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Chapter 3. Functional connectivity within conservation networks: 

Delineating corridors for African elephants 
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Abstract 

Managing multiple parks, reserves, and conservation areas collectively as conservation networks 

is a recent, yet growing trend.  But in order for these networks to be ecologically viable, the 

functional connectivity of the landscape must be ensured.  We assessed the connectivity between 

six African savannah elephant populations in southern Africa to test whether existing conservation 

networks were functioning and to identify other areas that could benefit from being included in 

conservation networks.  We used resource selection function models to create an index of habitat 

selection by males and female elephants.  We employed this habitat use index as a resistance 

surface, and applied circuit theory to assess connectivity between adjacent elephant populations 

within six clusters of protected areas across southern Africa.  Circuit theory current flow maps 

predicted a high likelihood of connectivity in the central portion of our study area (i.e. between 

the Chobe, Kafue, Luangwa, and Zambezi cluster).  Main factors limiting connectivity across the 

study area were high human density in the east and a lack of surface water in the west.  These 
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factors effectively isolate elephants in the Etosha cluster in Namibia and Niassa clusters in 

Mozambique from the central region.  Our models further identified two clusters where elephants 

might benefit from being managed as part of a conservation network, 1) northern Zambia and 

Malawi and 2) northern Mozambique.  We conclude that using habitat selection and circuit theory 

models to identify conservation networks is a data-based method that can be applied to other 

focal species to identify and conserve functional connectivity.   

Introduction 

As the human world becomes more connected, wildlife and wild lands become increasingly 

fragmented (Crooks and Sanjayan 2006).  Historically, the world’s biodiversity was preserved 

through the establishment of parks and protected areas, but current initiatives are moving 

towards increasing connectivity between these wildlife islands (Hanks 2001; van Aarde and 

Jackson 2007).  The establishment of transfrontier conservation areas (TFCA) and corridors 

interconnecting multiple protected areas, such as the Kavango-Zambezi TFCA in southern Africa 

and the Yellowstone to Yukon Corridor in the North America, are an increasing trend.  The 

objectives of these conservation networks differ, but most generally include increasing 

connectivity or promoting dispersal and migration.  Thus once a conservation network has been 

established, the first step to achieve these objectives is to identify, maintain, and where necessary 

increase functional connectivity on the landscape (Hanks 2001).   

Large mammals are of particular interest for conservation networks because these species 

operate at broad spatial scales and consequently their populations are more likely to be 

fragmented (Crooks 2002).  Large mammals are also often in direct competition with humans;  

predators compete with human-hunters for game (e.g. Brown and Conover 2011; Herfindal et al. 

2005), ungulates and ruminants harbour diseases which infect domestic animals (e.g. Corner 
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2006), and herbivores damage gardens and crops (e.g. Conover and Kania 1995; Madhusudan 

2003).  Consequently, many large mammal species are restricted to protected areas or areas with 

low human density (Morrison et al. 2007).  Functional conservation network that will address the 

landscape needs of large mammals must promote dispersal between parks, particularly through 

the establishment of corridors (Hanks 2001).  Corridors are defined as continuous strips of land 

that facilitate animal movement across the landscape (Beier and Noss 1998; Puth and Wilson 

2001).  They reduce the effects of habitat loss and fragmentation and may increase genetic mixing 

(Crooks and Sanjayan 2006). 

Corridors that increase functional connectivity for large mammals may also restore 

essential ecological processes.  Large herbivores, in particular, aid in long-distance seed dispersal 

(Janzen 1984), effectively reducing the isolation of some plant species in small reserves (Couvreur 

et al. 2004).  Some large herbivores are also ecosystem engineers that can transform plant 

communities (see Hobbs 1996; Manier and Hobbs 2006; Pringle et al. 2007).  Occasionally such 

transformation is undesirable, and this has become a particular management concern for African 

savannah elephants (Loxodonta africana).  In southern and East Africa, elephants at high densities 

have the ability to transform woodlands to shrublands or grasslands (Dublin et al. 1990; Scholes 

and Mennell 2008; Western and Maitumo 2004).  Their confinement and compression into 

anomalously small areas likely accentuates their transformative influences (Loarie et al. 2009b; 

van Aarde et al. 2006).  Historical long-distance movements was believed to limit local overgrazing 

(Coughenour 2008), but today long-distance migration among terrestrial vertebrates is one of the 

world’s most endangered biological phenomenon (Bartlam-Brooks et al. 2011; Berger 2004). 

