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Abstract

Southern Africa spans nearly 7 million km? and contains approximately 80% of the world’s
savannah elephants (Loxodonta africana) mostly living in isolated protected areas. Here we
ask what are the prospects for improving the connections between these populations? We
combine 1.2 million telemetry observations from 254 elephants with spatial data on environ-
mental factors and human land use across eight southern African countries. Telemetry data
show what natural features limit elephant movement and what human factors, including
fencing, further prevent or restrict dispersal. The resulting intersection of geospatial data
and elephant presences provides a map of suitable landscapes that are environmentally
appropriate for elephants and where humans allow elephants to occupy. We explore the
environmental and anthropogenic constraints in detail using five case studies. Lastly, we
review all the major potential connections that may remain to connect a fragmented ele-
phant metapopulation and document connections that are no longer feasible.

Introduction

The UN has declared 2021-2030 the ‘decade of restoration’ (https://www.decadeonrestorati
on.org), an initiative that aspires to many actions. They must include reconnecting nature [1,
2]. Even when natural habitats remain and are protected, they are often small, isolated, and
unable to sustain viable populations [3]. Human activities surround habitats with unsuitable
areas or constrict animals’ movements with artificial barriers, such as roads or fences [4].

Reconnecting such fragments is an obvious solution for the conservation benefits of con-
necting protected areas are numerous [5]. In Africa, connections follow decades of effort to
reduce illegal harvesting and habitat loss, partially by buffering protected areas with conserva-
tion-sensitive activities on lands that surround them [6, 7]. The resulting connectedness and
enlargement of protected estates agree with the guiding principles of the Global Deal for
Nature (GDN) to enhance the connectivity of protected areas to improve population viability
and persistence, especially of large-bodied herbivores that range over wide areas [1]. The
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practicality of connections surely depends on their extent. Small, local corridors show success
[2, 8]. The promotion of continent-wide initiatives [9] begs to resolve the many details needed
to implement them. It is such details we consider here.

Southern Africa (Angola, Botswana, Malawi, Mozambique, Namibia, South Africa, Eswa-
tini, Zambia, and Zimbabwe) spans nearly 7 million km* and contains approximately 80% of
the world’s savannah elephants (Loxodonta africana) [10] mostly living in protected areas. A
generous portion (~900,000 km?) of land has been set aside for conservation. While it includes
some of the world’s largest protected areas, their isolation nonetheless creates problems. Here,
using elephants as the focal species, we consider the prospects for improving the connections
between the region’s remaining populations [11].

Our overarching goal is to map where elephants might be able to move between their cur-
rent populations and, conversely, where they cannot. To achieve this, we use a long-term
telemetry dataset of elephant movements throughout southern Africa to identify how ele-
phants utilize a landscape. We have four major sections, with accompanying objectives.

Our first specific objective considers “where do elephants want to go.” We combine the
telemetry data with the substantial literature on the environmental constraints on elephant
movement. For instance, despite the wide range of elephants, their movement depends on the
availability of water sources [12, 13]. Additionally, though catholic in their feeding habitats,
elephants prefer some habitats over others [14-16]. Lastly, there are natural barriers to move-
ment, such as deep or fast-flowing rivers or steep mountainsides.

Second, in the section “How human actions restrict elephant movements,” we consider bar-
riers to movements. Again, using telemetry data as a guide, we identify human factors, includ-
ing population, agriculture, and fencing, that prevent or restrict elephant dispersal across the
otherwise suitable habitat. The presence of people (and their crops and livestock) at high densi-
ties is an obvious example of such limits [17]. Even in areas of low human density, elephant
movement through cropland is undesirable as it leads to human-elephant conflict [18]. Fenc-
ing protected areas is a tempting solution to conflicts but problematic [19] and hotly debated
[20-22]. We explore these issues further in the Discussion.

Our third objective recognises that while these natural and human-imposed factors provide
overarching constraints, they vary in their significance across landscapes. Through five
regional case studies, we demonstrate how different local environmental and human factors
work in combination to direct elephant movement.

Our fourth objective is to describe specific routes of connectivity that remain between ele-
phant populations and their suitability given the constraints we have described. We summarise
knowledge to see where reconnecting protected landscapes may afford elephants with dispersal
opportunities and ultimately restore the metapopulation [11]. Where are the existing fences?
Are conservation actions possible, or must managers prepare for the problems that isolated
populations with restricted movement may cause? Ideally, connectivity should safeguard pop-
ulations in protected areas from the consequences of isolation [17, 23, 24] by allowing migra-
tion [25], and mitigating the negative impacts that elephants may have on other species [26].

Methods
Telemetry data

We assembled location data on 261 elephants from 1993 to 2018 (S1 Table), including 1.2
million observations from eight southern African countries (Angola, Botswana, Malawi,
Mozambique, Namibia, South Africa, Zambia, and Zimbabwe). These data demonstrate how
elephants respond to environmental and human factors across a landscape. Although elephant
movements vary seasonally [25], we wanted to map all areas that may allow for connectivity,
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even if only for a portion of the year. The telemetry collaring was subject to ethical review and
was approved by the Animal Ethics Committee of the University of Pretoria (AUCC-040611-
013) and also approved by the Botswana Ministry of Environment, Wildlife, & Tourism (OP
46/1 LXXXV 89).

We assigned elephant data to eight clusters of protected areas: Etosha (Namibia), Chobe
(northern Botswana, Zambezi region of Namibia (formerly called the Caprivi Strip), and parts
of north-west Zimbabwe), Kafue (Zambia), Limpopo, which includes Kruger National Park
(South Africa, Zimbabwe, and Mozambique), Luangwa (Zambia and Malawi), Maputo (south-
ern Mozambique and South Africa), Niassa (Mozambique), and Zambezi (Zambia and Zimba-
bwe) [27]. These are areas where primary protected areas (IUCN categories I-IV) form core
conservation areas surrounded by and connected to secondary protected areas (IUCN catego-
ries V-VI) that may act as conservation buffers. Most of southern Africa’s elephants live in
these primary protected areas, but what else explains where elephants prefer to live when given
the opportunity?

