suitable habitat patches and potential corridors.
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3.4 Habitat use and selection by species
3.4.1 Lion
Lions are most active at night and have a broad habitat tolerance. The drivers of lion habitat
selection and their relative importance vary across studies. Macdonald (1983) only considered
the distribution and availability of prey as the main factor determining home range size and
group size of carnivores. In contrast, several authors identified that lion distribution and
movement is largely influenced by land cover type, water availability, prey abundance and
proximity to human settlements (Abade et al., 2014; Sargent et al., 2021; Spong, 2002). Jackson
et al. (2016) included the density of main roads as the influencing factor, together with land
cover and human population density. In Namibia, the Large Carnivore Atlas (Hanssen &
Stander, 2004) also documented different habitat types used by lions. Most of them were
observed in waterholes (28%), followed by woodlands (23%), mountains (16%), dry river beds
(11%), plains (9%), coastal areas (1%), and the rest in other habitats.

Land cover
Lions generally prefer habitats with high prey abundance; this includes grassland, savanna,
plains, dense shrubs and open woodland (Sargent et al., 2021; Spong, 2002). Elliot et al. (2014)
also investigated the differences in habitat selection according to age and sex groups and found
that adults of both sexes mainly select grassland and shrubland for habitats. However,
dispersing males show the opposite trend and occur mostly in woodland and land use types with
high human interference (agricultural land, highways and humans).

Elevation
To facilitate movement, lions tend to select low elevations and flat slopes (Sargent et al., 2021;
Yiu et al., 2019). Lions living on plains might also use view-sheds from rocky outcrops to
increase their view range during hunting (Hopcraft et al., 2005). To our knowledge, elevation
has not been recorded as a major factor influencing lion space use.

Rivers
Although lions in Etosha National Park can survive 10 days without drinking water, they like
to live near rivers because of the constant water supply and higher prey availability (Abade et
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al., 2014; Department of Agriculture and Nature Conservation, 1989; Spong, 2002).
Furthermore, river beds can provide dense cover for both hunting and shade. In Namibia, the
Omuramba Omatako has been of great importance to several large game species, such as wild
dogs and elephants (Hines, 1993). Lions were also spotted roaming along this dry river bed
historically (Shortridge, 1934) and could still possibly use it in present times.

Waterholes
Waterholes are a significant determinant of lion distribution in arid and semi-arid savannas.
According to Valeix et al. (2010), lions spend more time in the vicinity of waterholes, where
prey are relatively more abundant and accessible. The study also found that lions move slower,
cover shorter distances and follow a more tortuous path within 2 km of a waterhole than further
from a waterhole. Besides, a positive correlation was evident between the high lion density in
west Etosha and the density of artificial water points and prey (Stander, 1991).

Roads
Mammals with low reproductive rates and high mobility are more vulnerable to negative road
effects (Rytwinski & Fahrig, 2012). The degree of impacts on species movements also depends
on the type of road surface and amount of traffic. In Namibia, the road sections between
Grootfontein and Rundu (B8) and between Ondangwa and Tsumeb (B1) are significant paved
roads with high traffic volume, which might limit lion movements between Khaudum and
Etosha National Parks (P. Beytell, personal communication; Kioko et al., 2015).

Fences
Fences have been an effective management strategy for conserving lions, especially in severe
conflict areas (Di Minin et al., 2021). However, extensive fencing can fragment populations
and eliminate existing connectivity and dispersal between subpopulations, leading to genetic
isolation (Cushman et al., 2016). The ability of lions to cross fences is determined by the type
(i.e. height and material), maintenance and quality of the fence. While electrified, elephant- and
predator-proof fencing has the lowest crossing probability for lions, a 1.5-metre-high stock
fence has almost no effect on large mammal movements (P. Beytell & W. Versfeld, personal
communication). Owing to the lower quality of the existing boundary, approximately 118 km
of the Etosha northern boundary fence has been upgraded recently. Moreover, veterinary fences
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in the north-east were suggested to have considerable influence on the range of lions and other
large mammals (Stoldt et al., 2020).

Settlements
Lions avoid areas with increased human disturbance, but their avoidance varies individually
depending on the season, time of day and lion behaviour (Sargent et al., 2021; Snyman et al.,
2018; Valeix et al., 2012). In addition, female adult lions were found to have the highest
aversion to settlements, followed by dispersing males and adult males (Elliot et al., 2014).

Area status
The types of land use (area status) govern the distribution of lions (W. Versfeld, personal
communication). Lions display a strong preference for protected areas, including state national
parks, concessions and wildlife protected areas in the communal conservancies, and avoid agropastoral lands (Elliot et al., 2014; Sargent et al., 2021). National parks assuredly provide safe
refuge for lions, elephants and other wildlife while conserving high-quality habitats. However,
many conservancies have zoned their areas for settlement or multiple-use purposes (e.g. hunting
and livestock priority) apart from wildlife protection, which might be less suitable for lions due
to higher occurrences of conflicts and anthropogenic mortality.

3.4.2 Elephant
Savanna elephants have been extensively studied (Chibeya et al., 2021; Purdon et al., 2018;
Sach et al., 2019). They occur in 23 African countries and live across a variety of habitats, from
open and wooded savannas to deserts and forests. The largest populations are in southern and
eastern Africa (Botswana, Zimbabwe, Tanzania, Kenya, Namibia, Zambia and South Africa),
and KAZA is home to more than 50% of the savanna species (Naidoo et al., 2022). As generalist
herbivores, elephants consume a range of grasses, leaves, twigs, fruits, barks, herbaceous
material and soil. They require enormous amounts of feed and water to survive and drink
regularly. Their diet composition may also vary regionally and seasonally (Sach et al., 2019).
Key variables contributing to elephant spatial use and distributions include elevation,
vegetation cover, water sources, land use, human presence and associated activities (settlements,
roads and fences) (Adams et al., 2017; Chibeya et al., 2021; Harris et al., 2008; Ngene et al.,
2017; Roever et al., 2013; Sach et al., 2019).
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Land cover
The structure and greenness of vegetation can serve as an important indicator of elephant habitat
use, because it provides food and shade. Savanna elephants are found most often in grasslands,
savannas and woodlands. However, previous studies have indicated different conclusions
regarding elephants’ preference of woody versus grass habitats. Several authors noted that
elephants feed on nutritious green grass during the early wet season, thereby selecting
seasonally variable landscapes such as grasslands, shrublands and open woodlands (Chibeya et
al., 2021; Loarie et al., 2009a; Newmark et al., 1996). In the dry season, they switch to browsing
and prefer less variable and more consistently green landscapes that include well-wooded areas
and closed woodlands (Loarie et al., 2009a). Tsalyuk et al. (2019) also reported that elephants
in Kenya had a preference for high tree density, whereas Etosha elephants selected areas with
high grass biomass due to greater reliance on grazing rather than browsing. Additionally,
elephants displayed sexual habitat segregation in relation to vegetation characteristics (De
Knegt et al., 2011). For instance, male elephants in Kruger National Park selected high tree
cover and low herbaceous biomass, but female elephants preferred high herbaceous biomass
and low tree cover. Moreover, wetlands, croplands and bare soils are considered somewhat
suitable habitats for elephants (P. Beytell, personal communication). With the easy accessibility
of food, elephants are even more attracted to croplands than lions.

Elevation
Elephants tend to avoid high elevation sites and steep slopes owing to their large body size and
energetic constraints (Chibeya et al., 2021; Roever et al., 2013; Sach et al., 2019). Based on
energy landscape computations, minor hills can even be significant energy barriers for an
elephant (Wall et al., 2006). In addition to slope, there may be other relevant motives for the
elephants’ general evasion of climbing mountainous terrain, such as overheating, risk of injury,
water scarcity or unavailability of forage (Wall et al., 2006).

Rivers
Water availability has been shown to strongly influence elephant movement patterns (Sach et
al., 2019; Wato et al., 2018). Being a water-dependent species, they regularly go to the rivers
for drinking and bathing and use dry river beds as walkways (W. Versfeld, personal
communication). Furthermore, elephants tend to congregate around permanent water sources
in the dry season and disperse during the wet season (Purdon et al., 2018). Another reason for
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the higher preference of river course habitats is the availability of abundant and high-quality
forage. Viljoen (1989) also highlighted that riverine habitat is the desirable habitat for elephants
and the only one upon which the species can depend for long-term survival.

Waterholes
When surface water is scarce in semi-arid environments, elephants concentrate around
waterholes, leading to higher local elephant densities. According to Loarie et al. (2009b),
artificial waterholes can increase the dry season range of elephants and allow them to use
formerly inaccessible areas. Khaudum Game Reserve is an example where enough permanent
water was previously lacking to support elephants during the dry season. Similarly, boreholes
in Etosha provide additional water for wildlife (Young et al., 2009). Another study by De Beer
et al. (2006) suggested that Etosha elephants prefer to use areas within 4 km of water throughout
the year. Besides, elephants increased their speeds during the dry season to minimise the
travelling time between water and food sources (Chamaillé-Jammes et al., 2013).

Roads
Research increasingly shows that main roads can be considerable barriers to elephant
movements (Brennan et al., 2020; Naidoo et al., 2012; Naidoo et al., 2018). A certain number
of elephants will avoid roads entirely (Okita-Ouma et al., 2021; Roever et al., 2013). P. Beytell
(personal communication) further mentioned that the barrier effect of high traffic-volume paved
roads on elephants is stronger than on lions, especially the Grootfontein-Rundu road in Namibia.

Fences
The influence of veterinary fences on migratory ungulates and elephants is profound (Mbaiwa
& Mbaiwa, 2006; Stoldt et al., 2020; van Aarde et al., 2021). Due to maintenance shortfalls,
elephants will create breakages on veterinary fences. Electric fencing is increasingly used as a
tool to separate elephants and humans. In Namibia, part of the Etosha northern boundary fence
is electrified and is effective for elephants. There are also some game-proof fences around
commercial farmland (e.g. areas with tourism, hunting, and conservation priority) that can
strongly restrict the movements of elephants (P. Beytell, personal communication).
Nevertheless, as lions, elephants have the highest crossing probabilities of stock fences.
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Settlements
Elephants avoid areas of high human population density and settlements, with cows more so
than bulls (Chibeya et al., 2021; Harris et al., 2008; Roever et al., 2013). Cushman et al. (2010)
also found that elephants showed significant avoidance of towns at distances of up to 5 km and
avoidance of villages and huts at a finer spatial scale of up to 1 km.

Area status
Elephants may choose habitat utilisation in protected areas to minimise human influence and
allow the occurrence of natural ecological processes (Robson et al., 2017). Yet, many of them
have large ranges that exceed protected area boundaries (Wall et al., 2021). Some national parks
(e.g. Kruger and Etosha National Park) also constrain elephant distributions by fences, and
some (e.g. Waterberg Plateau National Park) do not accommodate elephants and lions (P.
Beytell, personal communication). In addition, the effect of conservancies on elephants is
dependent on their zonation use. When humans and elephants interact, conflicts may arise from
crop-raiding and damage of water installations (Green et al., 2018). In this regard, zonings with
high human activities such as cropping, pastoralism and settlements are considered non-suitable
habitats for elephants. Moreover, there is an exception of small elephant populations residing
in farmland outside protected areas, notably Kavango Cattle Ranch.

3.5 Analysis of historical and recent distribution patterns of focal species
This study selected three time spans for analysing the distribution and movement patterns of
Namibian lions and elephants: 1925-1935, 1965-1975 and 2005-2015. The choice of periods
depended upon the availability of data. To reconstruct past species occurrences, historical maps
were used and digitalised and shapefiles for their distributions were created. The distribution
ranges for both species within 1925-1935 were derived from Magistral Papers (1925/26) and
Shortridge (1934), while the 1965-1975 ranges were originated from Joubert and Mostert
(1975). The Magistral Papers (1925/26) is also known as the wildlife census, as mentioned in
Chapter 2.3. It documented various mammal species that were present around Etosha Pan and
the neighbouring regions. The recent 2005-2015 ranges of lions and elephants were based on
the Namibia Large Carnivore Atlas (Stein et al., 2012) and the African Elephant Status Report
(Thouless et al., 2016), respectively. The total area of each species distribution range was
furthermore calculated using the Calculate Geometry function in ArcMap (Esri, 2019).
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3.6 Habitat suitability and corridor analyses
Habitat models have been commonly used as conservation tools for spatial prioritisation and
corridor planning (Osipova et al., 2019). As the primary focus of the thesis was on detecting
possible connectivity for large terrestrial mammals rather than in-depth movement patterns, two
simple habitat suitability models (HSM) were created for lions and elephants to allow
assessment of habitat suitability on a year-round basis. Corridor analyses were then performed
based on the habitat suitability maps generated from these models. All the habitat suitability
and connectivity models were computed using various ArcGIS tools (Esri, 2019). Furthermore,
both environmental and anthropogenic parameters were chosen to develop the HSMs, including
land cover, digital elevation model (DEM), rivers, waterholes, roads, fences, settlements and
area status. The selection and weighting of these parameters were in reference to the ecological
knowledge of the species through literature review and expert interviews (Chapter 3.4). In
addition, all the spatial (base) data of the parameters used in the habitat and corridor analyses
were made available free of charge on request from the partner research institution in Namibia,
Ongava Research Centre. The datasets were preprocessed in ArcGIS for further use and set to
the Namibian Universal Transverse Mercator coordinate system. As recommended in a habitat
suitability study for Namibian lions and zebras (Kirchner, 2020), all the geodata were converted
to raster layers with a cell size of 250 m and clipped to the extension of the study area.