Restoring elephant movements between protected areas and managing elephants as 

spatially-structured metapopulations has been proposed by van Aarde and Jackson (2007) as a 

means to reduce local impact, reduce the need for elephant culling, and stabilize elephant 
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numbers regionally.  This study will test whether corridors currently exist between protected 

areas and if already established conservation networks are functionally connected for elephants.  

Opportunities for dispersal may exist in southern Africa because protected areas are within close 

proximity of each other and are embedded in a matrix of mostly untransformed habitats with few 

people (Cushman et al. 2010; Mittermeier et al. 2003).  Furthermore, elephants are ideal 

candidates for designing corridors because they are an umbrella species, often co-occurring with 

other species of conservation concern (Epps et al. 2007).  In this paper, we will assess the 

potential for connectivity between existing elephant populations in southern Africa using circuit 

theory and resource selection function (RSF) models.   

Circuit theory is based on a random walk, with connectivity between habitat patches 

increasing with the number of alternative routes and decreasing with distance (McRae et al. 

2008).  Circuit theory uses the principles of an electric circuit, where a current (animal) flows 

through nodes and resistors (habitat patches and matrix) with voltage (probability of animal 

travel) and resistance (permeability of habitat types; McRae et al. 2008).  The resulting product is 

a prediction of ‘current density’ or a probability of movement across each pixel of the landscape.  

Among the benefits of circuit theory is that it does not assume perfect knowledge of the 

landscape (McRae et al. 2008).  To identify habitats with the greatest flow and least resistance to 

movements, we will use a RSF model.  An RSF model compares used and available resource units 

to estimate the probability of occurrence (Boyce et al. 2002; Manly et al. 2002).  We assume that 

habitat types that are avoided provide greater resistance to movement (Chetkiewicz et al. 2006; 

McRae et al. 2008).  While our objective was to determine the likelihood of connectivity between 

known elephant populations in southern Africa, our approach could also help managers enhance 

or promote potential corridors for other species.  
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Methods 

Study Area 

Located in southern Africa, our study area extended from the western to the eastern coast and 

encompassed portions of Angola, Botswana, Malawi, Mozambique, Namibia, Zambia, and 

Zimbabwe (Figure 3-1).  Within the study area, we identified six clusters of protected areas within 

which elephant populations were known or suspected to be interconnected (see van Aarde and 

Ferreira 2009).  Habitats varied across clusters from predominantly arid grassland in Namibia to 

mesic woodlands in Mozambique.  Terrain was relatively flat across most of the study area, except 

near the Etendeka Mountains in western Namibia and the Muchinga Mountains in Zambia.  The 

distance between neighbouring clusters varied from 180 to 430 km (Table 3-1).  Two conservation 

networks occurred within the study area, the Kavango-Zambezi TFCA which included the Chobe 

and Kafue cluster and the Niassa-Selous corridor located north of the Niassa cluster (Figure 3-1).  

Human presence was relatively low across the region, with pockets of increased human densities 

near major waterways and roadways.  Elephants were generally free roaming, except where 

fences existed, either along the borders of protected areas (Etosha National Park) or along 

international boundaries (between Namibia and Botswana).   

