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Abstract
African elephants (Loxodonta africana) utilise corridors to access limited resources, 
that is forage and water scattered across heterogeneous habitats they roam. The ex-
istence of small elephant metapopulations depend on the intactness of these corridors 
to access the scarce resources. Due to the sedentarisation of the previously nomadic 
Maasai people, elephant corridors have been exposed to increased fragmentation 
from human-induced activities across the Amboseli ecosystem in Kenya. In this study, 
we sought to compare the scale of fragmentation between corridors and their immedi-
ate landscapes (noncorridors) in the Amboseli ecosystem, Kenya. We used a Brownian 
Bridge Movement Model (BBMM) to identify corridors used by elephants from global 
positioning system (GPS) collar data. The scale of fragmentation between corridors 
and noncorridors was determined using the effective mesh size fragmentation metric 
(meff). Our results showed that elephant corridors were significantly less fragmented 
(Wilcoxon sum rank test: W = 6,121.5, p < 0.05) when compared to the noncorridors. 
The presence of fragmentation geometries in the corridors remains a major cause of 
concern for wildlife managers as they have the potential to invade and constrict the 
existing corridors. Our results underscore the need to extend management of ele-
phant habitats to migration corridors outside protected areas.
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Résumé
Les éléphants d'Afrique (Loxodonta africana) accèdent à des ressources limitées, 
c'est-à-dire du fourrage et de l'eau dispersés au sein d'habitats hétérogènes qu'ils 
parcourent, par le biais de corridors écologiques. L'existence de petites métap-
opulations d'éléphants dépend de l'intégrité de ces corridors, qui leur permettent 
d'accéder aux rares ressources fourragères. En raison de la sédentarisation du pe-
uple maasaï, qui était auparavant un peuple nomade, les corridors utilisés par les 
éléphants ont subi une fragmentation accrue due aux activités anthropiques dans 
l'ensemble de l'écosystème d'Amboseli, au Kenya. L'objectif de cette étude était de 
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1  | INTRODUC TION

African elephant (Loxodonta africana) traverse fragmented land-
scapes in search for critical resources such as forage, water and 
potential mates (Shrader et al., 2010). Owing to the heterogeneity 
of the elephant habitat, the spatial distribution of these resources 
is often patchy and isolated (Chamaille-Jammes et al., 2007). The 
ability of an African elephant to access these resources consid-
ering that they are now isolated and in a mosaic of increasingly 
fragmented landscapes is therefore critical for its persistence 
(Ndaimani et al., 2017). The African elephant, of late, has gained 
conservation priority for several reasons. Firstly, the International 
Union for Conservation of Nature (IUCN) list the African ele-
phant as a vulnerable species (IUCN, 2013) that require maximum 
conservation priority especially in East Africa where elephant 
populations have significantly declined over the years (Shannon 
et al., 2006). Secondly, elephants are ‘ecosystem engineers' (Jones 
et al., 1994) and keystone species in the African savannah that 
play a key role in ecological dynamics such as converting wood-
lands into shrubland. In addition, elephants travel long distances, 
traversing human-dominated landscapes to meet their nutritional 
requirements.

Migration corridors allow habitat connectivity by facilitating el-
ephant movement and dispersal between core habitats within their 
ranging landscapes (Caro et al., 2009; Douglas-Hamilton et al., 2005). 
Migration via the use of corridors is known to alleviate pressure on 
habitats and facilitate habitat restoration. However, human land uses, 
especially settlements and agriculture, have exerted immense pres-
sure on corridors resulting in the constriction of corridors and thus loss 
of genetic flow among elephant populations (Kioko & Seno, 2011). In 
Amboseli ecosystem, a shift from extensive nomadic pastoralism and 
transhumance to intensive sedentary agro-pastoralism by the Maasai 
tribes has increased the rate of landscape fragmentation in the last de-
cades (Western et al., 2009). Landscape fragmentation has occurred 

at three levels: Firstly, reduction (in size) as more land is cleared to 
create space for crop farming leading to isolation of elephant habitats 
such as wetlands and woodlands (Okello & D'Amour, 2008); secondly, 
the development of human infrastructure, especially permanent set-
tlements, towns and roads has resulted in habitat loss and excision of 
elephant habitat (BurnSilver et al., 2008). Some of these human in-
frastructures were constructed within known elephant corridors thus 
increasing human-elephant conflict and affecting elephants' ability 
to connect or access isolated habitats. Lastly, the subdivision of the 
community ranches as a result of new land tenure system (Thornton 
et al., 2006). The subdivision of land has resulted in a mosaic of small 
individually owned parcels of land. These forms of landscape fragmen-
tation have affected movement patterns of elephants in Amboseli by 
restricting elephant mobility and access to landscape heterogeneous 
resources (Western et al., 2009). Understanding the effect of anthro-
pogenic activities on elephant habitat is therefore critical for conser-
vation and ecosystem restoration.