Environmental and anthropogenic data

To map environmental and anthropogenic constraints on elephant distributions, we combined
GIS layers from several sources. For each data layer, we calculate the distribution for all teleme-
try points and identify a threshold value of elephant preference. We used a 90m digital eleva-
tion map of slope [28], the Southern Africa Regional Science Initiative Project map of
vegetation [29], and the HydroRIVERS dataset to map river locations [30]. HydroRIVERS
classify rivers by flow order, based on a log-10 scale of long-term average discharge. Rivers in
our study extent range from 3™ order, with an annual flow discharge of >1,000 m®s!, down
to 7" order, with >0.1 m’ s™".

When modelling the influence of humans on the landscape, we used the LandScan 2019 1
km human population density data [31] and the Gridded Livestock of the World 5 minute
map of cattle distribution from the Food And Agriculture Organization (FAO) [32]. Asa
proxy for agriculture, we used a dataset developed using a neural network and one million
data points to predict cropland locations in sub-Saharan Africa at a 1 km resolution [33]. We
derive our map of fence locations from a combination of existing GIS data from the FAO [34]
and hand digitization using satellite imagery and published literature [4].

Suitable landscapes

Once we understand the individual effects of the environment and human activity on per-
ceived elephant preferences, we may synthesise these insights to map what areas are left to ele-
phants. Our analysis covers all eight countries for which we had telemetry data for, and for
Eswatini, which has a small elephant population. We exclude Lesotho given the absence of ele-
phants. Given the preference thresholds we identified using the telemetry data, we start with
binary layers of preferred or unpreferred land (Fig 1). We then combine the environmental
spatial layers (vegetation, slope, and distance to rivers) in a subtractive manner, leaving only
the common areas across the layers. We repeat this process for the anthropogenic layers
(human density, cattle density, and crop probability) but here, we added protected areas with
an IUCN classification or equivalent of I-VI (Fig 1F) back in [35]. The was because the data on
cattle presence were aggregated at the county level and sometimes predicted elevated cattle
densities within protected area boundaries. Adding protected areas back represents our capac-
ity to manage and mitigate detrimental effects of human activity within protected areas. Lastly,
we identify the overlap between areas that are environmentally suitable for elephants and areas
that humans allow elephants to occupy (S2 Table, S1 Fig).
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Fig 1. Composite of suitable areas for elephants for individual spatial layers. Areas suitable for elephants are calculated for each
geospatial data separately. These include vegetation (A) [29], slope (B) [28], distance to rivers (C) [30], human population (D) [31],
cattle density (E) [32], crop probability (F) [33], and protected areas (IUCN I-VI) (G) [35]. The intersection of these seven layers
provides our projection of suitable landscapes for elephants (H).

https://doi.org/10.1371/journal.pone.0275791.g001
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Results
Where do elephants want to go?

Vegetation. The Southern Africa Regional Science Initiative Project [29] has mapped 252
different vegetation zones across this region. Of these, our telemetry data occur in 83 (shown
in yellow, Fig 1A). After identifying the tree species in these 83 zones, we predict an additional
76 vegetation zones with the same species that might be suitable for elephants (shown in blue,
Fig 1A). Strongly associated species include mopane (Colophospermum mopane), silver cluster
leaf (Terminalia sericeamopane), and russet bushwillow (Combretum hereroense).

Slope. Elephants avoid steep slopes [36]. Such behaviour is unsurprising for animals as
large as elephants. Traversing these areas is likely to be energetically costly [37]. Our data show
that elephants across all clusters prefer flat ground, with 95.8% of recorded presences on ter-
rain <3° (S2 Fig). Slope’s influence on movement is evident when looking at hilly regions such
as Nyika National Park of Malawi and the Lower Zambezi National Park in Zambia (see
regional case studies below). Telemetry paths of tracked elephants in these areas illustrate how
hills act as barriers and restrict movement to valleys and other low-lying plains.

Rivers. Across southern Africa, elephants occur from the deserts of Namibia in the west
to the evergreen moist forests of Mozambique in the east. This region contains some of Africa’s
largest rivers: the Zambezi, Luangwa, Kafue, Okavango, Limpopo, and Orange, and their
tributaries. These water sources vary in their availability both spatially and temporally, with 3™
order rivers (long term average discharge of >1,000 m” s') such as the Chobe River flowing
year-round, while 7™ order rivers (average discharge of 0.1-1 m®s™') are more prevalent (S3
Fig) but run dry for more of the year. Perhaps unsurprisingly, we find elephants frequent rivers
of all sizes (Fig 2). Across the entire study extent, 94.5% of elephant records lie within 10 km of
a 7™ order river or larger and thus is the threshold for which we model river access. Although
elephant movement is more restricted during the dry season2, our goal was to identify areas
that may be suitable, even if only for part of the year.

How human actions restrict elephant movements

Human population, croplands, and cattle grazing. Elephants have likely always shared
land with humans, but the human population growth and rapid land cover change combined
with the recovery of elephant populations across the southern Africa over the last century has
increased human-elephant conflict [38-40]. Using data on cropland probability [33], there is a
strong relationship between areas with low agricultural potential (activity) and those where
elephants travel. 96.3% of telemetry points are in locations where the probability of growing
crops is <25%. This pattern remains if we only consider areas outside of IUCN category I-VI
protected areas (94.2% of elephant presences beyond protected areas are in similarly human-
free areas, S4 Fig). Elephants similarly prefer areas with low human populations (<25 people/
km?, S5 Fig) [31]. Although the pattern is less clear for cattle densities (S6A Fig) [32], we use a
threshold of <5 cattle/km” given that the presence of elephants in higher densities of cattle
only occur in areas that directly abut the protected areas (S6B Fig).