Elephant Data 

Between December 2002 and September 2010, 93 elephants1 were captured and collared with 

Africa Wildlife Tracking GPS collars (model SM 2000E).  Collars were programmed to locate 

individuals at varying intervals, ranging from 1 to 24 hours, with most animals having multiple 

interval settings during the tracking period.  Elephants are less mobile during the dry season and 

more faithful to dry season home ranges across years (Young et al. 2009); consequently, we 

                                                           
1
 Sample size differs from Chapter 2 because elephants in Kruger were not included in this analysis, and 

were only used for model validation. 
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assumed that during the wet season elephants were more likely to make exploratory forays or use 

corridors.  Using only locations recorded during the core wet season (December through March, 

inclusive), individuals with more than 100 locations during this period were retained for the 

analysis, resulting in 79 individuals (53 females, each representing a breeding herd, and 26 males).  

An additional nine elephants (6 females and 3 males) were collared in the Limpopo region (Figure 

3-1) and used to test model fit. 

The local convex hull (LoCoH) nonparametric kernel method was used to generate a home 

range for each individual (Getz and Wilmers 2004).  The adaptive sphere of influence (a-LoCoH) 

algorithm was used to construct kernels, with a equal to the furthest distance between any two 

locations (Getz et al. 2007).  The resulting home ranges fit tightly to the animal locations, often 

leaving holes which we believed were unrealistic; therefore, we further buffered home ranges by 

10 km.  This had the added advantage of further identifying areas which elephants presumably 

had access to but did not use.  Home ranges were created using R software (R Development Core 

Team 2011), along with the packages “adehabitat” (Calenge 2006) and “NNCH” (Wayne Getz Lab 

2005). 

Habitat Covariates 

Habitat covariates known to influence elephant habitat selection and home range placement were 

used in the analysis.  These included surface water (de Beer et al. 2006; Harris et al. 2008), slope 

(Wall et al. 2006), vegetation cover (Harris et al. 2008; Loarie et al. 2009a), and human presence 

(Harris et al. 2008; Hoare and du Toit 1999; Jackson et al. 2008).  Wet season surface water was 

located using data from Tracks4Africa (2010) and man-made watering point data provided by 

conservation authorities.  These data were manually validated against Landsat imagery and 

missing water bodies were hand-digitized.  Distance to water (km) was then calculated for each 

location.  It should be noted that small water bodies, such as mud holes, could not be identified 
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with this method.  Using a 90 m2 digital elevation model, slope was derived in degrees (Jarvis et al. 

2006).  Vegetative structure was characterized using MODIS Vegetation Continuous Fields (Hansen 

et al. 2006), which estimates the proportion of tree and herbaceous cover at a 500 m2 resolution. 

Owing to collinearity between tree and herbaceous cover within clusters, only proportion of tree 

cover was included in the analysis.  Finally, human presence was represented using two variables.  

Landscan (2008) human population data estimated daily human density at a resolution of 1 km2, 

and road infrastructure data (Tracks4Africa 2010) was used to determine distance (km) of 

locations from main and secondary roads.  Distance to main roads was calculated using roads 

categorized as freeway, national road, or main road.  All other road categories were included in 

the secondary road classification.  All geospatial analysis was completed using the Spatial Analyst 

extension of ArcGIS 10.0 (ESRI 2010) and Geospatial Modelling Environment (Beyer 2011).  

Habitat Selection Models 

Habitat selection was modelled separately for males and females and combined across the six 

clusters.  Elephant locations (1) were compared to randomly generated locations (0) using a 

mixed-effects logistic regression model.  The random intercept was used to control for the lack of 

independence of points within individuals and unbalanced sample sizes (Gillies et al. 2006).  We 

used a design III RSF approach (Manly et al. 2002), where random locations were generated within 

the 10 km buffered home range of each elephant at a density of 3 points/km2.  Since the scale of 

the largest habitat covariate was 1 km2, we were aware that contamination could be an issue 

(Keating and Cherry 2004).  Contamination occurs when the use and random locations occur 

within the same pixel.  Therefore, the density of random points was chosen to reduce 

contamination to less than 20% based on Johnson et al. (2006).   