Although evidence of elephant movement outside pro-
tected areas is well documented (Graham et al., 2009; de Leeuw 
et al., 2001; Western et al., 2009), knowledge on the scale of 
fragmentation of elephant migratory corridors outside protected 
areas remains scanty. Considering that human-dominated land-
scapes outside protected areas are used by elephants for dispersal 
and as migratory corridors, it is therefore important to understand 
dynamics associated with the fragmentation of elephant migratory 
corridors in these landscapes. This information is important for 
land-use planning that is in harmony with wildlife and conserva-
tion strategies (Kenya Wildlife Service, 2019). Corridor identifi-
cation and protection is very critical for conservation. Therefore, 
this study sought to identify and understand fragmentation of 
elephant migration corridors in comparison with their immediate 
surroundings. We predict that elephants select less fragmented 
landscapes to connect core habitats with their ranging landscapes 
in order to minimise human contact.

comparer l'ampleur de la fragmentation existante entre les corridors et leurs envi-
ronnements immédiats (zones situées hors des corridors), au sein de l'écosystème 
d'Amboseli, au Kenya. Nous avons utilisé modèle de calcul des déplacements basé sur 
un pont brownien pour identifier les corridors utilisés par les éléphants à partir des 
données fournies par des colliers GPS. L'ampleur de la fragmentation entre les cor-
ridors et les zones situées hors des corridors a été déterminée à l'aide de la métrique 
de fragmentation du maillage effectif (meff). Nos résultats ont montré que les cor-
ridors utilisés par les éléphants étaient nettement moins fragmentés (test de classe-
ment de Wilcoxon : W = 6,121.5, p < 0.05) que les zones situées hors des corridors. 
La présence de géométries de fragmentation au sein des corridors reste une source 
de préoccupation majeure pour les gestionnaires de la faune, car celles-ci peuvent 
potentiellement envahir et restreindre les corridors existants. Nos résultats mettent 
en lumière la nécessité d'étendre la gestion des habitats des éléphants aux corridors 
de migration en dehors des aires protégées.
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2  | MATERIAL AND METHODS

2.1 | Study area

The Amboseli ecosystem (Figure 1) is located in Kajiado District in 
the Rift Valley Province of Kenya. The ecosystem covers an area 
of approximately 8,500 km2 (BurnSilver et al., 2008). The area falls 
in agro-ecological zones VI and V, hence, is classified as arid to 
semi-arid savannah. Rainfall is spatially and temporally hetero-
geneous. Annual rainfall ranges from 500–600 mm in the north 
to 250–300 mm in Amboseli National Park. Rainfall is seasonal, 
with most rains being received from March to May (long rains) and 
from November to December (short rains). The area also experi-
ences a dry period (June to September) and two transition peri-
ods (March-April and October-November) (Altmann et al., 2002). 
Surface water is scarce with water being mainly found in swamps 

and artificial waterholes in the southeast (BurnSilver et al., 2008). 
Temperature ranges between 20 and 30°C while altitude varies 
between 850 and 1,350 m above mean sea level. The dominant 
vegetation types include the broad-leaf woodlands and dry tropi-
cal forests on the Kilimanjaro and Chyulu slopes, open grassland, 
riverine forest and scrubland in the Amboseli Basin as well as 
scattered Commiphora and Acacia woodlands (Howe et al., 2013; 
Western, 2007).

2.2 | Elephant GPS tracking data

A total of five (5) elephants were captured and fitted with GPS 
collars in Amboseli, between 18 February and 15 March 2013 by 
Kenya Wildlife Service (KWS) and International Fund for Animal 
Welfare (IFAW). Of the five elephants, one was female and the 

F I G U R E  1   Spatial distribution of global positioning system (GPS) fixes for each elephant herd in the study area and elephant range in 
Amboseli, Kenya [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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rest were males and they all belonged to different herds (Table 1). 
We included a female elephant in the study to incorporate the 
variability related to sexual dimorphism in corridor selection since 
the ranging behaviour of female elephants has been known to be 
different from male elephants. Although five elephants are rela-
tively small sample size, we assume that this number is sufficient 
because the five GPS collared elephants represent five different 

elephant herds. While elephant herds can change numbers and 
composition, examination of our tracking data indicated that these 
five collared animals belonged to distinct groups throughout the 
monitoring period (Figure 1). The GPS collars had a relative error 
of 10 m. The GPS collars were programmed to automatically log 
the elephant position every four hours for the period from 20 
February 2013 to 31 August 2013 resulting in 4 872 GPS fixes. 