3.6.1 Habitat suitability model for lions
The habitat suitability model for lions was computed in the ArcGIS ModelBuilder with the
selected parameters. Most of the analysis tools applied for this model were included in the
ArcGIS Spatial Analyst toolbox (Esri, 2019). The input base data or derived data were
transformed to a scale between 0 (no suitability) to 100 (high suitability) regarding their
influence on habitat quality, except for NoData cells replaced by -9. After reclassification, all
the parameters were combined using the weighted sum approach to produce the final suitability
surface. An overview of the evaluation categories of parameters and model tools was presented
in Table 2.
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Table 2. Overview of the parameters used in the development of the habitat suitability model for
each species with details on ArcGIS tools and evaluation categories.
Parameters

Description

ArcGIS
tools

Categories of reclassification
– Lion

Categories of
reclassification – Elephant

Land cover

Preferred land
cover types by
species

Resample,
Reclassify,
Extract by
Mask

Forestland: 60
Woodland: 60
Grassland:100
Shrubland: 80
Savanna grassland: 100
Cropland: 20
Wetland: 0
Waterbody: 0
Settlement:0
Rock outcrop: 40
Bare soil: 40
Desert Dune: 0
Desert Sand: 0
NoData: -9

Forestland: 80
Woodland: 80
Grassland: 100
Shrubland: 80
Savanna grassland: 100
Cropland: 60
Wetland: 60
Waterbody: 60
Settlement: 0
Rock outcrop: 0
Bare soil: 60
Desert Dune: 0
Desert Sand: 0
NoData: -9

DEM

Slope
inclination

Resample,
Slope,
Reclassify,
Extract by
Mask

0-20.847683°: 100
20-41.695366°: 60
41-62.543049°: 10
NoData: -9

0-20.847683°: 100
20-41.695366°: 60
41-62.543049°: 10
NoData: -9

Rivers

Distance at
which species
remain to
rivers

Multiple
Ring
Buffer,
Polygon to
Raster,
Reclassify,
Extract by
Mask

Buffer distances (m):
500, 2000

Buffer distances (m):
500, 2000

Reclassify:
500 m: 100
500-2000 m: 20
NoData: -9

Reclassify:
500 m: 100
500-2000 m: 20
NoData: -9

Multiple
Ring
Buffer,
Polygon to
Raster,
Reclassify,
Extract by
Mask

Buffer distances (m):
500, 1500, 3500, 6000

Buffer distances (m):
500, 1500, 3500, 6000

Reclassify:
500-1500 m: 90
1500-3500 m: 60
3500-6000 m: 30
NoData: -9

Reclassify:
500-1500 m: 90
1500-3500 m: 60
3500-6000 m: 30
NoData: -9

Polyline to
Raster,
Reclassify,
Extract by
Mask

Unpaved road: 80
Main paved road: 20
NoData: -9

Unpaved road: 80
Main paved road: 10
NoData: -9

Waterholes
(protected
area and
settlement
area)

Distance at
which species
remain to
waterholes

Roads

Accessibility
of species
through
heavily used
roads
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Fences

Settlements

Area status

Accessibility
of species
through the
fence sections

Merge,
Polyline to
Raster,
Reclassify,
Extract by
Mask

Accessibility values:
NE Etosha fence: 10

Accessibility values:
NE Etosha fence: 10

Red Line fence: 40

Red Line fence: 40

Mangetti farm fence: 90

Mangetti farm fence: 90

Private farm fences:
- Hunting priority: 40
- Livestock priority: 90
- Mining priority: 90
- Protected area: 40
- Settlement/ Resettlement: 90
- Settlement & cropping: 90
- Tourism priority: 40
- Trophy hunting: 40
- Waterberg National Park: 40
- Unknown: 0

Private farm fences:
- Hunting priority: 40
- Livestock priority: 90
- Mining priority: 90
- Protected area: 40
- Settlement/ Resettlement:
90
- Settlement & cropping: 90
- Tourism priority: 40
- Trophy hunting: 40
- Waterberg National Park:
40
- Unknown: 0

Reclassify:
0: -9
0-10: 10
10-40: 40
40-90: 90
NoData: -9

Reclassify:
0: -9
0-10: 10
10-40: 40
40-90: 90
NoData: -9

Distance at
which species
avoid human
settlements

Euclidean
Distance,
Reclassify,
Extract by
Mask

Maximum distance (m): 6000

Maximum distance (m):
6000

Reclassify:
0-500 m: 0
500-1500 m: 30
1500-3500 m: 60
3500-6000 m: 90
NoData: -9

Reclassify:
0-500 m: 0
500-1500 m: 30
1500-3500 m: 60
3500-6000 m: 90
NoData: -9

Effect of area
protection
status on
species

Merge,
Polygon to
Raster,
Reclassify,
Extract by
Mask

Priority values (1-5 scale):
Protected areas:
- Etosha National Park: 5
- Khaudum National Park: 5
- Mangetti National Park: 5

Priority values (1-5 scale):
Protected areas:
- Etosha National Park: 5
- Khaudum National Park: 5
- Mangetti National Park: 5

Management zones:
- Exclusive wildlife (all
wildlife utilisation): 4
- Exclusive wildlife (no
disturbance): 4
- Exclusive wildlife (tourism
only): 4
- Exclusive wildlife (trophy
hunting only): 4
- Forests: 4

Management zones:
- Exclusive wildlife (all
wildlife utilisation): 4
- Exclusive wildlife (no
disturbance): 4
- Exclusive wildlife (tourism
only): 4
- Exclusive wildlife (trophy
hunting only): 4
- Forests: 4
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- Multiple use (hunting
priority): 3
- Multiple use (livestock
priority): 1
- Multiple use (tourism
priority): 4
- Human occupation/ unzoned
area: 1
- Settlement & cropping: 1
- Unknown: 1

Private farms:
- Hunting priority: 3
- Livestock priority: 1 (except
farms west of Khaudum: 3)
- Mining priority: 3
- Protected area: 4
- Settlement/ Resettlement: 1
- Settlement & cropping: 1
- Tourism priority: 4
- Trophy hunting: 3
- Waterberg National Park: 1
- Unknown: 1

Reclassify:
1-2: 30
2-3: 50
3-4: 70
4-5: 90
NoData: -9

- Multiple use (hunting
priority): 3
- Multiple use (livestock
priority): 1
- Multiple use (tourism
priority): 4
- Human occupation/
unzoned area: 1
- Settlement & cropping: 1
(except Mangetti cattle
farms: 3)
- Unknown: 1

Private farms:
- Hunting priority: 3
- Livestock priority: 1
(except farms west of
Khaudum: 3)
- Mining priority: 3
- Protected area: 4
- Settlement/ Resettlement: 1
- Settlement & cropping: 1
- Tourism priority: 4
- Trophy hunting: 3
- Waterberg National Park: 1
- Unknown: 1

Reclassify:
1-2: 30
2-3: 50
3-4: 70
4-5: 90
NoData: -9

Land cover
Land cover data was provided in the form of a raster file that can be used directly in the model.
The default categories of land cover types were reclassified and evaluated using the Reclassify
tool in accordance with the land cover preference of lions. Due to a higher preference for
grassland by lions, this land cover type was given to a value of 100, followed by shrubland (80),
woodland (60), rock outcrop (40), bare soil (40) and cropland (20). The remaining types were
assigned to 0 (Table 2).
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DEM
DEM was used as the elevation parameter and to generate a slope raster in ArcGIS using the
Slope tool. The slope values were then reclassified into three categories and rated with values
from 0 to 100. The class with lower slope values (flatter terrain) was given a higher ranking
(Table 2).

Rivers
As mentioned in Chapter 3.4.1, lions prefer habitats in close proximity to water sources. The
main rivers in the polyline shapefile were first buffered with distances of 500 m and 2000 m
using the Multiple Ring Buffer tool, followed by the vector to raster conversion and
reclassification. Rivers within 500 m were rated with a higher habitat suitability value of 100,
while rivers further than 500 m were given a value of 20 (Table 2).

Waterholes

The number and location of waterholes can affect the space use and movement patterns of lions,
as well as the viability of their populations. The original shapefile of waterholes was therefore
separated into two shapefiles, with one containing water points inside protected areas and the
other outside protected areas. These two files were buffered with distances of 500 m, 1500 m,
3500 m and 6000 m, then rasterised and divided into three classes. The evaluation was also
similar to the river parameter. Habitat suitability values decreased with increasing distance to
waterholes (Table 2).

Roads
Traffic can be considered a factor influencing the habitat quality of lions adversely due to
disruption of movement patterns. In the study area, unpaved roads have little or no effect on
lion movements. However, major paved road sections such as Grootfontein-Rundu and
Tsumeb-Ondangwa appear to have certain barrier effects. The Polyline to Raster tool was used
to convert the polyline shapefile into a raster file. Unpaved roads were further rated with a higher
suitability value than paved roads due to the higher chances of crossing for lions (Table 2).
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Fences
The fences in the study area consist of the Red Line (veterinary fence), the northern Etosha fence,
as well as fences in the Mangetti farming area and other private farms. These fences vary in height,
material and condition. Besides, the spatial data of these fences were first merged into a single
polyline shapefile, then rasterised and subsequently evaluated according to the accessibility of lions
crossing through the fence sections. The Etosha fence is an electric fence, and it has the highest
blockage effect on lions compared to the Red Line and stock fences. It was therefore also given the
lowest habitat suitability value of 10 (Table 2).

Settlements
Lions tend to avoid human settlements due to high disturbance rates. The settlement parameter was
derived from the density map of villages in Namibia (raster format). In order to determine the
possible distance from settlements, the straight-line (Euclidean) distance was calculated within
6000 m using the Euclidean Distance tool. The distance values were reclassified into four classes,
and the habitat suitability values decreased towards settlements (Table 2).

Area status
The area status parameter contains the polygon shapefiles of protected areas, conservancy
management zones and privately owned farms in Namibia. These areas were assessed with a
scale of 1-5 regarding their effects on wildlife protection and the resulting priority values were
added to the attribute tables. A value of 5 is the highest priority conservation area, while a value
of 1 is the lowest. Most national parks in the study area have the largest positive effect on
protecting wildlife, except for Waterberg National Park, where lions and elephants are barely
tolerated. In addition, the effectiveness of conservancy management zones and private farms
on wildlife conservation are dependent on their subcategories. Within each subcategory, various
human activities are allowed or discouraged. Areas dedicated to wildlife and tourism were also
considered suitable habitats for lions and were thus assigned a higher conservation value than
residential, livestock and cropping areas. These shapefiles were further merged into one
shapefile and converted into a raster file. Afterwards, these priority field values were
transformed to a 0-100 scale and high priority conservation areas were given the highest
suitability values (Table 2).
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Weighting of parameters for lion model
In order to generate a lion habitat suitability map, all reclassified parameter layers were
combined using the Raster Calculator tool in ArcGIS with the weighted sum calculation. The
final suitability raster was computed by multiplying the cell values (rasters) of the parameters
with their corresponding weights, followed by a summation of the results (Meyer et al., 2020;
Ntukey et al., 2022). The weights assigned to each parameter were based on their relative
importance to the species' ecological needs. Water sources can influence prey distribution, with
lions having higher hunting success in areas around waterholes. In addition, lions were observed
using the dry Omatako River as a movement corridor. Therefore, waterholes inside protected
areas were given the highest percentage weight (25%), followed by rivers (20%). Area status
(20%) and land cover (10%) were also considered essential habitat factors due to a mixture of
land uses within the study area and the provision of optimal shelter for lions. Lions tend to
avoid risky areas such as agricultural land with a high incidence of retaliatory killings. Other
parameters such as settlements, roads and fences received relatively low percentage weightings
due to their influences as barriers (Table 3).