All habitat variables were used to assess elephant habitat selection, as they are all known 

to influence elephant habitat selection (Roever et al. 2012).  No variables were highly correlated 
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when examined using Pearson’s correlation coefficient (r > 0.6).  Each continuous variable was 

tested for the presence of a nonlinear relationship using a quadratic term.  Model fit was 

evaluated using k-fold cross validation (k = 5) and the Spearman rank correlation coefficient 

(Boyce et al. 2002).  Model fit was further evaluated using the independent elephant data from 

Limpopo following a similar method to k-fold cross validation, whereby the predicted RSF scores 

are placed in equal-area bins.  The number of elephant locations falling into each bin is then 

tallied.  Bins of higher RSF scores are expected to have higher frequencies of observations, and 

significance is tested using the Spearman rank correlation coefficient (Boyce et al. 2002). 

Using the RSF model results, we created a habitat use index for males and females.  We 

applied this model to the entire study area.  To maintain predictive integrity, model predictions 

were limited to habitats observed in the model.  For instance, the maximum distance to water 

observed in the use and available data was 58 km, consequently, any area further than 58 km 

from water was not assessed2.  Analyses were done using R software (R Development Core Team 

2011) and the lme4 package (Bates and Maechler 2010). 

Connectivity Models 

Connectivity between clusters was evaluated using circuit theory (McRae et al. 2008) and the 

program Circuitscape (McRae and Shah 2009).  Home ranges were used as the source and end 

nodes of the circuit.  Home ranges were combined into a single node if they were within 20km of 

each other, unless they were separated by a fence.  We used the one-to-many criterion, whereby 

one source was connected to all end nodes in an iterative fashion.  The habitat use index created 

from the RSF model was used as the resistance surface.  Areas with a high probability of use were 

assumed to allow a greater current flow (or less resistance) than those with a low probability of 

                                                           
2
 Maximum distance to water differs from Chapter 2, which was 79km, because only the wet season data 

were analysed here. 
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use.  Owing to the processing limitations of the Circuitscape program, the study area was 

segmented into five sections and the habitat use index was generalized to 500 m2 pixels.  We 

began by using only the habitat use index as the resistance surface, but then further limited 

movement by adding absolute barriers.  Based on known elephant habitat use, we hypothesized 

that distance to water, slope, and human population density had maximum values which posed a 

complete barrier to movement.  We defined absolute barriers as any value greater than values 

observed in 99 percent of the elephant telemetry locations of these covariates.  Consequently, 

areas further than 48 km from water, with a slope greater than 11.4 degrees, or containing more 

than 45 people/km2 were classified as absolute barriers.  

Results 

Habitat Selection 

Both male and female wet season habitat selection models provided good fit using k-fold cross 

validation (Spearman rank rs = 0.782, p = 0.01 for females and rs = 0.952, p < 0.01 for males).  

Relative to availability, female elephants selected areas with low slopes, high tree cover, and low 

human population density (Table 3-2, Figure 3-2).  They preferred to be further from main roads 

and had a nonlinear relationship with secondary roads, showing slight selection for areas near 

these roads but mostly avoiding them.  Selection for water also had a nonlinear relationship, with 

females selecting areas both near and far from water relative to availability.  Male elephants 

selected low slopes and low human population density, and they preferred areas of intermediate 

tree cover.  Males avoided main roads but selected secondary roads.  A nonlinear relationship 

with water also was present for males; however, they were less inclined to be close to water as 

compared with females.  Model validation using the independent Limpopo data was significant for 
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males (rs = 0.6364, p = 0.05) but not for females (rs = -0.6969, p = 0.03), indicating the female 

model was a poor predictor of elephant use in regions beyond the study area. 