Name Sex
Age 
(approx)

Herd 
size Date of collaring

GPS fixes 
used

% of GPS 
fixes 
missing

Kimana Male 26 5 19 February 2013 1,021 3.2

Osewan Male 30 5 20 February 2013 1,004 4.2

Porini Male 33 6 20 February 2013 981 5.4

Kuku Female 26 9 15 March 2013 892 7.0

Mbirikani Male 22 7 15 March 2013 974 6.6

Abbreviation: GPS, global positioning system.

TA B L E  1   Demographic data of the 
collared elephants

F I G U R E  2   Fragmentation geometries used in the study (a) settlements (b) roads and towns (c) agricultural fields [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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The GPS collars had a success fix rate ranging between 93% and 
96.8% which is within acceptable range to characterise wildlife 
movement patterns (Frair et al., 2010). The GPS data were cap-
tured in geographic coordinates (latitude/longitude) based on the 
WGS84 reference spheroid. The geographic coordinates were 
then re-projected in ArcGIS GIS 10.1 (ESRI, 2011) to Universal 
Transverse Mercator (UTM) Zone 37 based on WGS 84 Spheroid.

2.3 | Defining elephant migration corridors

An elephant migration corridor is defined as a path of continuous 
movement of at least 10 km distance that connects core habitats 
(Douglas-Hamilton et al., 2005). The width of the migratory corri-
dor often ranges between 2 and 7 km (Ngene, 2010). The migration 
corridors were determined, using the Brownian Bridge Movement 
Model (BBMM). The BBMM is a continuous-time stochastic model 
of animal movement in which the probability of animal presence in 
a region or unit area of landscapes is a function of two successive 
locations, the distance between the locations, the time between the 
locations and animal speed of movement (Horne et al., 2007). The 
BBMM computes a probability of occurrence of the animal during 
the entire time of observation. The occurrence in the corridor (con-
necting two high habitat utilisation distributions) is often low be-
cause elephant moves faster than their normal travelling speed in 
migration corridor (Douglas-Hamilton et al., 2005). Elephant migra-
tion corridors are often narrow when compared to other habitats 
where elephants spend much of their time mainly because of the 
speed of movement, which is high in corridors. In this study, the GPS 
telemetry error of 10 m was used (the spatial accuracy of the GPS 
receiver) because of the unavailability of independent estimate for 
each GPS fixes. Migration corridor was then digitised in ArcMap 10.1 
(ESRI, 2011). A buffer of 7 km around the migration corridor was cre-
ated to represent noncorridors that is the immediate landscape sur-
rounding migration corridors. A width of 7 km was selected because 
that is the average width of elephant migration corridor observed in 
Marsabit National Park, Kenya (Ngene, 2010).

2.4 | Quantifying landscape fragmentation

In order to quantify landscape fragmentation in the study area, 
human infrastructure that lead to the subdivision and isolation of 
elephant habitat were identified (Girvetz et al., 2008; Jaeger, 2000). 
Fragmentation geometries responsible for landscape fragmenta-
tion in Amboseli ecosystem were roads, agricultural fields, towns 
and human settlements (Figure 2). Data on human settlements 
(individual homesteads, schools) were extracted from aerial count 
data conducted by Kenyan Wildlife Services (KWS) in March 2010. 
Settlement data were verified by overlaying the settlements on 
Google Earth (www.googl eearth.com), and the missing settlements 
were digitised. The agricultural fields were derived from a classified 
MOD13Q1 MODIS NDVI (250 m) data set. We used MODIS due to 