Table 3. Percentage contribution of each parameter to the habitat suitability model for each
species.

Parameters
Land cover
DEM
Rivers
Waterholes – protected area
Waterholes – settlement area
Roads
Fences
Settlements
Area status
Total

Percentage contribution
to overall model – Lion
10
5
20
25
5
4
5
6
20
100

Percentage contribution to
overall model – Elephant
12
5
19
26
8
8
6
6
10
100

3.6.2 Habitat suitability model for elephants
The same overall procedures of the lion habitat suitability model were applied to the creation
of the elephant habitat suitability model. Parameters included in this model were land cover,
DEM, rivers, waterholes, roads, fences, settlements and area status. A habitat suitability surface
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for elephants was also produced by combining raster layers using the weighted sum. However,
due to different habitat preferences between elephants and lions, the evaluation values within
individual parameters and the percentage contributions of the parameters used in this elephant
model differed slightly from the lion model.

Land cover
Elephants inhabit a variety of habitats and mostly prefer grasslands, shrublands and woody
vegetation. As a result, grasslands were assigned with the highest value of 100, and the latter
two land cover types were rated as 80. Cropland and bare soil were also given a value of 60
because elephants are attracted to food crops. Unlike lions, rock outcrops were considered
unsuitable for elephants and thus receiving the lowest suitability value (Table 2).

DEM
Elephants tend to avoid steep slope. In this model a maximum slope of about 62° was generated
from the DEM. These slope values were divided into 3 classes and evaluated. Slope below 20° were
assigned a value of 100, slope between 20° to 41° was assigned a value of 60 and slope above 41° was
assigned a value of 10 (Table 2).

Rivers
Elephant distribution is significantly influenced by the distribution of surface water. In order to
classify the habitat suitability with consideration of the possible distance from rivers, a multiple
ring buffer analysis was performed for the river shapefile. The buffer distances were set to 500
m and 2000 m. The shapefile was then converted to a raster file and classified. The shorter the
distance from the river, the higher the suitability value (Table 2).

Waterholes
In addition to rivers, elephants were observed to prefer staying near waterholes inside wildlife
protected areas and sometimes in agricultural areas. The shapefiles of waterholes for both
protected areas and settlement areas were buffered with a maximum distance of 6000 m before
they were rasterised and reclassified. Due to the positive impact of areas close to waterholes on
elephants, the distance range of 500 m to 1500 m was given the highest value of 90. The distance
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ranges between 1500 m and 3500 m and between 3500 m and 6000 m were given 60 and 30,
respectively (Table 2).

Roads
Paved roads with high traffic volume negatively affect elephants like other large terrestrial
mammals. The major tar roads within the study area are expected to have a higher barrier effect on
elephants than lions. Therefore, the polyline road shapefile was first rasterised and later classified
with a low suitability value of 10 for paved roads. A value of 80 was given to unpaved roads or low
traffic paved roads due to their relatively low influence as a barrier (Table 2).

Fences
The electric fence in northern Etosha, the Red Line and electric fencing in private farms restrict
elephant movement. As the electric fence was considered to have the lowest crossing
probability for elephants, it was assessed with a value of 10. Some private farms may contain
game-proof fences and have a similar blockage effect as the Red Line fence. Hence, they were
given a lower suitability value of 40. With the increased probability of crossings for elephants,
most farm fences (stock fences) were rated as 90 (Table 2).

Settlements

Human settlements can create a barrier to elephant movement and contribute to increased
human-wildlife conflicts, posing a threat to the long-term viability of elephant populations.
Proximity to settlement raster was first created using the Euclidean Distance analysis with a
maximum distance of 6000 m. The distance values were then divided into four classes and the
classes with increasing distance to settlements were given a higher suitability value (Table 2).

Area status
The area status parameter was generated with the datasets of protected areas, conservancy
management zones and Namibia’s private farms. These area type files were also evaluated
according to their conservation effectiveness on elephants and merged into a single shapefile.
Afterwards, the shapefile was converted into a raster dataset, and the priority values were
reclassified with a scale of 0-100. State protected areas and wildlife exclusive management
zones were assigned with a higher habitat suitability value due to their high levels of positive
effects on animal conservation. In contrast, agricultural and residential areas were given the
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lowest ranking values for conservation priority and habitat suitability. Nevertheless, two
farming regions were considered moderately suitable habitats for elephants: the Mangetti Cattle
Ranch and private farmland west of Khaudum National Park (Table 2).

Weighting of parameters for elephant model
All parameters selected for this elephant model were combined in the same way as the lion
model in order to produce a final elephant habitat suitability surface. To further increase the
accuracy of the elephant’s suitability surface, the weights of the parameters were slightly
adjusted according to the ecological requirements of elephants. Since water is a critical resource
for elephants, waterholes within protected areas and rivers were the two factors with the highest
weightings of 26% and 19%, respectively. Furthermore, land cover received a slightly higher
value of 12% than area status (10%) because of its role in providing high-quality forage and
shelter for elephants. Despite the importance of water to elephants, water points in residential
areas were given a lower value of 8% as they could be a potential source of human-elephant
conflicts. Similar to the lion model, the parameters of roads, settlements and fences were
assigned with a lower weighting. Besides, the slope parameter derived from the DEM was given
the lowest percentage weight due to the relatively flat landscape of the study area, which has
little influence on elephant habitat quality (Table 3).

3.6.3 Resistance surface construction for lions and elephants
The construction of resistance surfaces (also known as cost surfaces) is recognised as an
important component in connectivity analyses (Carroll et al., 2020; Cushman et al., 2010;
Cushman et al., 2014; Wade et al., 2015; Zeller et al., 2018; Ziółkowska et al., 2016).
Furthermore, the least-cost path modelling coupled with resistance surface analysis has been
frequently used for the connectivity assessments of large mammals (Smith et al., 2019). A
resistance surface is a raster layer that reflects the relative difficulty or resistance for the focal
species to move through a given pixel (cell) of the landscape. Pixels with low resistance values
indicate greater ease of movement, while high values represent greater frictions to movement.
As suggested by Beier et al. (2007) and Kirchner (2020), this study used the inverse of habitat
suitability (resistance = 100 – pixel habitat suitability) to compute the resistance surfaces for
lions and elephants with the help of the Raster Calculator. The habitat suitability values were
also rescaled to a range of 0-100 before translating into relative resistances. After defining the
resistance surfaces for each species, potential corridors were mapped by the least-cost path
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modelling. This modelling approach identifies the most optimal travel paths by selecting
combinations of cells that represent the least resistance with the shortest distance between two
points (LaRue & Nielsen, 2008).

3.6.4 Habitat patches and least-cost connectivity analyses for lions and elephants
For the development of corridor models, it is essential to first identify regions (i.e. habitat
patches) that fulfil specified habitat requirements for the target species (Beier et al., 2007; Esri,
2019; Wade et al., 2015). These patches will further serve as the start and end points for
corridors. Beier et al. (2007) additionally stated that the minimum patch size should be large
enough to allow a breeding event to take place, which is usually equal to the home range size.
To identify suitable habitat patches and least-cost connectivity for lions and elephants in the
north-central and north-eastern Namibia, this study adopted the settings of the corridor model
developed by Kirchner (2020) for the north-western Namibian lions. Habitat patches for both
species were computed from the habitat suitability maps for three trials using the ArcGIS Locate
Regions tool, with the maximum number of patches set as 5, 10 and 16. The minimum size of
a habitat patch was defined as 250 km2, while the maximum size was set at 5870 km2. These
areas were chosen based on the recorded minimum and maximum home ranges of lions in
Etosha National Park (Kirchner, 2020). With the resistance surface and the suitable patches as
the input data, a network of least-cost paths, also referred to as corridors, was generated as a
line shapefile using the Cost Connectivity tool in the ArcGIS Spatial Analyst toolbox (Esri,
2019).
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4 Results
4.1 Changes in distribution and movement patterns of lions and elephants
Figure 12 and Table 4 show the distribution patterns and total range areas of lions and elephants
in 1925-1935, 1965-1975 and 2005-2015.

Figure 12. Distribution patterns of selected species in 1925-1935, 1965-1975 and 2005-2015.
The maps show the distribution ranges of (a) lion and (b) elephant in 1925-1935 (pink), 1965-1975 (orange) and
2005-2015 (blue). In addition, the 2005-2015 lion distribution map indicates the density of lion populations: high
density (dark blue), medium density (blue) and low density (light blue). For the elephant, the 2005-2015 range is
further categorised into known range (blue) and possible range (light blue).

Table 4. Approximate distribution areas of lions and elephants.

Year

Approximate total distribution
area of lions (km2)

Approximate total distribution
area of elephants (km2)

1925-1935

453,403

110,430

1965-1975

136,135

173,586

2005-2015

240,681

175,927
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Lion
Comparing the occurrences of Namibia’s lions among the three periods, the range has declined
substantially since 1935. According to Magistral Papers (1925/26), lion distributions were
officially recorded in Ovamboland, Namutoni, Outjo, Otjiwarongo, Omaruru, Gobabis, Aroab
and Gibeon, with some periodic visits made from the Outjo district to the south-west portion of
Grootfontein. Several lions were also observed at the waterholes north of the Waterberg-East
Native Reserve and a few migrated from the west of Waterberg in the Otjiwarongo area to the
east and returned during the months of August and September. Following the Magistral Papers
(1925/26), Shortridge (1934) reported their occurrence over a larger area, mainly in the northwest, north-east and east of South West Africa. Shortridge added that lions had nearly
disappeared below 25ºS latitude, but a certain number still existed in the Namib mountainous
valleys as far south as the Kuiseb River. Several lions followed prey along the Auob River to
the south-east around Upington. In former Damaraland, they sometimes occurred among the
coastal ranges from the Swakop and lower Kuiseb Rivers in the south, around the Spitzkop
Mountain, to the north of the Ugab River. Lion populations were widely distributed across the
Kaokoveld, with the highest densities around the Kunene Valley and some northern local
villages. Within the Otjiwarongo and Grootfontein districts, Shortridge (1934) recalled the lion
visits to waterholes north of Waterberg mentioned in the Magistral Papers (1925/26) and further
reported the constant observation of lion spoor along the river bed of Omatako. In the late dry
season, lions followed the antelope and zebra from Grootfontein area into the Okavango Valley.
Moreover, lions were common in the Okavango, former Caprivi and Ovamboland except in the
south of Etosha Pan, where much trapping and poisoning occurred (Shortridge, 1934).
By 1975, the overall range of lions decreased from 453,403 km2 (1925-1935) to 136,135 km2.
Joubert and Mostert (1975) highlighted the absence of lions from all farmland, Ovamboland
and the Kaokoland plateau due to systematic eradication. A fair number persisted in the northwestern corner of Damaraland and Kaokoland. Other lion regions included the Etosha National
Park, southern Kavango along the Botswana border, as well as further south in Bushman- and
Hereroland (Joubert & Mostert, 1975). The Human-Lion Conflict Management Plan further
suggested that autocratic political structures, land reform (such as the Odendaal Plan) and the
growth of agriculture post-1970 were the contributing factors of the dramatic lion population
decline in the Kunene region (Ministry of Environment and Tourism, 2017).
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Today, the range is noticeably smaller despite a slight expansion in some established territories
(Stein et al., 2012). Lions have disappeared from the Kavango West region in northern Namibia
and most of the southern and central portions of the country. The total population is estimated
to be 800. As shown in Figure 12a, high lion densities only occur in Etosha National Park,
Khaudum National Park/ Nyae Nyae Conservancy and parts of the Kunene region, with a
combined area of 25,771 km2 (Stein et al., 2012). It is undoubtedly that the source populations
for lions are north-west Botswana and Etosha National Park; however, the Kunene populations
have established healthy prides that may provide dispersal adults to surrounding areas through
conflict mitigation (Stein et al., 2012). In the Zambezi region, the high frequency of conflicts
with humans and associated retaliatory killing has resulted in low lion numbers, even though it
is part of the KAZA connectivity zone. Lions additionally occur in the Otjiwarongo area but at
a low density due to constant persecution by commercial farmers.