Fences. Throughout southern Africa, landowners and governments commonly employ
fences to separate wildlife from livestock (Fig 3). Many of these fences either border or inter-
sect protected areas with elephant populations. In nearly every case for which we have teleme-
try data, fences restrict elephant movement. There are only a few instances where the fences
appear to have gaps that elephants move through. In areas without fences, such as the Luangwa
valley in Zambia and Quirimbas National Park in Mozambique, elephants move more freely,
even occasionally travelling beyond protected area boundaries (Fig 3).
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Regional case studies

Case 1: Etosha cluster. The importance of water availability for elephants is evident in the
most arid portion of their range (Fig 4). Etosha National Park and the Namibian interior
receive approximately 350 mm of rain annually, whereas the coast only receives 50mm.
Despite the harsh environment, elephants occur throughout, albeit in two distinct patterns.
When inside the park, the availability of artificial watering holes permits relatively unrestricted
movement, but paths outside the park shows that elephants have a strong affinity for riverbeds
where they may dig for water. This pattern is clear the further west one travels towards the
Skeleton Coast. Such fidelity in following riverbeds is unsurprising given the region’s aridity
and the dependence of elephants on water [41].

In addition to differences in water availability, fences affect movement here. The fences
along the eastern half of Etosha are an effective barrier to dispersal, preventing individuals
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Fig 3. Map of fences. Fences (red) and elephant paths (lines between consecutive telemetry points) (black) across southern Africa. Protected areas (grey
in inset maps) with elephants (dark brown) or without (light brown) appear on the large map.

https://doi.org/10.1371/journal.pone.0275791.9003

from moving eastwards toward the elephant populations in Khaudum National Park and
Botswana (Fig 4). Although managers have tried to keep fences intact, apparent gaps in the
southwest corner of Etosha National Park allow elephants to move across the boundary.

These differences in movement patterns on either side of Etosha are practical cases illustrat-
ing where elephants would like to go and where humans allow them to. When provided the
opportunity to move freely beyond protected areas, elephants will do so, even if it means dis-
persing into a drier and more resource-limited landscape.

Case 2: Luangwa and Zambezi clusters. Elephants along the Zambezi River and on the
edge of the Luangwa valley in Zambia are less restricted by water availability than their conspe-
cifics to the west, but instead are limited by the terrain (Fig 5). In the Lower Zambezi National
Park, elephants move along the river floodplain and sometimes to the south, but rarely climb
the hills to the north. In Vwaza Marsh Wildlife Reserve in Malawi, elephants are limited to the
valley between the Nyika plateau and the foothills marking the Malawi-Zambia border. In
both cases, the steep slopes apparently act as barriers that must be considered when mapping
connectivity.
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Fig 4. Map of elephant paths in northern Namibia. Fenced boundaries (red) [4] around Etosha National Park prevent elephant movement (black)
towards the north, east, and south. The arid landscape restricts movement in the west to riverbeds (symbolised by average annual flow rates from blue
to purple) [30]. Green areas in the subset map mark protected areas from the WDPA [35]. Basemap Source: ESRI, MAXAR.

https:/doi.org/10.1371/journal.pone.0275791.9004

Case 3: Kasungu national park. Telemetry data show elephants’ strong preference for
avoiding areas with high human density or agricultural probability, but there are exceptions.
Such instances are usually cases of crop-raiding behaviour by elephants and illustrate the ongo-
ing potential for human-elephant conflict. A clear example of this occurs just outside Kasungu
National Park in Malawi (Fig 6). There is a very high concentration of human activity and set-
tlements immediately outside the park’s eastern boundary. However, ineffective fencing along
the eastern boundary allows elephants to roam beyond the park limits and clash with local
communities. Most of these excursions occur in the evenings (between 15:00-1:00 CAT),
which is typical of elephants’ crop-raiding behaviour [42].

Case 4: Limpopo cluster. Data from the Limpopo region provide a useful example of how
we may start to connect isolated populations. Currently, elephant movements are confined to
individual parks mainly due to a combination of anthropogenic activity and fences (Fig 7).
This is most apparent to the west of Kruger National Park and north of Gonarezhou National
Park. Conversely, we see more unrestricted movement to the east where there is less fencing
and agricultural activity. Allowing such dispersal beyond country borders is a primary goal of
transfrontier parks. Intended to connect Kruger in South Africa, Limpopo in Mozambique,
and Gonarezhou in Zimbabwe, the Greater Limpopo Transfrontier Conservation Area would
promote movement of individuals throughout the 80,000 km? region and connect these
populations.

Case 5: Zambezi region. The eastern end of the Zambezi region of Namibia provides
another example of the complex factors impeding elephant movements (Fig 8). In the south,
fences separate elephants from areas of croplands. In the northeast, the main channel of the
Zambezi River (coming in from the northwest) apparently prevents elephants from crossing
[24]. For most of its length, the Chobe River is an effective barrier, but there are places where
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Fig 5. Map of elephant paths in Luangwa and Zambezi. Telemetry paths of elephants (black lines) in part of the Luangwa and Zambezi clusters
overlaid on a map of slopes [28]. Green areas in the subset map mark protected areas from the WDPA [35].

https://doi.org/10.1371/journal.pone.0275791.g005

elephants do cross in the west. Lastly, elephants navigate this human-dominated landscape
and avoid areas with high human population density.

What connections may still remain?

Namibia, Botswana, and South Africa: The limitations of fences and water. Fences are
frequently employed throughout Namibia, Botswana, and South Africa to separate wildlife
from domesticated animals (Fig 3). This extensive network crosses what would otherwise be
vast uninterrupted swaths of suitable habitat (Fig 9), making fences the most significant barrier
to connectivity in these countries. Furthermore, the aridity of the Namib desert and the Kala-
hari provide additional constraints on elephants’ abilities to move through these regions.
When we take a closer look at five potential connections in these countries, these limitations
become apparent and how their removal may promote dispersal in some cases.