unavailability of cloud-free high spatial resolution multispectral data 
such as Landsat coinciding with the elephant tracking period. The 16-
day MODIS NDVI images for the period from August 2010 to August 
2013 were downloaded from the USGS EROS Data Center (http://
lpdaac.usgs.gov/). The NDVI data were then re-projected from the 
sinusoidal projection to Universal Transverse Mercator (UTM) zone 
37 based on WGS 84 Spheroid in ENVI 4.7 (ITT Visual Information 
Solutions, 2009). Prior to image classification, the noise in the NDVI 
images was minimised using a Savitzky–Golay filter (Jönsson and 
Eklundh, 2004) in the TIMESAT package. A maximum likelihood clas-
sification method was used to classify the NDVI images into three 
broad landcover types, that is agricultural fields, water and nona-
griculture. The overall classification accuracy using 42 test ground 
control points was 85% (κ = 0.68). The nonagriculture class was com-
posed of bare grounds, wooded grasslands, shrubland, woodland and 
riverine woodland. Fragmentation geometries influence elephant 
behaviour within a certain distance. Thus, areas close to landscapes 
dominated and used by humans become unavailable for elephants. A 
buffer of 500 m was created for roads (Blake et al., 2008) and settle-
ments (Harris et al., 2008) while for towns, a buffer of 4 km from the 
town centre was created (Harris et al., 2008). Next, landscape frag-
mentation in the Amboseli ecosystem was determined, using an the 
effective mesh size landscape metric (meff) in ArcGIS 10.1 (Girvetz 
et al., 2007). The meff metric quantifies landscape fragmentation 
based on the patch area and number of patches within a planning 
unit, that is (1 km by 1 km grids). The meff expresses the probability 
that any two locations in a landscape are connected (not separated 
by barriers such as roads, urban areas, agriculture fields and human 
settlements) (Girvetz et al., 2008). The probability that the two loca-
tions are connected is then converted into the size of an area, which 
becomes the effective mesh size. The more barriers to movement 
and habitat utilisation, the less the chance that habitats are con-
nected (Jaeger, 2000). Increasing levels of fragmentation result in 
low effective mesh size. The meff is calculated as follows.

where n is the number of remaining patches (excluding human infra-
structural development), Ai = size of patch i, and At = the total area 
of the landscape under consideration which has been fragmented. 
Landscape fragmentation analysis was performed per 1 × 1 km grid 
cell to harmonise the data with the habitat utilisation data.

2.5 | Statistical analysis

2.5.1 | Comparison of fragmentation levels between 
corridors and noncorridors

Landscape fragmentation determined using the meff metric be-
tween corridors and noncorridors was compared, using the Wilcoxon 
rank sum test, with continuity correction (R Development Core 

(1)meff =
1

At

n
∑

i=1

Ai
2

http://www.googleearth.com
http://lpdaac.usgs.gov/
http://lpdaac.usgs.gov/
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Team, 2012). Prior to comparison, the fragmentation data for cor-
ridors and noncorridors were tested for normality, using the Shapiro–
Wilk test. Landscape fragmentation data did not follow a normal 
distribution (p > 0.05) even after trying out a number of transforma-
tion methods the data did not conform to normality. Thus, a non-
parametric Wilcoxon rank sum test was used to compare level of 
fragmentation between the corridors and noncorridors. The opera-
tion was executed in R software (R Development Core Team, 2012).

3  | RESULTS

Intensively utilised landscapes (red regions) can be observed for the 
entire track period of the elephants (Figure 3). Corridors connect-
ing intensively used habitats (core areas) can be clearly observed. 
Corridors are narrow and characterised by a low probability of oc-
currence when compared to the core habitats. Adjacent to the mi-
gration, routes are noncorridors, which elephants tend to avoid.

Elephant migratory corridors were significantly less fragmented 
(Wilcoxon sum rank test: W = 6,121.5, p < 0.05) when compared 
to that of noncorridors (Figure 4). This demonstrates a high prev-
alence of fragmentation geometries in noncorridors in comparison 
with corridors. Although corridors were less fragmented, our results 
showed the existence of fragmentation geometries in noncorridors.

4  | DISCUSSION

Understanding elephant movement and path selection is impera-
tive for their conservation, especially in fragmented landscapes such 
as the Amboseli ecosystem. In this study, we sought to understand 
how elephants selected corridors that connected their core habi-
tats in their ranging landscape. Elephants monitored in this study 
demonstrated that, throughout the year, they selected less frag-
mented landscapes as corridors when they connect isolated habi-
tats. Elephants traverse through complex heterogeneous habitats 

to satisfy their nutrient requirements, which have largely been af-
fected by the patchy nature of their grazing resources. These habi-
tats are linked by corridors which have become constricted resulting 
human-wildlife conflicts (Douglas-Hamilton et al., 2005). Although 
these corridors link elephant core habitats, we observed elephants 
avoided fragmented corridors (i.e. dominated by agriculture fields, 
settlements and towns). Fragmented corridors expose elephants 
to several risks that include poaching and retaliatory killings by 
the surrounding communities especially after crop raids. Elephants 
have been observed to move faster (Gara et al., 2017) and spend 
less time (Gara et al., 2016) when in risky human-dominated land-
scapes. Expansion of agriculture fields and establishment of human 
settlements in elephant migration corridors in Amboseli ecosystem 
are the major threats to corridor intactness (Kioko & Seno, 2011). In 
a related study conducted in Tanzania, Caro et al. (2009) reported 
constriction of corridors due to rapid expansion of agriculture and 
settlements into wildlife migration corridors.