Elephant
The Namibian elephant distribution pattern has also changed considerably between 1925 and
2015 (Figure 12b). Magistral Papers (1925/26) first reported that about 40-50 elephants
occurred in eastern Ovamboland, with a small number visiting the western part from the
Kaokoveld in the wet season. Additionally, there were 200 individuals present in Outjo but
none in the Namutoni Reserve. Records indicated that the last herd of elephants in Namutoni
was exterminated in 1881 (Magistral Papers, 1925/26; Martin, 2005; Ministry of Environment,
Forestry and Tourism, 2020b). With the demand for ivory, elephants continued to decrease in
the northern areas. By 1934, the range expanded slightly but was limited to the Kaokoveld and
the Caprivi regions, with occasional migrants in Outjo, Ovamboland and Okavango (Shortridge,
1934). During the rainy season, some elephant residents in the northern and central Kaokoveld
migrated southward as far as the Ugab River. Shortridge (1934) also noted a few elephants
crossed the Okavango River from south-east Angola before the rains. Another key elephant
regions were the Omatako and the Khaudum/Shadum, where the omurambas flow into the
Okavango and Tshodilo Hills (Shortridge, 1934).

The range of elephants extended across northern Namibia, and the size increased from 110,430
km2 in 1935 to 173,586 km2 in 1975. Several reports indicated that elephants recolonised the
Halali and Namutoni areas in the 1950s (Martin, 2005; Ministry of Environment, Forestry and
Tourism, 2020b). By 1975, Etosha National Park had the highest concentrations of elephants
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with various migratory movements around the Park (Joubert & Mostert, 1975). For instance,
elephants migrated eastward along drainage lines merging into the Okavango River. Besides,
small numbers of herds moved into Ovamboland from central Etosha, while some herds moved
down the Hoanib drainage system into the western Etosha. There were limited elephant
movements from the Otjovansandu and Onaiso regions to north-west Ovamboland and into the
Kaokoland (Joubert & Mostert, 1975). However, elephant subpopulations in north-western
Namibia and the Caprivi disappeared due to war-related poaching in the 1960s-1980s (Martin,
2005). An annual migration route from the Kunene River to the Hoarusib River was then
destroyed by 1980 (Martin, 2005; Viljoen, 1987). Consequently, these pressures on elephants
may have contributed to the rapid increase of the resident population in Etosha.
Covering 175,927 km2, the present range of elephants (2005-2015) is very similar to the 19651975 range. There are currently over 22,000 elephants in Namibia. Their distribution can be
considered into two parts – the north-eastern (Khaudum/ Nyae Nyae Conservancy and the
Zambezi) and the north-western (Etosha National Park and neighbouring Kunene region)
(Thouless et al., 2016). The elephant populations in Khaudum/ Nyae Nyae have been
established since the 1980s and form the largest group in the country with the development of
artificial water and cross-border movements from Botswana (Martin, 2005; Thouless et al.,
2016). For the north-western populations, they have recovered from historical over-hunting and
expanded south to the Omaruru River and the edge of the Erongo mountains. Between
Khaudum and Etosha, a small population occurs in the Mangetti area. While some elephants
occupy the Mangetti National Park, some concentrate around the Kavango Cattle Ranch to the
west and extend into the Ukwangali communal area to the north (Thouless et al., 2016). In
addition, the 2014-2015 KCR collar data demonstrated southward movements of elephants onto
the commercial farms in Grootfontein during the wet season (Ministry of Environment, Forestry
and Tourism, 2020b). The African Elephant Status Report has further identified the rest of the
Kavango region and a small area right above the Etosha as possible range (48,054 km2), in
which occasional sightings have been made (e.g. elephant movements between
Angola/Kavango to the north-west of Khaudum). Despite the successful population recovery,
there have been additional movement challenges to Namibian elephants. Firstly, Etosha
elephants have become increasingly isolated since the upgrade of perimeter fencing in recent
years (Thouless et al., 2016). Secondly, a potential (historical) corridor used by elephants
between the north-east Etosha and the Mangetti area (via the Omuramba Ovambo) has been
interrupted by fencing and the expansion of settlements and farms (Ministry of Environment,
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Forestry and Tourism, 2020b). In Khaudum, elephant populations have also lost their important
wet dispersal area due to the agricultural development west of the Park (Ministry of
Environment, Forestry and Tourism, 2020b). Moreover, fences along the Namibia-Botswana
border have hampered large-scale elephant movements between the permanent waters of
Okavango Delta and wet season habitats of the Nyae Nyae pans and Khaudum omurambas
(Loarie et al., 2009b; Naidoo et al., 2022).

4.2 Habitat suitability surface for lions
Habitat suitability serves as the basis for the resistance surfaces and core areas employed in the
corridor analyses. The lion habitat suitability model generated a map of predicted suitable
habitats for lions within the study area based on nine environmental and anthropogenic
parameters (Figure 13). These included the preferred land cover types, slope derived from DEM,
proximity to rivers and waterholes (inside and outside protected areas), distance to human
settlements, area status and the accessibility of crossing fences and main paved roads. In the
lion habitat suitability surface, the predicted habitat suitability values were represented as a
constant colour ramp, with dark blue indicating the highly suitable species habitats and red
representing uninhabitable areas.
The most suitable habitats for lions were mainly found near the waterholes in Etosha National
Park, Mangetti National Park, as well as Khaudum National Park/ Nyae Nyae Conservancy. A
number of river beds, such as the Omatako River, were also considered suitable to highly
suitable habitats. With the presence of rivers and water points inside protected areas, a small,
connected area of suitable habitats was formed in the north-eastern part of the study area,
stretching from Khaudum/ Nyae Nyae to the N≠a Jaqna Conservancy and the Omatako River.
In contrast, the rest of the study area was considered moderately suitable to poorly suitable
habitats due to high levels of human occupation. These areas are dominated by freehold farms
or communal conservancies with priorities for settlement, cropping and livestock. The habitat
suitability surface further indicated that the northern part of the study area (i.e. areas above
Etosha and along the Angola-Namibia border) and the south-eastern corner (below Nyae Nyae
Conservancy) had the lowest suitability values.
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The predicted habitat suitability for lions, with values ranging from 0 to 100, is depicted using a blue-green-red colour ramp. Dark
blue colour indicates high habitat suitability while red colour indicates low habitat suitability.

selected parameters.

Figure 13. Final habitat suitability surface for lions based on the habitat suitability model using the nine

4.3 Core habitats and least-cost paths for lions
The best available lion habitat patches were computed in three trials based on the lion habitat
suitability surface, with a maximum number of 5, 10 and 16 patches. Each habitat patch was
uniquely numbered with values. Potential least-cost paths connecting these major habitat
patches were identified with the input of lion resistance surface under the connectivity analysis.
Overall, the three sets of core habitats showed a similar pattern with suitable habitat patches
around protected areas and along the Omatako River (Figure 14). Habitat patches were also
found within Khaudum and Etosha National Parks in all three trials.

The core habitat analysis determined the five most suitable habitat patches in the Khaudum/
Nyae Nyae area, Etosha National Park, east of Mangetti National Park, and east of Waterberg
Plateau National Park (Figure 14 upper left). A least resistant corridor connected the Khaudum/
Nyae Nyae and Mangetti areas through habitat patches numbered 1, 3 and 4. Furthermore,
habitat patches 3 and 5 formed a pathway following along the Omatako River from the Mangetti
to the regions east of Waterberg Plateau Park. This corridor further extended to the Etosha
National Park by connecting habitat patches 2 and 5.

In the trials with 10 core areas (Figure 14 upper right) and 16 core areas (Figure 14 lower left),
the first three most suitable habitats for lions were found in the Khaudum National Park, Nyae
Nyae Conservancy and Etosha National Park. The relatively less suitable habitats were in
farming areas such as east of Waterberg, west of N≠a Jaqna Conservancy, and the small-scale
commercial farms in western Khaudum. By comparing these two trials, the 16-core area trial
contained one additional habitat patch each in Etosha and Nyae Nyae and on the Omatako River.
In the same trial, habitat patches 5, 6, 9 and 11 were directly on the Omatako and connected as
a corridor. This Omatako corridor extended eastwards to the Eiseb River via habitat patches
numbered 9, 12, 14 and 16. Besides, habitat patches in Khaudum and Nyae Nyae connected
through the patches in N≠a Jaqna Conservancy and parts of the farming area next to Khaudum.
Contrastingly, the habitat patches between Khaudum and Nyae Nyae were linked directly in
the 10-core area analysis. Habitat patches around the Omatako River and their associated leastcost paths were also slightly shifted away from the river in this trial.
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(upper right) and 16 patches (lower left).

Figure 14. Habitat patches and least-cost paths for lions with a maximum number of 5 patches (upper left), 10 patches

4.4 Habitat suitability surface for elephants
The habitat suitability surface for elephants was produced the same way as for lions, but with
slightly different weights within each parameter and between the parameters used in this
elephant habitat suitability model (Chapter 3.6.2). The representation of the elephant suitability
map also followed the same logic of values and colours as the lion suitability surface. As
depicted in Figure 15, there were very limited suitable habitats for elephants in the study area,
similar to the results of the lion habitat suitability model (Figure 13). Much of the study site
was classified as marginally suitable and unsuitable habitats for elephants due to high intensity
of human activities. On the contrary, areas with higher habitat suitability values were restricted
to protected areas, especially around waterholes. These areas included Etosha, Mangetti and
Khaudum National Parks, along with the two conservancies adjoining south of Khaudum. The
perennial Okavango River, Omuramba Omatako and some other rivers were also considered
suitable to highly suitable habitats for elephants. However, the habitat suitability of areas
adjacent to the Okavango and Omatako rivers was low because of the negative impact of the
large number of settlements. Moreover, this elephant model predicted the Kavango Cattle
Ranch as a slightly more suitable habitat patch.
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The predicted habitat suitability for elephants, with values ranging from 0 to 100, is depicted using a blue-green-red colour ramp.
Dark blue colour indicates high habitat suitability while red colour indicates low habitat suitability.

selected parameters.

Figure 15. Final habitat suitability surface for elephants based on the habitat suitability model using the nine

4.5 Core habitats and least-cost paths for elephants
To maintain consistency between models of focal species, the elephant connectivity model
generated three sets of core habitats and potential corridor networks for elephants, with the
maximum numbers of patches set as 5, 10 and 16. In all three trials, highly suitable habitats
were found in protected areas and along the Omatako River (Figure 16). However, the potential
linkages estimated in the 5-core habitat trial differed slightly from the other two trials.

The optimal habitats for elephants predicted from the core habitat analysis with five patches
were located in Nyae Nyae Conservancy, Etosha National Park, the farms east of Waterberg
Plateau National Park and the farm blocks between Mangetti and Khaudum National Parks
(Figure 16 upper left). Habitat patches numbered 1, 3 and 5 connected Nyae Nyae to the
Mangetti area through Khaudum. Furthermore, the ephemeral Omatako River functioned as a
movement corridor by connecting habitat patches 2 and 3. The linkage of habitat patches 2 and
4 formed another pathway between Waterberg and Etosha. However, habitat patches of Etosha
and east of Waterberg were not connected in both trials with 10 core habitats (Figure 16 upper
right) and 16 core habitats (Figure 16 lower left). Instead, a passage linked Khaudum/ Nyae
Nyae area to the Etosha National Park through the habitat patches in the Mangetti National Park
and the Kavango Cattle Ranch.

In addition, the trials with 10 and 16 core habitats demonstrated a similar pattern in terms of
habitat patches and corridor networks. The highly suitable habitats were mainly in Khaudum,
Nyae Nyae and Etosha, whereas the less suitable habitats were in the agricultural areas (e.g.
Kavango Cattle Ranch, Khaudum west and the eastern areas of Waterberg). Apart from the
corridor between Khaudum/ Nyae Nyae, Mangetti and Etosha, the Omatako River also formed
part of the linkages from the Etosha to the Waterberg east. In the trial with 16 core habitats, the
Omatako pathway extended to the east until the Eiseb River by linking the habitat patches of 5,
9, 10 and 12.
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patches (upper right) and 16 patches (lower left).