Namibian Coast. While Etosha National Park is intended to be fully fenced along its 824
km boundary, some of it is in a state of disrepair [43]. Gaps in the park’s fences allow elephants
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Fig 6. Distribution of elephant presences by time inside and outside Kasungu National Park. Histograms show elephant telemetry records” hourly
distribution for elephants living in Kasungu National Park in Malawi. The data are split between those within the national park boundaries (A) and
those outside (B). The shaded regions of the graphs approximately represent night (17:00-5:00). The difference in distributions suggests elephants more
often appear outside the park at night, a behaviour typically associated with crop raiding.

https://doi.org/10.1371/journal.pone.0275791.9006

to disperse to the west into areas nominally protected by communal conservancies (Fig 4). The
establishment of these communal conservancies has generally been considered a success for
wildlife conservation and tourism [44]. However, elephant activity has increased human-ele-
phant conflict, particularly with pastoralists over water resources [45]. This is unsurprising
given the intense aridity of the region. Because of the water scarcity, most movement is
restricted to dry riverbeds where elephants must dig for water. Despite the limited suitable
habitat, maintaining good relations with the communal conservancies may eventually link the
elephant population within Etosha to the Namibe province of Angola.

Northern Namibia. When fences are upgraded and maintained, they are effective barriers
against elephants, as is the case on Etosha’s eastern boundary (Figs 3 and 4). Beyond the fences
to the east and north of the park is commercial farmland, an area unsuitable for elephants.
When elephants attempt to cross this region when moving westward from Khaudum National
Park (Fig 3), they regularly conflict with farmers over water [46]. This land use interrupts any
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Fig 7. Map of elephant paths and crop probability in the Limpopo cluster. Telemetry paths of elephants in Kruger National Park (South Africa), the
adjacent Limpopo National Park (Mozambique), and Gonarezhou National Park (Zimbabwe) overlaid on a map of crop probability (blue) [33]. Fences
are marked in red [4], and the WDPA I-VI protected area boundaries are green [35]. The proposed Greater Limpopo Transfrontier Conservation Area
is in orange.

https://doi.org/10.1371/journal.pone.0275791.9007

potential connectivity between elephants in Etosha and the rest of the southern African sub-
continent [17]. Without a feasible route to connect these populations, interventions to prevent
or reduce human-elephant conflict, such as more effective fencing around Khaudum, may be a
more reasonable management action for this area.

Namibia-Botswana border. Despite the Kavango-Zambezi Transfrontier Conservation
Area’s mission to facilitate transfrontier dispersal [47], the international border fence is a hard
barrier to movement between Namibia and Botswana (Fig 3). Elephants in Khaudum cannot
easily reach elephants on the western banks of the Okavango delta despite the proximity and
suitable habitat. Instead, individuals from Khaudum may travel through the Zambezi region,
but even this route faces difficulties crossing the Okavango River into Bwabwata National
Park. While establishing the transfrontier conservation area is ongoing, prioritising the perme-
ability of the international border fence might be considered to achieve connectivity in the
region [47].

Central Kalahari. Although not part of the Kavango-Zambezi Transfrontier Conservation
Area, ongoing tracking efforts indicate that elephants are actively moving between the
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Fig 8. Map of elephant paths and human population in the Chobe cluster. Telemetry paths of elephants (black) in the Zambezi and northern
Botswana regions overlaid on a human population density map (orange) [31]. Rivers (blue-purple lines) [30] and fences (red lines) [4] also act as
barriers to elephant movement. Green areas in the subset map mark protected areas from the WDPA [35].

https://doi.org/10.1371/journal.pone.0275791.9g008

Okavango Delta and the Central Kalahari Game Reserve. At first glance, the transit area does
not appear to be suitable habitat given the lack of surface water. Still, boreholes for cattle
ranching permit long-distance movements by elephants. However, the extensive network of
veterinary fences makes these routes complex. Concerted efforts to reduce fences and promote
coexistence with local communities would make this region a feasible linkage.

Greater Limpopo. The Great Limpopo Transfrontier Conservation Area extends over
80,000 km” and includes Kruger National Park, Limpopo National Park, and Gonarezhou
National Park. More than 30,000 elephants live in the area, making the region highly signifi-
cant for elephant conservation. This area and that to the east towards Banhine and Zinave
National parks are suitable for elephant movement due to the low human activity at present.
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Fig 9. Map of notable routes of connectivity or lack thereof. Predicted suitable habitat (green), protected areas with elephants (orange), and protected
areas without elephants (grey). The numbers refer to interesting connections and are described further in the main text.

https://doi.org/10.1371/journal.pone.0275791.9009

Maintaining such suitable conditions and the promotion of movement amongst these parks
may become an example of connectivity between unfenced protected areas.

Zimbabwe, Zambia, Mozambique, and Malawi: Cattle, crops, and poaching create bar-
riers. Fences are less common throughout the remainder of southern Africa. Still, a mosaic
of human settlements, cropland, and cattle rangeland significantly reduces the amount of land
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suitable for elephants. What habitat remains is often in thin strips along national boundaries
or completely severed into isolated blocks. Unfortunately, high incidences of poaching present
a safety risk to elephants and further limit movement in several potential corridors [48].

Northern Chobe. While coexistence between humans and elephants is a goal of the
Kavango-Zambezi Transfrontier Conservation Area [47, 49], elephant dispersal is ultimately
dependent on the permeability of human settlements along the Namibia-Zambia border and
major rivers, the Chobe and the Zambezi (Fig 5, [17]). Beyond the border, movement north-
wards towards Sioma Ngwezi National Park and Kafue National Park in Zambia is hampered
by extensive rangeland. Several proposed corridors would facilitate movement across this oth-
erwise unsuitable landscape [50, 51]. Still, they only represent the start of connectivity efforts
as they do not reach the elephant population in Kafue National Park which is part of this trans-
frontier initiative.