Connectivity 

Adding absolute barriers to the circuit theory current flow maps did not alter connectivity 

between clusters, however barriers did restrict the width and alter the location of potential 

corridors.  For both maps, current flow was high between Chobe and Kafue for male and female 

elephants (Figure 3-3 & 3-4).  The high flow can be attributed to wide areas of suitable habitat 

allowing for multiple routes of travel.  Potential corridors between the Zambezi cluster and its 

neighbouring clusters, Kafue and Luangwa, were less straightforward.  When examining the 

current flow map without absolute barriers, it appeared that a corridor could exist between the 

Zambezi and Kafue clusters (Figure 3-3).  However, the steep terrain between the two clusters 

added several absolute barriers, narrowing the corridor and shifting flow to the southwest (Figure 

3-4).  In the easterly direction, the connection between the Zambezi and Luangwa had some 

support in both current flow maps (Figure 3-3 & 3-4).   This corridor was long (320 km) and 

narrow, which could limit its utility.  Flow also decreased for females in some areas between the 

Zambezi and Luangwa, further reducing its functionality as a potential corridor. 

The current flow maps further showed low flow for males or females between Etosha and 

Chobe and between Luangwa and Niassa (Figure 3-3 & 3-4).  The distance between Etosha and 

Chobe was large (300 km) and the area contained few water sources.  In the Namibian portion of 

our study area, some regions were up to 70 km from water, and in Angola, this distance rose to 

greater than 100 km.  The furthest any elephant occurred from water was 58 km, with a mean 

distance of 10 km.  The greatest barrier for dispersal between Luangwa and Niassa was the high 

human density in Malawi.  In addition, Lake Malawi created a bottleneck, limiting potential flow to 

one 11 km wide area.  
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Discussion 

In general, the wet season habitat selection patterns of male and female elephants were similar 

and supported the relevance of previously reported habitat covariates (see Harris et al. 2008; 

Hoare and du Toit 1999; Loarie et al. 2009a; Roever et al. 2012; Wall et al. 2006).  Both sexes had a 

nonlinear relationship with water, selecting for areas both near and far from water relative to 

availability (Table 3-2).  This agrees with what we know about elephant behaviour, as elephants 

regularly go to water to drink and then travel far afield  in search of food (Leggett 2006).  Our 

elephants also avoided steep terrain, possibly due to due to physiological and energetic 

constraints (see Wall et al. 2006).  Females had a sharper decline in the use of higher slopes with 

the inclusion of the quadratic term, suggesting that they selected more for flat terrain than males.  

Both sexes also avoided areas of high human density as well as areas near main roads. Males, 

however, remained closer to secondary roads, while females avoided them.   

Our circuit theory current maps identified potential corridors among several clusters of 

protected areas in the central portion of the study area (Figures 3-3 & 3-4).  Between the Chobe 

and Kafue clusters, we identified a wide area suitable for potential animal movement, supporting 

the functionality of the Kavango-Zambezi TFCA.  Our maps further indicate that the Zambezi 

cluster may be connected to the Kavango-Zambezi TFCA via Kafue and an additional corridor 

through Zimbabwe.  The Zambezi cluster was only 67 km from the Zimbabwe portion of the 

Kavango-Zambezi TFCA, and although we had no data from elephant populations in Zimbabwe, a 

potential corridor to the TFCA was identified by both female and male current flow maps.  In 

addition to highlighting connectivity around the Kavango-Zambezi TFCA, the current flow maps 

also identified a potential corridor between the Zambezi and Luangwa cluster.  The steep terrain 

of the Muchinga Mountains, north of the Zambezi cluster, restricted potential animal movements 

between Luangwa and Zambezi; however, this mountain range also restricted human 
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development.  Elephants are capable of living in such habitats, as seen with elephants in the 

Etosha cluster which occur within the Etendeka Mountains; therefore, the viability of this corridor 

should not be discounted.  It is estimated that 58 percent of African elephants occur within 

southern Africa, and of those approximately 85 percent are located in the Chobe, Kafue, Luangwa 

and Zambezi clusters (see Blanc et al. 2007).  Consequently, the provision of these corridors linking 

Chobe, Kafue, Luangwa, and Zambezi will unite most of southern Africa’s elephants into a single 

entity that could function as a metapopulation.   