Figure 16. Habitat patches and least-cost paths for elephants with a maximum number of 5 patches (upper left), 10

5 Discussion
5.1 Factors affecting the distribution and movement of large mammals
The present study demonstrates that Namibian lions and elephants, and likely other large
terrestrial mammals, have experienced substantial range contractions and reduced movements
due to human activities dominated by land use changes and associated habitat loss and
fragmentation. Habitat degradation may further decrease the availability of high-quality forage
and affect the quality of migration corridors for elephants and other migratory species (Dejene
et al., 2021). Besides, hunting and diseases have threatened the population and distribution of
many large mammalian species in the past. The clearing and conversion of natural land to
alternative uses are primarily driven by human population growth, agricultural expansion and
livestock production, as well as infrastructure development such as settlements and
transportation systems. A study from Wingate et al. (2016) found that most land cover changes
in north-eastern Namibia occurred within communal land, followed by state protected land,
suggesting a reduction in natural habitats available to wildlife. Physical structures such as
fences and roads also pose environmental challenges to large terrestrial mammals. These
increase competition for space and resources between wild animals and humans, subsequently
increase the frequency and intensity of conflicts. Moreover, climate change and variability can
induce significant shifts in the distribution of suitable habitats and increase extinction risk for
species by exacerbating the impacts of land use and cover changes. Therefore, maintaining and
improving habitat connectivity is essential to help large terrestrial mammals persist into the
future and lessen the negative effects of land use change, climate change and human-wildlife
conflicts. In particular, wildlife corridors allow animals to move between isolated habitat
patches, access to larger habitats, reduce the adverse effect on vegetation, minimise
interbreeding and improve genetic viability (Ojwang et al., 2017; Osipova et al., 2018).

5.1.1 Increasing human population and urbanisation
The unprecedented growth in human populations and the associated spread of anthropogenic
activities have disrupted wildlife populations and interfered with their distributions and
movements within and between habitats and ecosystems (Tucker et al., 2021; Tuqa et al., 2014).
The loss and fragmentation of natural habitats by rapid land use transformations are the greatest
threats to large mammal species, particularly outside protected areas (Baisero et al., 2020;
Crooks et al., 2017; Di Minin et al., 2021). For example, increasing unplanned farms and
settlements trigger permanent loss of habitats, degrade forage and interrupt the traditional
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migratory routes of elephants (Shaffer et al., 2019). With the shrinking of dispersal areas and
loss of connectivity, competition between wildlife, livestocks and the communities living in
adjacent areas may escalate, increasing the likelihood of human-wildlife conflicts and
persecution. Additionally, terrestrial mammals are vulnerable to habitat loss and modification
by urban development (Lesilau et al., 2021; Magura et al., 2021). Urbanisation can alter the
environment available to species by increasing ambient temperature, pollution, the number of
barriers preventing wildlife movement and the proportion of impervious surfaces (O’Donnell
& delBarco-Trillo, 2020; Ordeñana et al., 2010). It can also impact species through changes in
water and nutrient availability, competition and predation rates and increases in disease
exposure (O’Donnell & delBarco-Trillo, 2020).

The total human population of Namibia has grown steadily since 1921, from about 229,000 in
1921 to around 1.4 million in 1991 and 2.1 million in 2011 (Namibia Statistics Agency, 2012).
The current population is approximately 2.5 million and is projected to reach 3.4 million by
2040 (Namibia Statistics Agency, 2014). Furthermore, the growth rate increased from about
2% per year in the first half of the 20th century to 3% during most of the latter half but dropped
to 1.8% more recently (Central Bureau of Statistics, 2010; Namibia Statistics Agency, 2017).
According to the Atlas of Namibia’s Population (Central Bureau of Statistics, 2010), medical
care advancement and immigration have contributed to the national population growth. Due to
improved medical care, people’s life expectancy has increased. In terms of migration, there
were formerly large numbers of Angolans crossing the border into northern Namibia for better
economic opportunities and social services, as well as escaping the harsh effects of colonial
rule (between 1920s and 1930s) and the more recent civil war during the last two decades of
the 20th century. The percentage living in urban areas increased from 28% in 1991 to 33% in
2001 and 43% in 2011, with trend-projections predicting over 60% by 2040 (Namibia Statistics
Agency, 2017). As the human population continues to grow and as land use intensifies,
specifically in the northern communal areas, the pressure on wildlife and their habitats will be
even greater.

5.1.2 Development of land allocation and land use patterns
Land tenure plays an important role in shaping the patterns and changes in land use, as
individual tenure systems may be associated with particular economic, political, social and
cultural conditions (Farley et al., 2012). Changes in land tenure can furthermore have
implications for biodiversity. For instance, deforestation can be accelerated by certain land
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tenure policy, contributing to biodiversity loss. Unclear ownership, use and access rights to land
may also cause uncontrolled land use expansion, resulting in wildlife displacement and flora
destruction (Schürmann et al., 2020). In Namibia, the distribution ranges of both lions and
elephants have become disconnected and reduced in size over the years, which coincided with
the expansion of farming development as a consequence of increased allocation of freehold
land since the 1920s. The largest range contraction observed in lions from 1925 to 1975
corroborates the finding by Joubert and Mostert (1975) who reported the absence of lions from
all farmland by 1975.
Table 5. Percentage of land allocation in Namibia from 1902-2018 (adapted from Namibia
Statistics Agency, 2018).
Year

State land
(km2)

State
land (%)

Communal
land (km2)

Communal
land (%)

Freehold
land (km2)

Freehold
land (%)

1902
1911
1921
1937
1955
Post-1964
2001
2018

526,800
575,200
515,300
385,600
219,100
128,700
150,000
194,000

64
70
63
47
26
16
18
23

249,100
77,400
67,100
143,500
221,400
332,400
317,400
287,700

30
9
8
17
27
40
39
35

48,100
171,400
241,600
294,900
383,500
362,600
356,600
342,400

6
21
29
36
47
44
43
42

Table 5 presents the percentage changes in land allocation in Namibia from colonial times to
the present (1902-2018), based on the elaborate data from the Atlas of Namibia (Mendelsohn
et al., 2002) and the Namibia Land Statistics Booklet (Namibia Statistics Agency, 2018). In
1902, state land was the largest land class in Namibia at 64%, compared to 30% formally
recognised communal land and 6% freehold farmland. A possible explanation for this is that
many parcels of land in Namibia were not clearly allocated during the early 20th century and
thus fell under government control (Mendelsohn et al., 2002). The percentage of state-owned
land continued to increase to 70% by 1911 and later dropped rapidly until 1962-1963, during
the initiation of the Odendaal Plan. Since 1964, there has been a slight increase in state land
due to the establishment of several national parks and the purchase of freehold farms for
resettlement and other purposes (Mendelsohn et al., 2002).
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Communal land also decreased from 30% in 1902 to 9% in 1911 and 8 % in 1921. The
substantial decline in communal land between 1902 and 1911 was the result of land confiscation
during the 1904-1908 war between Germany and the Herero and Nama forces (Mendelsohn et
al., 2002). By 1964, communal land expanded steadily from 17% in 1937 to 40% because of
the creation of 10 ethnic homelands recommended by the Odendaal Commission but started
declining thereafter. Contrastingly, freehold land surpassed communal land to grow to 21% in
1911, as confiscation of land by the 1907 proclamation opened more opportunities for white
settler farmers and companies to acquire property (Mendelsohn et al., 2002). The laws enacted
in the 1920s by the South African authorities further promoted the growth of white-owned
private farmland until around 1955 (47%), followed by a slight decrease from 1964 onwards.
The Commission’s 1964 report led to numerous freehold farms being purchased by the
government and subsequently incorporated into the homelands of Damaraland and Namaland
(Mendelsohn et al., 2002). As of 2018, freehold land (43%) still constitutes the largest portion
of land in Namibia, followed by communal land (35%) and state land (23%).

Although the extension of white-owned farmland came to a halt in the 1960s, the process of
allocating or privately appropriating large, new (private) farms has continued. With the
intention of encouraging commercial farming activities in communal areas, the preindependence administration demarcated and allocated several large farms to individual black
farmers during the 1960s, 1970s and 1980s. These original farms were established in the
Mangetti Block of Oshikoto (104 farms) and Kavango (44 farms), as well as in the Okamatapati
(56 farms) and Rietfontein areas (91 farms) (Mendelsohn, 2006; Ministry of Lands and
Resettlement, 2012). More recently, the acquisition of new private farms has rapidly increased,
mainly through allocations made by traditional authorities or by claiming land informally.
These newly established farms are located in the north-central regions, Kavango and former
Hereroland, some of which have been fenced off. Mendelsohn et al. (2002) further noted that
many of the farms are used for private ranches and investments, whereas a small proportion is
farmed actively and commercially. In addition, the government embarked on the Small-Scale
Commercial Farms Development Programme in 2003 (Ministry of Lands and Resettlement,
2012). The first surveyed farms in Caprivi, Kavango and Ohangwena were gazetted in 2007,
and Kavango has the majority of these small-scale commercial farms with long-term leasehold
agreements (Mendelsohn, 2013; Ministry of Lands and Resettlement, 2012). Apart from smallscale commercial farms on communal land, the Namibian government set up the Green Scheme
to encourage the development of irrigation-based agronomic production (Ministry of Lands and
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Resettlement, 2015). Currently, seven out of the eleven Green Scheme irrigation farms exist in
the Kavango region using the Okavango River. The National Elephant Conservation and
Management Plan also suggested that these small-scale commercial farms west of Khaudum
and the Green Scheme irrigation farms are more likely to experience increasing human-wildlife
conflicts due to the expansion of elephant populations and their distribution (Ministry of
Environment, Forestry and Tourism, 2020b).

Besides, multiple studies have investigated the changes in land cover in northern communal
areas and found that large tracts of woodland have been cleared for cultivation and settlement,
with an increasing trend since past decades. According to Wingate et al. (2016), most
deforestations occurred near villages or along rivers and roads, with the Okavango River and
western Ohangwena region being the two core areas. Mendelsohn and El Obeid (2003) further
reported that the clearing and conversion of woodland to cropland expanded by 3.9% per year
between 1943 and 1996 in Kavango. This dramatic increase could relate to the immigration of
Angolans both before and during the civil war. Additionally, the construction of the B8 gravel
road in 1964 and then the drilling of boreholes nearby has triggered the expansion of settlement
and clearing of fields for agriculture along this main road. Another research by Muhoko et al.
(2020) observed a similar trend of increasing land clearance in the Kavango East region. While
land area covered by forests decreased gradually from 58% in 1990 to 54% in 2016, the
cropland had doubled from 3% to 6% by 2016. The study also detected the largest forest
conversion within the 2000-2009 period and suggested that a considerable amount of woodland
was cleared for commercial farming, such as the Ndonga Linena Green Scheme project
(Muhoko et al., 2020). Nevertheless, employment opportunities and the end of the civil war
may have slightly slowed down the forest clearance in 2009-2016 period. Owing to the large
proportion of natural vegetation clearing, many wildlife species that used to occur along the
Okavango River have now disappeared and are mainly concentrated in national parks
(Mendelsohn, 2009). With human population growth, the clearing and conversion of woodland
persist in the region, which will have further negative implications for wildlife.
5.1.3 Physical barriers – fences and roads
Physical barriers such as fences and roads are growing problems for wildlife and ecosystems.
Despite some positive outcomes, fencing can reduce connectivity through landscape
fragmentation, restrict dispersal and migration of large terrestrial mammals, prevent access to
critical resources and cause injury or death through entanglement or electrocution (Boone &
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Hobbs, 2004; Osipova et al., 2018). These effects on large mammals vary depending on the
type, maintenance and quality of fences. Furthermore, fencing allow herbivores that reside in
protected areas to become overpopulated, resulting in extensive vegetation damage, starvation
and increasing incidents of species breaking fences and escaping from the reserves (Boone &
Hobbs, 2004; Loarie et al., 2009b; Ministry of Environment, Forestry and Tourism, 2020b).