Hwange National Park. The route to connect the Chobe cluster with the Limpopo region
runs southeast from Hwange National Park along the Botswana-Zimbabwe border. Genetic
evidence suggests functional connectivity between these populations [52], and elephants have
been observed sporadically throughout this connection. Cattle are present throughout this
area but at medium-to-low densities (5-10 cattle/km?). This level of human activity is just
above the threshold for which elephants may prefer (S6 Fig), and thus this region may only be
marginally suitable. This linkage warrants further satellite tracking to monitor how elephants
move through this human-dominated landscape along international borders.

Northwest Zimbabwe. Elephants occur throughout the protected areas and communal con-
servancies and hunting concessions that cover the northwest border of Zimbabwe and along
Lake Kariba (Fig 9). This area is characterised by complicated topography and steep slopes
that confine the movements of elephants in places. Unfortunately, this linkage is threatened by
high levels of poaching [53]. Additionally, encroaching land conversion in these protected
areas leads to a high prevalence of human-elephant conflict. As a result, the populations of ele-
phants in this region have been decreasing [54]. Altogether, these factors limit the possible
routes, yet this linkage is vital to connect the Chobe population with the populations of the
Luangwa valley in Zambia.

Central Mozambique. North of Gonarezhou National Park, Mozambique is a highly frag-
mented landscape with pockets of elephants found in protected areas such as Gorongosa
National Park and Gile National Reserve. However, Mozambique has seen a significant
increase in human population and associated land conversion for agriculture [40], effectively
isolating these elephants. Given the current trends of human activity, it is unlikely that a con-
nection through Mozambique is feasible.

Malawi. Malawi is one of Africa’s most densely populated countries and, as a result, restricts
wildlife to protected areas. Communities and agricultural land are often immediately adjacent
to these protected areas, such as Kasungu National Park. Although elephants make short forays
into these anthropogenically-dominated landscapes and are the source of human-elephant
conflict (Fig 6), elephants have little opportunity to make long-distance movements. There-
fore, any eastwards connections are likely unfeasible, but the westwards connection towards
the Luangwa may be considered. This also holds for the small population of elephants in the
Nyika National Park in Malawi.

Niassa National Reserve. The Niassa National Reserve in northeast Mozambique is part of
a transfrontier effort with the Selous in Tanzania. It contains the largest population of ele-
phants in Mozambique. The large population and connection to the elephants of eastern
Africa make this region a vital linkage to maintain, but it is threatened by high incidences of
poaching [55].
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Discussion

The once contiguous savanna elephant population across southern Africa is now fragmented
[56]. Populations are constrained to protected areas. Such places do not support agriculture or
husbandry, and laws prevent settlement in most IUCN I-IV category protected areas. Mean-
while, favourable elephant habitat outside of protected areas has low, moderate, or heavy
human influence. Our maps show the first and indicate the areas of immediate interest for ele-
phant conservation. Then there are the areas where connectivity is broken and human activity
is high enough to make new connections unfeasible. Crossing Malawi or connecting northern
and southern Mozambique are such examples. The largest potential for discussion lies in the
regions where moderate human impacts overlap with elephant preferences. Areas such as
northern Namibia or the Botswana-Zimbabwe border are regions where elephants roam but
conflict with local communities. While many of these regions represent the last opportunities
to connect conservation clusters, what remains unknown is the feasibility of connections.
Many communities are amenable to compensation for relocations, but many promising
frameworks exist for sustainable coexistence [57]. It is this intersection of need and potential
that should drive conservation efforts.

One cannot discuss connectivity throughout southern Africa without acknowledging the
many fences across this landscape. Fences may benefit local communities by protecting cattle
from foot-and-mouth [4, 58] or preventing human-wildlife conflict [59]. However, these bene-
fits come at the expense of constraints on the landscape’s health by artificially manipulating
the abundance of local wildlife [60, 61]. These consequences include excluding critical species,
elevating local population densities [27], decreased genetic variability, and overexploitation of
resources. These concerns may trigger other short-term yet costly solutions such as culling or
managed relocations. Specifically for elephants, fences concentrate individuals near them,
depleting the vegetation [12, 62]. When barriers restrict animal movement, the consequences
can be severe. Low rainfall years caused higher juvenile mortality for fenced than unfenced
populations [13]. A recent event involved the deaths of 350 elephants in an 8,700 km? area of
northern Botswana. Although the immediate cause of death is still uncertain, fences and other
barriers prevented the animals from dispersing elsewhere [24]. Finally, when Kruger National
Park was fenced entirely, managers were so concerned by high elephant numbers that they
culled some 17,000 animals over 27 years [63].

Telemetry data throughout Africa show the abrupt disruption fences cause on elephant
movement (Fig 3). Rather than asking the question to fence or not, the more helpful questions
are how can we balance fences against connectivity? Areas like the eastern border of Kasungu
National Park are apparent candidates for strong fencing, given the high potential for conflict
over crop-raiding behaviour (Fig 7) and the impracticality of any natural corridor (Fig 9).
Conversely, the dismantling of fences in creating transfrontier parks such as the Greater Lim-
popo may be effective in maintaining the ecological integrity of such landscapes. With a richer
understanding of where connectivity is necessary or impractical, we may make more informed
decisions about when fences are necessary and when they may be removed.