 The main factors limiting connectivity across the study area where access to surface 

water in the west and a high human density in the east.  Elephants in the Etosha cluster are 

effectively isolated by the lack of water in areas east of the cluster.  Blanc et al. (2007)  suggested 

that elephants’ range possibly extended east of Etosha and north into Angola.  While elephants 

have been recolonizing south eastern Angola after the civil war ended in 2002 (Chase and Griffin 

2011), our results indicate that it is unlikely that elephants will cross the arid regions of north-

central Namibia and south-central Angola.  In the east, the potential corridor between Luangwa 

and Niassa was not limited by water, but instead, the high human density present in Malawi.  

Hoare and du Toit (1999) found the elephants in Zimbabwe did not coexist with humans when the 

latter reached a density of 15.6 persons/km2.  Within our data, only 4.8 percent of elephant 

telemetry locations (1,919 of 39,900) exceeded Hoare and du Toit’s threshold.  Elephants occurred 

in areas with a maximum human density of 1,512 persons/km2, showing that elephants can and 

do penetrate areas of higher human density.  Whether they could exist in these areas for very 

long, though, is questionable, particularly without a nearby refuge.  Unfortunately, Malawi has 

few areas outside of parks and game reserves with human densities below 15.6 persons/km2, so 

the potential for connectivity between Luangwa and Niassa is unlikely.  Our results therefore 

suggest that the Etosha and Niassa clusters have limited potential to be managed as a spatially-
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structured metapopulation within the conservation areas examined in this study and, importantly, 

connectivity along an east-west axis may be limited.   

 Despite the lack of connectivity between Niassa and the other clusters examined in this 

study, the Niassa cluster still might benefit from inclusion with other conservation areas in 

northern Mozambique and southern Tanzania.  Current flow maps showed connectivity not only 

between elephant data within the Niassa Cluster but also a potential corridor to Niassa Game 

Reserve.  The Niassa Game Reserve is connected by the Selous-Niassa Corridor to Selous Game 

Reserve in southern Tanzania (Hofer et al. 2004; Figure 3-1), and elephants in this region could 

benefit from being connected to and managed collectively with those in the Niassa and Selous 

Game Reserves (see Baldus et al. 2003).   

Here, we used habitat selection models to identify corridors for elephants, making the 

assumption that habitat use reflects landscape resistance.  However, other behavioural factors 

not identified in the model may also influence dispersal (Belisle 2005; Lima and Zollner 1996).  

One limitation we observed was the inability to incorporate the periodic nature of elephants 

moving near and far from water.  The region highlighted as a potential corridor for males between 

the Zambezi and Luangwa had a 240 km expanse without crossing water.  It is unrealistic to 

assume that this route would be a viable corridor for elephants; however it should not be 

completely discounted. The female current flow maps for the same region identified portions of 

the Luangwa River, located 45 km to the northwest, as a viable corridor.  Consequently, 

incorporating the width of the valley into the corridor design may make this potential route more 

viable for both sexes.   

Using RSF models to make predictions about elephant use in areas other than the study 

area can be problematic (Boyce et al. 2002), as seen in our independent testing data from 
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Limpopo.  The female model had poor fit; consequently, models should be used with caution and 

corridors should be further validated with field data.  In our analysis, we attempted to limit 

unrealistic predictions by bounding all variables to values only seen within the model; however, 

this does not compensate for changes in the proportion of each variable (Aarts et al. 2008; 

Matthiopoulos et al. 2011).  For the current flow maps, we suspect that adding absolute barriers 

using the 99th percentile of elephant locations produced more realistic predictions.  While 

elephants used extreme areas of slope, human density, and distance to water, these forays were 

rare and the animal did not generally penetrate far into these less hospitable habitats.  Therefore, 

it is plausible to assume that corridors based on these extreme values will have limited utility; 

however, this deduction also requires further validation.   