From the 1920s onwards, the allocation of freehold land to farmers has opened the door for placing
fences on commercial farms to demarcate boundaries and control livestock movements, but they
have become barriers to wildlife. While attention has focused on commercial farms in the central

and south of Namibia, the practice of erecting illegal fences has begun in the northern
communal areas since the 1970s (Fuller, 2006). The practice expanded rapidly in the 1980s and
accelerated thereafter. Massive tracts of land were fenced off by wealthy and politically wellconnected individuals, probably due to the lack of clear legislation prior to the Communal Land
Reform Act (Fuller, 2006; Mendelsohn et al., 2002; Muduva, 2014). These enclosures further
limited free access of other villagers to grazing, water and natural resources, as some of the
government boreholes were fenced off (Fuller, 2006; Mendelsohn et al., 2002).
Veterinary cordon fences have also been erected throughout southern Africa to separate large
wild mammals and livestock in order to prevent the transmission of infectious diseases, such as
Foot-and-Mouth (Naidoo et al., 2022). The intended aim of these vet fences has been achieved,
but they have interrupted the migration paths of species and endangered their survival. The Red
Line is one of the veterinary cordon fences in Namibia and spans the north-central country parts
from the Atlantic Ocean to Botswana. It was constructed in the mid-1960s and had been
continually modified — based on the former German Police Zone boundary. This Red Line was
not only used to control the spread of (cattle) diseases, but also served as a barrier restricting
and containing the mobility of both indigenous peoples and animals from northern Namibia to
the central and south sections of the country (Mendelsohn et al., 2002). Between 1965 and 1975,
lions had occurred in east-central Namibia but are currently more restricted to protected areas
in the north-east (Figure 12a), suggesting the construction of the Red Line may have
considerable influence on the lion distribution in north-eastern Namibia. By contrast, the lion
range is less affected by the Red Line in the Etosha/Kunene region. This finding is consistent
with Stoldt et al. (2020), which have further shown that the Red Line has a significant impact
on the ranges of wildebeest and other species along with lions. The Namibia-Botswana border
fences along the Khaudum National Park (erected in 1954) as well as along the southern edge
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of Bwabwata National Park (erected in 1996) are two other veterinary fences that have impaired
the movements of elephants to the east and between the Okavango River and the eastern
Zambezi region, respectively (Loarie et al., 2009b; Naidoo et al., 2022).

Fencing of national parks and reserves is prevalent in southern Africa. Some parks, such as
Etosha National Park in Namibia, have erected electric fences to reduce human-wildlife
conflicts, and these fences supposed to have a low permeability for species (Løvschal et al.,
2017). However, recent collar data found that elephants have moved in and out of the northeastern Etosha, as the current condition of the electric perimeter fence is semi-permeable (W.
Versfeld, personal communication). The installation and maintenance of electric fences are
generally very costly in Africa. Lack of management and continuous upkeep due to insufficient
funding can reduce the effectiveness of fencing, leading to a high occurrence of semi-permeable
boundaries for large mammalian species (Williams et al., 2021).

In addition to fences, the development and presence of roads pose an imminent threat to the
integrity of habitat networks and wildlife through changes in traffic flows (van Strien & GrêtRegamey, 2016). Paved roads with high speed and high traffic volumes can reduce landscape
permeability, impede animal movements, increase population isolation and cause mortality due
to collisions (Bennett, 2017). Studies have shown that species with large body size and large
home ranges are more likely to suffer the detrimental effects from roads (Gandiwa et al., 2020;
Rytwinski & Fahrig, 2012). Railways may also convey similar effects when they run parallel
to the existing trunk roads. Besides, road development determines the distribution of human
settlements. The construction of new roads can promote the establishment of new settlements
and subsequently increase the local population.

Within the study area, the Grootfontein-Rundu trunk road (B8) and Otjiwarongo-TsumebOndangwa trunk road (B1) can act as movement barriers to large mammal species (P. Beytell,
personal communication). Traffic data from 2018 indicated that the B8 trunk road has
frequently been used by light and heavy vehicles, with an observed increase in heavy vehicle
traffic from 2008 to 2018 (Strauss, 2020). Furthermore, the Namibia Logistics Hub Master Plan
(JICA, 2015) demonstrated the existing and future traffic volume on major road sections in
2013 and 2025. As depicted in Table 6, the total daily traffic volumes in the road sections of
Grootfontein-Rundu, Otavi-Grootfontein, Otavi-Tsumeb, Otjiwarongo-Otavi and TsumebOndangwa are expected to increase twofold by 2025.
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In the northern communal areas, such as Kavango, people choose to settle along major roads in
addition to rivers and dry drainage lines/ omurambas (El Obeid & Mendelsohn, 2001). Many
settlements cluster along the Okavango River valley due to the provision of water for animal
drinking and crop farming (W. Versfeld, personal communication). Regarding the relationship
between roads and settlements, the B8 trunk road provides local people with a well-developed
road network and tourism business opportunities (W. Versfeld, personal communication).
Future expansions of roads, railways (e.g. Trans-Zambezi Railway Project) and related
residential development would further increase the barrier effects on the movements of large,
mobile mammal species.

Table 6. Traffic volume on major road sections in 2013 and 2025.
Road sections

Total traffic volume in 2013 Projected total traffic
(vehicle/ day)
volume in 2025 (vehicle/ day)

Grootfontein

Rundu

1,040

2,040

Otavi

Grootfontein

1,190

2,330

Otavi

Tsumeb

3,380

5,750

Otjiwarongo

Otavi

4,570

8,080

Tsumeb

Ondangwa

2,580

4,380

5.1.4 Reduced genetic diversity
Genetic diversity is an important component in supporting the resilience and persistence of
populations. Reduced population size and restricted gene flow due to habitat loss and
fragmentation can result in decreased genetic diversity and reproductive fitness, lower capacity
to adapt to rapidly changing environments and increased risk of local extinction (Bertola et al.,
2021; Furlan et al., 2012; Lohay et al., 2020; Schlaepfer et al., 2018; Stevens et al., 2018). In
Namibia, there is a rising concern over the long-term viability of the populations of large
terrestrial mammals (such as lions and elephants in this study) due to their restricted
distributions. They are mostly confined to protected areas, where they can move more freely.
Protected areas like national parks not just help provide a refuge for a wide array of different
species but also preserve genetic resources for future generations. Yet, existing national parks
have become smaller and more isolated, along with increasing vegetation damage, which may
not provide sufficient habitats for the species in the long run. For instance, Etosha National Park
has shrunk in size for resettlement purposes and has been fenced off, as described in previous
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chapters. The fencing has disrupted the migration patterns of many animals in Etosha and will
increase the isolation of the remaining populations, leading to small population sizes, reduced
gene flow and declining genetic diversity (Thouless et al., 2016).

Currently, there is a study on the genetics of lion populations in northern Namibia available,
while research on elephants is underway. This recent genetic analysis by Dasch (2021) further
provided evidence for the increasing fragmentation of habitats and lion populations in northcentral and north-eastern Namibia. The genetic diversity of lion populations was found to be
the highest in Zambezi Strip and has decreased with geographical distance from the east
(Zambezi Strip) to the west (Skeleton Coast). The study also indicated the infrequent
movements of lions between the east and the west by detecting the highest genetic barrier and
the lowest genetic admixture between the Zambezi and Etosha National Park based on
computational models. In this regard, human-induced habitat loss and fragmentation in northcentral and north-eastern Namibia may have contributed to the reductions in gene flow and
genetic diversity of lion populations, making the species more vulnerable to environmental
disturbances and local extinction.

5.1.5 Climate change
Climate change has significant impacts on species persistence and landscape connectivity.
Shifting patterns of rainfall and temperature can influence the abundance and distribution of
species and habitat quality, thereby increasing the rates of population declines and extinctions
(He et al., 2019; Kapuka & Hlásny, 2021; Tuqa et al., 2014). Climate change can furthermore
interact with land use and cover change by amplifying the impact of habitat loss and
fragmentation on mammals (Mantyka-Pringle et al., 2015). The loss of connectivity would
hinder species movements, along with reducing population size, genetic diversity and adaptive
capacity to the changing climate (Ashrafzadeh et al., 2019). Due to their ecology, large mobile
terrestrial mammals are more particularly vulnerable to climate change than other species
(Hetem et al., 2014). Climate-related extreme events may increase the susceptibility to diseases
(e.g. anthrax) in large carnivores and herbivores like lions and elephants (Okello et al., 2016;
The Heinz Center, 2012).
According to Namibia’s Fourth National Communication Report to the UNFCCC (Ministry of
Environment, Forestry and Tourism, 2020a), the average temperature rose at a rate of 0.0123°C
annually over the period 1901-2016 and has increased by around 0.2°C every decade. Unlike
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temperature, it is more difficult to detect rainfall trends in Namibia, and a non-significant
precipitation increase of 0.039 mm per year was recorded between 1901 and 2016 (Ministry of
Environment, Forestry and Tourism, 2020a). This is because a single rainfall event can
contribute to a significant proportion of the annual rainfall in some regions. Climate predictions
further indicated that Namibia would become hotter throughout the year, with increased
temperatures ranging between 1°C and 3.5°C in summer and 1°C to 4°C in winter in the period
2046-2065 (Ministry of Environment and Tourism, 2011b). In addition, rainfall seasons would
be shorter with more intense rainfall, and extreme events such as droughts and floods are likely
to become more frequent. A decrease in rainfall of 10-20% by 2045-2065 over the catchments
of Zambezi, Kavango, Cuvelai and Kunene Rivers is expected to reduce the runoff and drainage
in these shared river systems by +/- 25% (Ministry of Environment and Tourism, 2011b).
Moreover, Shrader et al. (2010) studied the impact of reduced rainfall on elephant survivals and
estimated that elephants living in enclosed reserves such as Etosha National Park may be the
first populations to be effected by climate change, especially the juveniles. Nevertheless, the
importance of Etosha as a drought refuge for elephants from further west will continue to
increase with climate change (Ministry of Environment, Forestry and Tourism, 2020b).

5.2 Case studies of the influence of land use patterns on species movements
The Khaudum National Park and adjacent areas in north-eastern Namibia are mostly unfenced
(except the Namibia-Botswana border) and rich in wildlife habitats with essential migration
routes; however, they have different land use patterns and management practices. Many
Kavango people (e.g. Gciriku and Shambyu tribes) are the residents of the farming areas west
of Khaudum towards the Mangetti area, while San people/bushmen live south of it in the Nyae
Nyae Conservancy. The variety of land uses can pose a significant challenge to large mammals’
mobility and population viability if adjacent areas often have conflicting and incompatible uses.

5.2.1 Mangetti and west of Khaudum National Park
The vast area west of Khaudum National Park (along the omurambas) has been considered a
critical wet season range for many large mammal species (Jones et al., 2009; Ministry of
Environment and Tourism, 2013). Some elephant and wild dog populations from Khaudum
tend to move westwards into the Kavango West region towards the Mangetti National Park
(Ministry of Lands and Resettlement, 2015). However, the development of small-scale
commercial farms (mainly for livestock herding and crop cultivation) along the western
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boundary has severely impeded free wildlife movements and increased human-wildlife
conflicts due to fencing and the strong attraction of domestic stock and water points for
predators and elephants (Ministry of Environment and Tourism, 2013) (Figure 17). The
removal of wet season dispersal areas may further reduce the numbers of some species and the
Park’s ecological viability, thus requiring more intensive management in and around the
Khaudum National Park (Jones et al., 2009). According to the Rapid Survey of Farms
(Mendelsohn, 2013), about 622 small scale commercial farms have been allocated by traditional
authorities, covering approximately 45% of communal land in the Kavango region. Of these
622 farms, 470 farms are within designated agricultural areas, while 152 farms fall outside the
zones. 421 farms also have leaseholds varying in duration between 25 and 99 years. In addition,
based on the available information on perimeter fencing, 140 of the 481 farms are fully fenced
(29%), and 8 are partially fenced (2%). The survey further noted that most farm owners live in
Rundu or elsewhere in the country, and very few people with a population of 1,786 indeed live
on the farms.

The Greater Mangetti Complex is regarded as another high conflict zone, although it is home
to a small herd of elephants and other species like wild dogs. The complex comprises two main
areas: the Mangetti National Park and the Kavango Cattle Ranch, owned and managed by the
Namibia Development Corporation (NDC) (Figure 17). The Kavango Cattle Ranch, consisting
of 45 farms, was initially started in 1973 (Ministry of Environment, Forestry and Tourism,
2020b; Ministry of Lands and Resettlement, 2012). About 16 farms in the Mangetti West
(Oshikoto region) were developed at a later stage. Several of the farms that were part of the
Ranch have also been reallocated to the Namibia Defence Force and war veterans or used for
other purposes such as resettlement and veterinary quarantine (Ministry of Lands and
Resettlement, 2012).

In the Mangetti Complex, elephant movements are mainly within the KCR due to the relatively
abundant water sources in the forms of troughs and dams (albeit pumped for cattle) (Ministry
of Environment, Forestry and Tourism, 2020b). However, conflicts have occurred between
elephants and villagers, particularly on the KCR and southern commercial farmland, when
water is limited and difficult for elephants to access (Ministry of Environment, Forestry and
Tourism, 2020b). Elephants can cause substantial damage to water installations, fences and
occasionally crops, resulting in costly repairs and production losses (Ministry of Environment,
Forestry and Tourism, 2020b; Naankuse, 2018). Therefore, many residents of the Mangetti
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Complex have negative attitudes toward elephants. As agricultural land expands and the
number of elephants inhabiting or entering the KCR increases, human-elephant conflicts are
more likely to escalate. Large carnivores may face similar conflict challenges as elephants due
to their predation on cattle.
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Figure 17. Map showing the area status of the Great Mangetti Complex and west of Khaudum National Park.