For many parts of Africa, the answer of whether it is possible to reconnect elephant popu-
lations into a more robust metapopulation is not dependent on environmental constraints
nor anthropogenic ones but rather on socio-political will. Are local communities willing to
move their families and livelihoods to avoid necessary elephant routes? Will governments
cooperate in removing national border fences? These are difficult questions for sure, but we
must pose them when seeking connectivity across a continent. The network of protected
areas provides a foundation, but long-term population stability will be difficult at best with-
out the dispersal of elephants. While some parks will experience an overabundance of
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elephants that cannot disperse, others may have lost their populations to poaching or
drought. In cooperation with local communities and governments, protecting the connec-
tions identified here for dispersal may represent some of our best chances at a sustainable
future for elephants.

Supporting information

S1 Table. Telemetry sample size. Table of the number of males and female elephants provid-
ing telemetry data broken down by conservation cluster of occurrences. Included are the
major protected areas in each cluster.

(XLSX)

S2 Table. Area of layer intersection. Table providing amount of area considered suitable
within each country of interest for each data layer used in addition to the combined data.
(XLSX)

S1 Fig. Map of suitable landscapes. High resolution map showing areas that are both environ-
mentally suitable for elephants and currently experience low human activity.
(TIF)

S2 Fig. Distribution of slope across conservation clusters. Histogram of elephant telemetry
points at various slopes for each metapopulation cluster. The red dashed line indicates the
threshold (3°) of preference for suitability.

(TTF)

S3 Fig. Distance to rivers across conservation clusters. Accumulation curve of area within a
conservation cluster as the distance increases away from rivers of varying flow orders.
(TIF)

$4 Fig. Distribution of crop probability across conservation clusters. Histogram of elephant
telemetry points at various cropland probabilities for each metapopulation cluster outside of
protected areas. The red dashed line indicates the threshold (25%) of preference for suitability.
(TIF)

S5 Fig. Distribution of human population density across conservation clusters. Histogram
of elephant telemetry points at various human population densities for each metapopulation
cluster outside of protected areas. The red dashed line indicates the threshold (25 people per
km?) of preference for suitability.

(TIF)

S6 Fig. Elephant interactions with cattle. A) Histogram of elephant telemetry points at vari-
ous cattle densities for each metapopulation cluster outside of protected areas. The red dashed
line indicates the threshold (5 cattle per km?) of preference for suitability. B) A map of ele-
phant telemetry points illustrating how spill over from protected areas leads to interactions
with areas of high cattle density.

(TIF)

Acknowledgments

We acknowledge the in-kind logistical support of South African National Parks. We also
thank the Gonarezhou Conservation Trust for telemetry data from Gonarezhou National
Park. IFAW continues to support our ongoing research initiatives.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275791 October 11, 2022 16/20



PLOS ONE

Mapping potential connections between Southern Africa’s elephant populations

Author Contributions

Conceptualization: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm.

Data curation: Ryan M. Huang, Rudi J. van Aarde, Michael J. Chase, Keith Leggett.
Formal analysis: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm.

Funding acquisition: Rudi J. van Aarde.

Investigation: Ryan M. Huang, Rudi J. van Aarde.

Methodology: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm, Michael J. Chase, Keith
Leggett.

Project administration: Rudi J. van Aarde, Stuart L. Pimm.

Resources: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm.

Software: Ryan M. Huang.

Supervision: Rudi J. van Aarde.

Validation: Ryan M. Huang, Rudi J. van Aarde, Michael J. Chase, Keith Leggett.
Visualization: Ryan M. Huang.

Writing - original draft: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm.

Writing - review & editing: Ryan M. Huang, Rudi J. van Aarde, Stuart L. Pimm, Michael J.
Chase, Keith Leggett.

References

1. Dinerstein E, Vynne C, Sala E, Joshi AR, Fernando S, Lovejoy TE, et al. A global deal for nature: guid-
ing principles, milestones, and targets. Science advances. 2019; 5(4):eaaw2869. https://doi.org/10.
1126/sciadv.aaw2869 PMID: 31016243

2. Pimm SL, Willigan E, Kolarova A, Huang R. Reconnecting nature. Current Biology. 2021; 31(19):
R1159-R64. https://doi.org/10.1016/j.cub.2021.07.040 PMID: 34637722

3. Guldemond R, Louw CJ, Maré C, Ngrgaard C, van Aarde RJ. Demographic responses of an insular ele-
phant population to removal as a management intervention. Conservation Science and Practice. In
Press.

4. Gadd ME. Barriers, the beef industry and unnatural selection: a review of the impact of veterinary fenc-
ing on mammals in southern Africa. Fencing for conservation. 2012:153-86.

5. Ward M, Saura S, Williams B, Ramirez-Delgado JP, Arafeh-Dalmau N, Allan JR, et al. Just ten percent
of the global terrestrial protected area network is structurally connected via intact land. Nature communi-
cations. 2020; 11(1):1-10.

6. Ahlering M, Maldonado J, Fleischer R, Western D, Eggert L. Fine-scale group structure and demogra-
phy of African savanna elephants recolonizing lands outside protected areas. Diversity and Distribu-
tions. 2012; 18(10):952-61.

7. Locke H. Conservation through connections. Practicing Sustainability: Springer; 2013. p. 221-6.

8. Pimm SL, Jenkins CN. Connecting Habitats to Prevent Species Extinctions Conservation biologists are
creating links between forest fragments where the most animals with small ranges live. American Scien-
tist. 2019; 107(3):162-9.

9. Brennan A, Naidoo R, Greenstreet L, Mehrabi Z, Ramankutty N, Kremen C. Functional connectivity of

the world’s protected areas. Science. 2022; 376(6597):1101—4. https://doi.org/10.1126/science.
abl8974 PMID: 35653461

10. Robson AS, Trimble MJ, Purdon A, Young-Overton KD, Pimm SL, Van Aarde RJ. Savanna elephant
numbers are only a quarter of their expected values. PloS one. 2017; 12(4):e0175942. https://doi.org/
10.1371/journal.pone.0175942 PMID: 28414784

11. Van Aarde RJ, Jackson TP. Megaparks for metapopulations: addressing the causes of locally high ele-
phant numbers in southern Africa. Biological conservation. 2007; 134(3):289-97.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275791 October 11, 2022 17/20



PLOS ONE

Mapping potential connections between Southern Africa’s elephant populations

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Loarie SR, Van Aarde RJ, Pimm SL. Fences and artificial water affect African savannah elephant move-
ment patterns. Biological conservation. 2009; 142(12):3086-98.