The encroachment of human land uses into elephant migra-
tion corridors has resulted in increased human–elephant conflict in 
Amboseli (Graham et al., 2009; Kioko & Seno, 2011). It is important 
to note that, although corridors were significantly less fragmented 
when compared to noncorridors, the presence of fragmentation ge-
ometries in wildlife corridors is a cause of concern for wildlife man-
agers. If unchecked fragmentation geometries will further constrict 
elephant migration corridors in the Amboseli ecosystem (Gara, 2014). 
This may result in an increase in conflicts between elephants and 
communities in these spaces and massive losses may be incurred on 
both sides (Okello, 2005). To date, however, conservation costs to 
communities have often been narrowly estimated based on direct 
impacts of conservation on livelihoods (e.g. forgone revenue due to 
cropland retirement or logging ban), while indirect impacts accruing 
with ecological gains from conservation have often been ignored. In 
this regard, wildlife managers are challenged to ensure that elephant 
migration corridors are free of human presence and human-domi-
nated land use. There is need to incorporate wildlife management in 
land-use planning, so that fragmentation geometries are eliminated 

F I G U R E  3   (a) Probability of occurrence of elephants as estimated from the Brownian Bridge Movement Model (BBMM) and (b) 
delineation of migration corridors and noncorridor from the BBMM [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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or restored within wildlife migration corridors (Okello et al., 2014). 
Such kind of integrated land-use planning approach would help to 
minimise human–elephant conflicts along corridors. Besides, this 
would help to consolidate rural livelihoods from disruptions from el-
ephants. It is also important for land-use planners to create land-use 
zones that are compatible with wildlife conservation.

There is need for Kenya Wildlife Services and other wildlife con-
servation and management services across the African continent 
where human–wildlife conflicts are a cause for concern to extend 
management of elephant habitats to migration corridors outside pro-
tected area. Increase in fragmentation geometries in the migration 
corridors will eventually block the corridors and results in an increase 
in human–elephant conflict in Amboseli ecosystem. In most African 
countries, wildlife authorities concentrate their management efforts 
on protected areas such as national parks with little or no effort ad-
dressed on management of elephant corridors outside conservation 
areas. Understanding bottlenecks affecting elephant movement 
outside the park is critical for elephant conservation and ecosystem 
restoration (Mpakairi et al., 2017). Land-use zoning is proposed as a 
measure to protect migration corridors. Although this study has fo-
cussed on the impacts of habitat fragmentation on the African ele-
phant movement patterns across isolated and fragmented resource 
patches, there is need to understand the cost and burden on com-
munities in the affected areas (Yang et al., 2020). To mitigate these 
negative impacts, integrated management strategies should be 
prioritised. Corridors should be protected against any further frag-
mentation to ensure that elephants can migrate between isolated 
patches without any challenges otherwise; this may have impacts on 
rural livelihoods through an increase in cropland destruction.

5  | CONCLUSION

Results of this study demonstrated that migration corridors used 
by elephants are significantly (p < 0.05) less fragmented when 

compared to their immediate surroundings. This observation sug-
gests that elephants select less fragmented landscape as migration 
corridors as they seek to minimise human contact. However, the 
presence of fragmentation geometries in the corridors is a cause of 
concern for wildlife managers. There is evidence that demonstrates 
that migration corridors will eventually be blocked in the near fu-
ture if no action is undertaken. The findings of this study underscore 
the need to expand wildlife management of elephant habitats to 
migration corridors outside protected areas. Future spatial planning 
should consider wildlife habitats fragmentation as a cause for con-
cern, and this would help to avoid future human–wildlife conflicts 
on these landscapes. Further, although it was not the focus of this 
study, this work demonstrates that the conservation cost to com-
munities influenced by human–wildlife conflicts can be substantial, 
which should be minimised and considered in global conservation ef-
forts to avoid unintended burdens on the surrounding communities 
and wildlife in question.
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