5.2.2 Khaudum National Park and Nyae Nyae Conservancy
The situation south of Khaudum National Park is different from the western side. The Park is
bordered to the south by the Nyae Nyae Conservancy, a large communal area in which local
residents (Ju/’hoansi) are entitled to use wildlife and develop tourism on a sustainable basis
(Figure 18). Many large mammals can move freely between Khaudum and Nyae Nyae, and
even to the N≠a Jaqna Conservancy without any fencing barriers (Ministry of Environment and
Tourism, 2013). In addition, both Khaudum and Nyae Nyae support healthy wildlife
populations and form part of the KAZA, allowing species to move across a large landscape
between Namibia, northern Botswana and southern Angola. Yet, conflicts between Ju/’hoansi
people and wildlife over water access and livestock predation have emerged and been widely
reported since the 1980s (Hays & Hitchcock, 2020; Weaver & Skyer, 2005). Matson (2006)
further noted that the number of conflicts, particularly with elephants, increased steadily from
2000 to 2003 and started declining in 2004. With improved management and assistance, humanwildlife conflicts (e.g. elephants and lions) in Nyae Nyae have been significantly reduced,
making the conservancy one of the most successful CBNRM models (Hays & Hitchcock, 2020;
NACSO, 2012).

The Nyae Nyae Conservancy was first gazetted as a communal conservancy in 1998, providing
conservancy members with additional rights to utilise and manage forest products and grazing
resources. Furthermore, the conservancy is based on a mixed economy system and retains the
traditional Ju/’hoansi culture or land management strategy (Hays & Hitchcock, 2020; NACSO,
2012). The Ju/’hoansi have lived in harmony with nature for thousands of years and relied on
low-impact hunting and gathering lifestyle; thus, conserving wildlife and plant resources for
their own use and tourism is the conservancy's primary objective (Hays & Hitchcock, 2020;
Matson, 2006; Weaver & Skyer, 2005). In this regard, Nyae Nyae has been divided into various
land-use zones, including exclusive wildlife zones for wildlife utilisation, tourism and (trophy)
hunting, and settlement, cropping and community forest zones (NACSO, 2012).

According to Matson (2006), most of the previous human-elephant conflicts in Nyae Nyae took
the form of damage to water installations, while other forms included damage to fences, cropraiding and direct attacks on humans. One of the reasons is that the creation of artificial water
points has increased the number of resident elephants in Nyae Nyae, resulting in more
competition between people and elephants over scarce water sources (Martin, 2005; NACSO,
2012). The increased livestock activities have also contributed to an increase in predator
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problems. Nonetheless, the conservancy has been actively mitigating human-wildlife conflicts
with support from the Ministry of Environment, Forestry and Tourism (MEFT), the Nyae Nyae
Development Foundation and other NGOs. For instance, the conservancy has constructed
elephant proof walls around water infrastructure in certain villages, which has substantially
reduced conflicts between humans and elephants (Matson, 2006; NACSO, 2012). With
mitigation measures such as herding livestock and keeping them in closed enclosures at night,
incidents of conflicts with predators (e.g. lions) have also significantly decreased (NACSO,
2012). Importantly, people have a high tolerance for lions and elephants because of their
ecological importance and economic value through tourism (NACSO, 2012). In addition to
human-wildlife conflicts, community rangers actively monitor the natural resources within the
conservancy by conducting patrols and recording data such as game sightings, poaching
incidents and game utilisation (NACSO, 2012). Hunting is further managed according to quotas
set by the MEFT, mainly based on game counts. Moreover, game reintroductions have taken
place in the conservancy to facilitate recoveries of wildlife populations and increase the area
value for tourism and trophy hunting (Funston et al., 2017; NACSO, 2012). With the absence
of barriers and effective management, the Khaudum/Nyae Nyae system has the greatest
potential to recover lion populations in the north-east of Namibia (Funston et al., 2017).
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Figure 18. Map showing the area status of the Khaudum National Park and Nyae Nyae Conservancy.

5.3 Model validation
The habitat suitability and connectivity models for lions and elephants developed in this study
were based on literature findings, combined with expert knowledge. Validation of the model
outputs is therefore essential to ensure their accuracy. Kirchner (2020) also highlighted the use
of movement data for model validation, which can highly reduce the uncertainty of a model. In
this regard, habitat suitability maps and least-cost corridors for the focal species were validated
by expert opinions and using the species’ home ranges and core ranges provided by the Ongava
Reserve Centre and the Ministry of Environment, Forestry and Tourism. The boundaries of
these home ranges and core ranges were computed using kernel density estimation from sample
GPS telemetry point locations. Generally, the 95% contour (isopleth) is defined as the entire
home range for an individual, while the 50% contour is considered the core area of the home
range where the animal spends 50% of its time. Due to limited GPS telemetry data for the
species, model validation was focused on the Khaudum and Nyae Nyae area.

5.3.1 Validation of the habitat suitability surface for lions
The habitat suitability surface for lions was verified by comparison with the core ranges
determined from the ten lion GPS collars in Khaudum/ Nyae Nyae. Figure 19 shows that the
core ranges of all ten lions are mainly concentrated around waterholes and omurambas in the
Khaudum National Park and the northern Nyae Nyae Conservancy. Each lion also has a core
range that overlaps with at least one core range from another lion. This supports the prediction
of the lion suitability model that the areas around the waterholes and omurambas are the most
favourable and highly suitable habitat for lions. Although there are no available GPS data for
the other parts of the study area, it is assumed that waterholes inside protected areas (e.g. Etosha
and Mangetti National Parks) and rivers, including omurambas, are suitable habitats for lions
based on their observed space use pattern in the north-east (Figure 13).
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the lion telemetry data in Khaudum/ Nyae Nyae.

Figure 19. Map showing the comparison of the lion habitat suitability surface and core ranges determined from

5.3.2 Validation of the habitat patches and corridors for lions
The home range dataset derived from telemetry data of ten collared lions in Khaudum/Nyae
Nyae was used to validate the habitat patches and corridors for lions (from the 16-core habitat
trial). Areas of home range overlap indicate high habitat quality in the area. As illustrated in
Figure 20, the home ranges of lions highly overlap in the south-western (habitat patch 1) and
north-western (habitat patch 7) parts of Khaudum National Park. The home range of each lion
within this area contains one or both of the two habitat patches. Furthermore, one lion has a
home range that includes a third habitat patch (habitat patch 10) on the commercial farms west
of Khaudum. Hence, the overlapping of lion habitat patches and home ranges reflects the high
reliability of the habitat suitability model and core habitat analysis in this study. By linking the
habitat patches 1, 7 and 10, a potential least resistant corridor could be formed between the
Khaudum National Park and the northern part of the Nyae Nyae Conservancy. As the core
habitats were detected based on the highest average habitat suitability values, the remaining
habitat patches (Figure 14 lower left), mainly around waterholes and rivers, could still be
suitable for lions even without the validation of lion movement data. With reference to
Shortridge (1934), lion footprints were constantly observed along the river bed of the Omatako
(Chapter 4.1). As a result, habitat patches 5, 6, 9 and 11 could be connected as a pathway and
reused by lions. This Omatako pathway could connect to the previously described corridor
between Khaudum and Nyae Nyae. Besides, lion movements have been observed at the
Okakarara area where they were thought to have come from Botswana (P. Beytell, personal
communication). Historical information also recorded the migration of lions from the west of
Waterberg in the Otjiwarongo area to the east (Magistral Papers, 1925/26). Thus, the linkages
of habitat patches 6, 9, 12, 14 and 16 could possibly be used by lions. Even though the
connectivity model identified a potential route between Etosha to Waterberg via habitat patches
3, 6, 9 and 15, the likelihood that lions use this path is low due to the large number of
commercial farms within the area.
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determined from the lion telemetry data in Khaudum/ Nyae Nyae.

Figure 20. Map showing the comparison of the predicted lion habitat patches and corridors and home ranges

5.3.3 Validation of the habitat suitability surface for elephants
The elephant habitat suitability surface was validated by the core ranges derived from the eight
elephant GPS collars in Khaudum/ Nyae Nyae. Figure 21 shows that much of the elephant core
ranges lie within the areas predicted as the most suitable habitats from the elephant habitat
suitability model. These core ranges are around and even across waterholes in the Khaudum
National Park and the Nyae Nyae Conservancy. Some also contain the omurambas. In addition,
there are three sets of overlapping core ranges in Khaudum, one in the north and the other two
in the central and south-western parts of Khaudum. One elephant core range further extends
into the adjacent commercial farmland from the south-west of Khaudum, even though this
farming area was classified as a marginally suitable habitat for elephants in the model. With
reference to the observed elephant spatial use patterns in the north-east, it is also assumed that
elephants most likely occupy the areas near water sources in the rest of the study area (Figure
15). Moreover, the elephant habitat suitability model predicted lower habitat suitability in the
Khaudum area than the lion model. A possible reason for this is that the two models have
different parameter weightings and further adjustments are necessary.
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from the elephant telemetry data in Khaudum/ Nyae Nyae.

Figure 21. Map showing the comparison of the elephant habitat suitability surface and core ranges determined

5.3.4 Validation of the habitat patches and corridors for elephants
Elephant habitat patches and corridors (from the 16-core habitat trial) were compared with the
home ranges of eight collared elephants in Khaudum/ Nyae Nyae. Figure 22 shows a high
degree of home range overlap in Khaudum National Park, particularly in the south-western
corner (habitat patch 1), and the Nyae Nyae Conservancy (habitat patches 2 and 15). The habitat
patch numbered 1 is covered by the home ranges of all eight elephants. Some home ranges
contain more than one habitat patch. Further, three home ranges in the south-west of Khaudum
extend their coverage to the commercial farms. In addition, one elephant has an extensive home
range covering the habitat patches in the south-west of Khaudum, Nyae Nyae and part of the
habitat patch in the N≠a Jaqna Conservancy (habitat patch 4). Overall, the overlapping areas of
elephant home ranges and habitat patches in Figure 22 fall within the areas classified as suitable
habitats, indicating that the elephant habitat suitability and connectivity models used in this
study are plausible.

The ideal location for habitat patch 16 would be within the Khaudum National Park. However,
according to the model computation, this habitat patch is slightly shifted towards the
commercial farming area. This might be partly due to the influence of the dry drainage lines
(omurambas) stretching from Khaudum to the commercial farms, which are considered suitable
habitats in the elephant suitability model (Figure 21). There have been observed elephant
movements between Khaudum and the neighbouring commercial farms (P. Beytell, personal
communication). The area is also a former frequently used wet dispersal area by elephants and
other mammals (Chapter 5.2.1). Habitat patches 1, 2, 15 and 16 could therefore be connected
to form a least-cost corridor to facilitate the movement of elephants from the north-western part
of Khaudum to the Nyae Nyae Conservancy. This potential corridor could be further extended
to the N≠a Jaqna Conservancy through connecting habitat patch numbered 4.

From the observed elephant space use pattern in the north-east, it can be concluded that the
habitat patches elsewhere within the study area are suitable for elephants (Figure 16 lower left).
The ephemeral Omatako River has been considered a significant pathway for elephants and
other species like wild dogs apart from lions (Chapter 3.4.2). Shortridge (1934) reported that a
number of elephants trekked over and wandered the Omatako River in the 1925-1935 period.
At present, elephants have still been seen attempting to walk down the Omatako River toward
the direction of Waterberg, even with human occupation along the river (P. Beytell, personal
communication). Thus, connecting habitat patches 4, 5, 6 and 7 could potentially restore this
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historically important pathway. Besides, the linkages of habitat patches from south of Waterberg
National Park up to the Eiseb River (via habitat patches 5, 9, 10, 12 and 13) might possibly be
used by elephants, as sporadic elephant movements have been recorded at the Okakarara and
Waterberg area (Ministry of Environment, Forestry and Tourism, 2020b). Another important
elephant area is the Mangetti Complex (mainly the KCR), where it hosts a herd of resident
elephants. Based on the movement data illustrated in the National Elephant Conservation and
Management Plan, the resident elephants have spent most of their time on the Ranch over a
year because of many boreholes and water points (Ministry of Environment, Forestry and
Tourism, 2020b) (Chapter 5.2.1). This could verify the three habitat patches in KCR (habitat
patches 8, 11 and 14) detected from the elephant connectivity model. Moreover, the Mangetti
Complex and Etosha National Park could be connected by the habitat patch numbered 3. This
potential linkage also matches the historical movement corridor between the north-east Etosha
and Mangetti area (via the Omuramba Ovambo), as mentioned in the National Elephant
Conservation and Management Plan (Ministry of Environment, Forestry and Tourism, 2020b).
In contrast to the 10-and 16- core habitat trials, the trial with 5 core habitats (Figure 16 upper
left) detected an alternative linkage to Etosha via the habitat patch in Waterberg area, and it is
very unlikely to be used by elephants.
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determined from the elephant telemetry data in Khaudum/ Nyae Nyae.