Shrader AM, Pimm SL, van Aarde RJ. Elephant survival, rainfall and the confounding effects of water
provision and fences. Biodiversity and Conservation. 2010; 19(8):2235-45.

Roever CL, Beyer H, Chase MJ, Van Aarde RJ. The pitfalls of ignoring behaviour when quantifying habi-
tat selection. Diversity and Distributions. 2014; 20(3):322-33.

Owen-Smith N, Page B, Teren G, Druce DJ. Megabrowser impacts on woody vegetation in savannas.
Savanna woody plants and large herbivores. 2019:585-611.

Harris GM, Russell GJ, Van Aarde RI, Pimm SL. Rules of habitat use by elephants Loxodonta africana
in southern Africa: insights for regional management. Oryx. 2008; 42(1):66—75.

Roever CL, Van Aarde RJ, Leggett K. Functional connectivity within conservation networks: Delineating
corridors for African elephants. Biological Conservation. 2013; 157:128-35.

Jackson TP, Mosojane S, Ferreira SM, van Aarde RJ. Solutions for elephant Loxodonta africana crop
raiding in northern Botswana: moving away from symptomatic approaches. Oryx. 2008; 42(1):83-91.

Van Aarde R, Jackson T, Ferreira S. Conservation science and elephant management in southern
Africa: Elephant conservation. South African journal of science. 2006; 102(9):385-8.

Evans LA, Adams WM. Fencing elephants: The hidden politics of wildlife fencing in Laikipia, Kenya.
Land Use Policy. 2016; 51:215-28.

Pekor A, Miller JR, Flyman MV, Kasiki S, Kesch MK, Miller SM, et al. Fencing Africa’s protected areas:
Costs, benefits, and management issues. Biological Conservation. 2019; 229:67-75.

Woodroffe R, Hedges S, Durant SM. To fence or not to fence. Science. 2014; 344(6179):46-8.

Christie MR, Knowles LL. Habitat corridors facilitate genetic resilience irrespective of species dispersal
abilities or population sizes. Evolutionary Applications. 2015; 8(5):454—63. https://doi.org/10.1111/eva.
12255 PMID: 26029259

van Aarde RJ, Pimm SL, Guldemond R, Huang R, Maré C. The 2020 elephant die-off in Botswana.
Peerd. 2021; 9:e10686. https://doi.org/10.7717/peerj.10686 PMID: 33510975

Purdon A, Mole MA, Chase MJ, Van Aarde RJ. Partial migration in savanna elephant populations dis-
tributed across southern Africa. Scientific reports. 2018; 8(1):1-11.

Guldemond RAR, Purdon A, van Aarde RJ. A systematic review of elephant impact across Africa.
PLOS ONE. 2017; 12(6):e0178935. https://doi.org/10.1371/journal.pone.0178935 PMID: 28591179

Van Aarde RJ, Ferreira SM. Elephant populations and CITES trade resolutions. Environmental Conser-
vation. 2009; 36(1):8—10.

Reuter HI, Nelson A, Jarvis A. An evaluation of void-filling interpolation methods for SRTM data. Inter-
national Journal of Geographical Information Science. 2007; 21(9):983—-1008.

DAAC O. Archived SAFARI 2000 Project Website, October 2008. ORNL DAAC. 2020.

Linke S, Lehner B, Dallaire CO, Ariwi J, Grill G, Anand M, et al. Global hydro-environmental sub-basin
and river reach characteristics at high spatial resolution. Scientific data. 2019; 6(1):1-15.

Rose AN, McKee JJ, Sims KM, Bright EA, Reith AE, Urban ML. LandScan 2019. 2019 ed. Oak Ridge,
TN: Oak Ridge National Laboratory; 2020.

Gilbert M, Nicolas G, Cinardi G, Van Boeckel TP, Vanwambeke S, Wint WG, et al. Global cattle distribu-
tion in 2010 (5 minutes of arc). Harvard Dataverse. 2018; 3.

2015. https://maps.qed.ai/map/geosurvey_h2o_nnet_crp_predictions#lat=1.56012&Ing=16.75000&
zoom=3.0&layers=geosurvey_h2o_nnet_crp_predictions.

Okavango Basin—Agriculture and Livestock—Veterinarian Game Fences [Internet]. 2009. https://data.
apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/8ecf6201-3cba-41b2-bf3a-544b94f98120.
UNEP-WCMC. User Manual for the World Database on Protected Areas and world database on other
effective area-based conservation measures: 1.6. Cambridge, UK2019.

Epps CW, Wasser SK, Keim JL, Mutayoba BM, Brashares JS. Quantifying past and present connectiv-

ity illuminates a rapidly changing landscape for the A frican elephant. Molecular ecology. 2013; 22
(6):1574-88. https://doi.org/10.1111/mec.12198 PMID: 23398457

Wall J, Douglas-Hamilton I, Vollrath F. Elephants avoid costly mountaineering. Current Biology. 2006;
16(14):R527-R9. https://doi.org/10.1016/j.cub.2006.06.049 PMID: 16860724

Hoare R. Determinants of human—elephant conflict in a land-use mosaic. Journal of applied ecology.
1999; 36(5):689-700.

Sitati NW, Walpole MJ, Smith RJ, Leader-Williams N. Predicting spatial aspects of human—elephant
conflict. Journal of applied ecology. 2003; 40(4):667-77.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275791 October 11, 2022 18/20



PLOS ONE

Mapping potential connections between Southern Africa’s elephant populations

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ntumi CP, Ferreira SM, Van Aarde RJ. A review of historical trends in the distribution and abundance of
elephants Loxodonta africana in Mozambique. Oryx. 2009; 43(4):568-79.

De Beer Y, Van Aarde R. Do landscape heterogeneity and water distribution explain aspects of elephant
home range in southern Africa’s arid savannas? Journal of Arid Environments. 2008; 72(11):2017-25.

Gunn J, Hawkins D, Barnes RF, Mofulu F, Grant RA, Norton GW. The influence of lunar cycles on crop-
raiding elephants; evidence for risk avoidance. African journal of ecology. 2014; 52(2):129-37.

Trinkel M, Fleischmann P, Slotow R. Electrifying the fence or living with consequences? Problem animal
control threatens the long-term viability of a free-ranging lion population. Journal of Zoology. 2017; 301
(1):41-50.

Naidoo R, Weaver LC, Diggle RW, Matongo G, Stuart-Hill G, Thouless C. Complementary benefits of
tourism and hunting to communal conservancies in Namibia. Conservation Biology. 2016; 30(3):628—
38. https://doi.org/10.1111/cobi. 12643 PMID: 26537845

Schnegg M, Kiaka RD. Subsidized elephants: Community-based resource governance and environ-
mental (in) justice in Namibia. Geoforum. 2018; 93:105-15.

Lendelvo SM, Angula MN, Mfune JKE. Indigenous knowledge used in the management of human-wild-
life conflict along the borders of the Etosha. Indigenous Knowledge of Namibia. 2015: 219.

Naidoo R, Beytell P, Brennan A, Kilian W, McCulloch G, Stronza A, et al. Challenges to Elephant Con-
nectivity From Border Fences in the World’s Largest Transfrontier Conservation Area. Frontiers in Con-
servation Science. 2022; 3. https://doi.org/10.3389/fcosc.2022.788133

Sibanda M, Dube T, Bangamwabo VM, Mutanga O, Shoko C, Gumindoga W. Understanding the spatial
distribution of elephant (Loxodonta africana) poaching incidences in the mid-Zambezi Valley, Zimbabwe
using Geographic Information Systems and remote sensing. Geocarto International. 2016; 31(9):1006—
18.

Hanks J. Transfrontier Conservation Areas (TFCAs) in Southern Africa: their role in conserving biodiver-
sity, socioeconomic development and promoting a culture of peace. Journal of Sustainable Forestry.
2003; 17(1-2):127-48.

Cushman SA, Chase M, Griffin C. Mapping landscape resistance to identify corridors and barriers for
elephant movement in southern Africa. Spatial complexity, informatics, and wildlife conservation:
Springer; 2010. p. 349-67.

Naidoo R, Kilian J, Du Preez P, Beytell P, Aschenborn O, Taylor R, et al. Evaluating the effectiveness of
local-and regional-scale wildlife corridors using quantitative metrics of functional connectivity. Biological
Conservation. 2018; 217:96—-103.

De Flamingh A, Roca AL, Van Aarde RJ. Origin and phylogeography of African savannah elephants
(Loxodonta africana) in Kruger and nearby parks in southern Africa. Conservation genetics. 2018; 19
(1):155-67.

Mangwanya F. Zimbabwean National Elephant Management Plan: 2021-2025. In: Authority ZPaWM,
editor. 2021.

Chase MJ, Schlossberg S, Griffin CR, Bouché PJ, Djene SW, Elkan PW, et al. Continent-wide survey
reveals massive decline in African savannah elephants. PeerJ. 2016; 4:e2354. https://doi.org/10.7717/
peer].2354 PMID: 27635327

Booth VR, Dunham KM. Elephant poaching in Niassa Reserve, Mozambique: population impact
revealed by combined survey trends for live elephants and carcasses. Oryx. 2016; 50(1):94—103.

Wall J, Wittemyer G, Klinkenberg B, LeMay V, Blake S, Strindberg S, et al. Human footprint and pro-
tected areas shape elephant range across Africa. Current Biology. 2021; 31(11):2437—45. e4. https:/
doi.org/10.1016/j.cub.2021.03.042 PMID: 33798431

Shaffer LJ, Khadka KK, Van Den Hoek J, Naithani KJ. Human-elephant conflict: A review of current
management strategies and future directions. Frontiers in Ecology and Evolution. 2019; 6:235.

Sutmoller P. The fencing issue relative to the control of foot-and-mouth disease. Annals of the New
York Academy of Sciences. 2002; 969(1):191-200.

Osipova L, Okello MM, Njumbi SJ, Ngene S, Western D, Hayward MW, et al. Fencing solves human-
wildlife conflict locally but shifts problems elsewhere: A case study using functional connectivity model-
ling of the African elephant. Journal of Applied Ecology. 2018; 55(6):2673-84.

Creel S, Becker MS, Durant S, M’soka J, Matandiko W, Dickman A, et al. Conserving large populations
of lions—the argument for fences has holes. Ecology letters. 2013; 16(11):1413—-e3. https://doi.org/10.
1111/ele.12145 PMID: 23837659

Hayward MW, Kerley Gl. Fencing for conservation: restriction of evolutionary potential or a riposte to
threatening processes? Biological Conservation. 2009; 142(1):1-13.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275791 October 11, 2022 19/20



PLOS ONE Mapping potential connections between Southern Africa’s elephant populations

62. Shannon G, Thaker M, Vanak AT, Page BR, Grant R, Slotow R. Relative impacts of elephant and fire
on large trees in a savanna ecosystem. Ecosystems. 2011; 14(8):1372-81.

63. van Aarde R, Whyte I, Pimm S, editors. Culling and the dynamics of the Kruger National Park African
elephant population. Animal Conservation Forum; 1999: Cambridge University Press.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275791 October 11, 2022 20/20