Figure 22. Map showing the comparison of the predicted elephant habitat patches and corridors and home ranges

5.4 Considerations for wildlife corridor design and implementation
Wildlife corridors are an important conservation practice that can improve spatial connectivity,
facilitate individual movement and increase genetic exchange among populations in fragmented
landscapes. Currently, resistance-based connectivity models are the most widely used approach
for corridor identification (Osipova et al., 2019; Wade et al., 2015). However, the methods
developed for estimating resistance and modelling connectivity are varied, and there is no
standardised framework for the appropriate choice of the model parameters and analytical
techniques (Lalechère & Bergès, 2021). This may further increase the uncertainties of the model
outputs. Several studies have also shown that many of the proposed connectivity models did
not undergo a formal validation procedure (Lalechère & Bergès, 2021; LaPoint et al., 2013;
Sawyer et al., 2011; Wade et al., 2015). Hence, there is a strong need for empirical validation
of connectivity predictions (e.g. with movement data) to prevent misidentification of corridors
and misallocation of scarce conservation resources (Lalechère & Bergès, 2021; Naidoo et al.,
2018; Osipova et al., 2019).

While empirical-based habitat suitability models are considered more reliable for designing
connectivity linkages, expert-based models can be a cost-effective option and perform
relatively well when empirical data are sparse and spatially restricted for many species (Beier
et al., 2007; Poor et al., 2012; Sawyer et al., 2011). The combination of expert-literature-based
habitat suitability model and least-cost path analysis can provide a strong tool for assessing
high-quality habitats and identifying potential corridors at larger landscape scales, as used for
lions and elephants in this study. A key component of constructing a habitat suitability model
is the selection of habitat variables for focal species. Beier et al. (2007) pointed out that many
models rely only on relevant habitat factors for species that are available in the form of GIS
data. Consequently, insufficient species-specific spatial data with the low accuracy of available
land cover data can reduce the success rates of habitat suitability modelling (Beier et al., 2007 ).
To improve the quality of input habitat factors, a clear understanding of species distribution and
ecology is essential (LaRue & Nielsen, 2008; Ntukey et al., 2022). The best resources for
obtaining this information are wildlife experts and published species-specific literature (Beier
et al., 2007; Clevenger et al., 2002; Ntukey et al., 2022). Another point of consideration in the
habitat suitability analysis is the weighting of different habitat factors, which is also viewed as
the weakest part of the suitability model due to the lack of underlying theory and hard data
(Beier et al., 2007). A few studies have suggested to increase the accuracy of the variable
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ranking by reviewing literature and consulting with experts knowledgeable of the focal species
(Beier et al., 2007; Kirchner, 2020; LaRue & Nielsen, 2008; Stevenson-Holt et al., 2014).
Nevertheless, the model can still be subject to uncertainties and errors when translating speciesspecific literature information into numeric values.

For corridor delineation, the least-cost path analysis is one of the simplest techniques based on
resistance surface derived from the habitat suitability model. It can also analyse large spatial
scales and directly compute the least resistant corridors with the ArcGIS Spatial Analyst
toolbox (Esri, 2019). However, this approach assumes that animals have perfect knowledge of
the entire landscape and select the routes with the minimal travel cost (Wade et al., 2015).
Besides, the least-cost connectivity model does not identify barriers or other risks that could
impede movement in the corridor (Krause & Gogol-Prokurat, 2014). In some cases, the leastcost path may still be very costly or even unsuitable for wildlife movement. Given the myriad
sources of uncertainties and errors in the modelling process, from habitat suitability to leastcost connectivity analyses, validations of habitat suitability surfaces and least-cost corridor
maps should be performed by comparing them with GPS telemetry data to improve model
accuracy. Apart from GPS telemetry data, genetic distance data can be used to validate the
resistance surface as well as the potential linkages predicted by connectivity models (Lalechère
& Bergès, 2021; Wade et al., 2015). Additionally, numerous studies have recommended
performing uncertainty or sensitivity analyses to better account for errors and variability when
conducting least-cost connectivity assessments (Beier et al., 2008; Sawyer et al., 2011;
Stevenson-Holt et al., 2014; Wade et al., 2015). Beier et al. (2008) further advocated the use of
uncertainty analysis in linkage design, which could guide conservation decisions by illustrating
the effects of model uncertainty to stakeholders and managers.

Moreover, the least-cost path generated with the ArcGIS Spatial Analyst toolbox (Esri, 2019)
is a single cell width linear feature, which is unlikely to represent the actual path taken by
animals (Kirchner, 2020; Riggio & Caro, 2017; Wade et al., 2015). Hence, Kirchner (2020)
proposed an additional use of the Linkage Mapper toolbox (McRae & Kavanagh, 2011) for
corridor modelling. The corridor output with the Linkage Mapper can be more realistic as the
least-cost corridors are illustrated as the gradient of suitability rather than a line feature. The
tool can also identify potential pathways between all core habitat patches, giving a more
complete picture.
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5.5 Conservation management recommendations
This study provides a preliminary overview of potential corridors for lions and elephants in
north-central and north-eastern Namibia, which could reconnect the three wildlife important
areas, namely Etosha, Mangetti and Khaudum National Parks (Chapter 4.3 and Chapter 4.5).
Some of the corridor segments also include historical migration paths used by the species, for
instance, the Omatako River for both species and the Etosha-Mangetti route for elephants.
However, the implementation of the proposed corridors would be challenging due to heavy
human influence around the linkages, such as expanding settlements and agricultural farms,
placement of fences, major road barriers and other urban development. Ryan and Hartter (2012)
also highlighted the need to consider land use history and local livelihoods for the success of
corridor establishment in areas of high human population density.

There are some alternative strategies possible to recover large mammal movements and
maintain the viability of their populations in the study area. Firstly, with reference to the success
story of wildlife conservation in Nyae Nyae, promoting the development of wildlife- and
tourism-based land uses in communal conservancies with constant monitoring could increase
mammals’ space use and minimise human-wildlife conflicts (Chapter 5.2.2). It could bring
additional economic benefits to local communities by generating substantial revenues and
employment opportunities. This approach has been suggested in the Human-Lion Conflict
Management Plan and the National Elephant Conservation and Management Plan as part of an
effective and appropriate land use planning strategy (Ministry of Environment, Forestry and
Tourism, 2020b; Ministry of Environment and Tourism, 2017). As wildlife populations on
freehold land continue to increase, the promotion of wildlife and related tourism activities may
need to be extended to commercial farms in order to improve human-wildlife coexistence and
tolerance. Although it would be much more complicated to convince private farms to switch
from livestock farming to wildlife uses, there is still a potential for the transition with clear
guidance and adequate incentives and resources.

The removal of fences, such as veterinary fences and boundary fences, could be another
movement recovery strategy for large mammals. There are also some successful examples of
removing boundary fences in the southern African region, such as the fences between Kruger
National Park in South Africa and its neighbouring private game reserves (Ministry of
Environment and Tourism, 2010). In addition, fence removal combined with the creation of
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new artificial water points could increase the range of elephant movements and reduce fence
damage by elephants (Kapuka & Hlásny, 2021; Shrader et al., 2010). Nevertheless, this
approach has been a controversial topic for wildlife conservation in Namibia and remains
difficult to implement. If fencing is unavoidable, careful planning for fences, including the
materials and location, would be necessary to reduce negative effects on species (O'Neill et al.,
2022).

In recent decades, a variety of innovative fences, such as chilli and beehive fences, have been
developed to reduce conflicts between humans and wildlife, particularly with elephants. These
fences have been used in various African and Asian countries and have been proven effective
in preventing elephants from entering farms and crop-raiding when appropriately applied
(Branco et al., 2020; Chang'a et al., 2016). They are also relatively simple and cheap compared
to electric fences and could be considered for application in north-central and north-eastern
Namibia. Chilli fences are constructed with sisal strings and flags soaked in motor oil mixed
with ground chilli and work as olfactory deterrents (Kiffner et al., 2021). In contrast, beehive
fences are composed of interlinked live beehives and use bee sounds and stings to deter
elephants (Kiffner et al., 2021). Beehive fencing could further benefit local farmers by
providing pollination services and valuable bee products such as honey and wax (Branco et al.,
2020). Another novel fencing system is real-time virtual fencing or geo-fencing, which uses
GPS positioning and wireless mobile network to monitor and control the movements and
locations of animals within an area. This approach has been incorporated into the management
of large mammalian populations that come into conflict with or are disturbed by human
activities, such as African elephants in Kenya and South Africa (Jachowski et al., 2014). It has
also been used to alert humans to the presence of susceptible species, as in the case of lions in
northern Botswana (Wall et al., 2014; Weise et al., 2019). In north-west Namibia, early warning
systems have effectively practised on the desert lions (Desert Lion Conservation Trust, 2022).
Despite high installation costs and limited effectiveness testing, the potential for geo-fencing
could be the alleviation of human-wildlife conflict focusing on individual problem animals,
fewer physical maintenance, along with the creation of job opportunities (Jachowski et al.,
2014). Lion lights, an invention from Kenya, have been successfully applied in the north-west
of Namibia and could be considered a potential approach for mitigating conflicts with lions and
other predators on the north-eastern side (Lesilau et al., 2018; Namibian Lion Trust, 2019).
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To enhance tolerance and peaceful coexistence with large mammals, it is of great importance
to acquire an understanding of their vital needs and how to live with the species. For example,
elephants are highly water-dependent, and conflicts with humans are centered around the
damage to water facilities in the semi-arid Namibia. This has further led to the establishment of
Elephant Human Relations Aid (EHRA), a Namibian NGO that aims at protecting elephants
through monitoring and providing practical conflict solutions. EHRA has built stone walls
around water points on farms and within communities and created additional elephant water
drinking dams in the north-west of Namibia (EHRA, 2022). The organisation has also initiated
an education programme, the PEACE Project, to teach people of all ages the essential facts
about elephants (lifestyle and behaviour) and provide safety guidelines for elephant encounters.
Through these educational workshops, people might possibly reduce their fears and change
their attitudes toward elephants (EHRA, 2022). As the study area contains important habitats
for elephants and is also at high risk of conflicts, there is a huge potential for the expansion of
EHRA’s water point conservation initiative and the PEACE education programme into the
north-eastern part of the country with further cooperation and financial support.

Lastly, translocations would play a role in conserving large mammals in the north-eastern part
of Namibia, especially in the case of lions, where populations remain low in numbers and have
lower genetic diversity than the western ones (Dasch, 2021). This technique could generally
bolster species population viability, restore locally extinct species and repair ecosystem
integrity (Goldenberg et al., 2019). According to the Status Report Lions of the Kavango and
Zambezi Regions (Funston et al., 2017), 11 lions were reintroduced into the southern Khaudum
from Ongava in 2015; it could be possible to further recover lion populations in Khaudum/
Nyae Nyae area with this approach. To improve the effectiveness of translocation efforts, it is
essential to incorporate the genetic background of populations and disease screening in
translocation planning and consider the ecological, behavioural and socio-economic aspects of
these interventions (Bertola et al., 2021; Dubach et al., 2013). Dubach et al. (2013) and Dasch
(2021) also recommended utilising the populations that are genetically and behaviourally
similar for future translocations.

5.6 Further research recommendations
As part of the master’s thesis, potential corridors for lions and elephants were successfully
identified but only on a year-round basis due to data limitations. The corridors were also
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partially validated, and thus further corridor analyses are necessary to confirm these preliminary
results. It is recommended to develop separate seasonal habitat suitability and connectivity
models for each focal species and use the additional Linkage Mapper tool for least-cost corridor
detection. In addition, future studies should be conducted on the genetics of Namibian elephants
to support the management of elephant populations in the north-central and north-eastern
Namibia. Moreover, the success of translating the above-described potential alternative
conservation strategies into actions would require further research, planning and cross-sectoral
collaboration, including government, environmental agencies, NGOs, private sector and local
communities, and even international cooperation.
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