Speculation has it that elephants were once wide-spread across Africa, but current 

populations have become fragmented and compressed into isolated protected areas (see Blanc et 

al. 2007).  Interrupting natural movement patterns in elephants intensifies the damage that these 

ecosystem engineers cause to vegetation (Loarie et al. 2009b; van Aarde et al. 2006).  Increasing 

connectivity between elephant populations is expected to alleviate problems caused by 

confinement and induce a dynamic that stabilizes populations regionally and removes the concern 

of local “hyper-abundance” (van Aarde and Jackson 2007).  Based on the results of this study, 

elephant dispersal along the east-west gradient is plausible across much of our study area; 

therefore, if corridors are projected and enhanced, the foundations for a metapopulation as 

suggested in van Aarde and Jackson (2007) could be implemented.  However, connectivity alone 

does not constitute a metapopulation (Driscoll 2007), and the presence of a corridor does not 

guarantee dispersal.  The functionality of corridors must be monitored and, where necessary, 

promoted to ensure the continued flow between populations.  Without active management 
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efforts to maintain connectivity between protected areas along the east-west axis, it is likely that 

human development and encroachment will continue to isolate wildlife in southern Africa.     

This study represents the largest effort to identity connectivity for a species to which we 

are aware, crossing seven countries.  Yet these techniques are universally applicable at a variety of 

spatial scales and provide quantitative measures of habitat selection and animal flow rates 

(McRae et al. 2008).  They require limited data input, they rely on realized habitat use by the 

animal, and they need little inferences by the authors or other sources of expert opinion 

(Chetkiewicz and Boyce 2009).  Ultimately, habitat fragmentation is a global problem, and 

conservation and management efforts need tools to quickly identify and focus research efforts in 

areas where we have the highest probability to successfully restore connectivity.   
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Table 3-1.  Euclidian distance between neighboring clusters of elephant data arranged 

from west to east. 

Cluster 
Distance between 

neighboring clusters (km) 

Etosha and Chobe 300 

Chobe and Kafue 180 

Kafue and Zambezi 300 

Zambezi and Luangwa 320 

Luangwa and Niassa 430 
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Table 3-2.  Coefficient estimates and standard errors for habitat selection models.  

Significance to p = 0.001 is indicated (***), and quadratic terms not included in the final 

model are denoted (-).   

  Females   Males 

  Estimate SE   Estimate SE  

Distance to water -0.227 0.025 ***  -0.426 0.033 *** 

(Distance to water)2 0.055 0.006 ***  0.128 0.008 *** 

Slope -0.175 0.010 ***  -0.085 0.004 *** 

(Slope)2 0.002 0.001 ***  - -  

Proportion tree cover 0.541 0.097 ***  7.452 0.418 *** 

(Proportion tree cover)2 - -   -8.126 0.762 *** 

Human population density -0.010 0.001 ***  -0.002 0.001 *** 

Distance to main road 0.092 0.006 ***  0.074 0.008 *** 

Distance to secondary road -0.073 0.022 ***  -0.530 0.028 *** 

(Distance to secondary road)2 0.018 0.004 ***   0.025 0.005 *** 
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Figure 3-1.  Map of the study area in southern Africa incorporating seven countries.  Areas 

with elephant telemetry data were grouped into clusters based on location and following 

the designation proposed by van Aarde and Ferreira (2009).  Data from the Limpopo 

cluster were used for out-of-sample model testing. 
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Figure 3-2.  Relative index of habitat use for female (a) and male (b) elephants.  Black 

regions represent areas that were not predicted because the variable values were outside 

of the range observed within the habitat selection model. 
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Figure 3-3.  Current flow using the habitat selection index as the resistance.  Owing to the 

computing limitations of the program Circuitscape, the study area was divided into five 

sections (dashed black line).  Black regions indicate areas of zero flow. 

 

 
 
 



72 
 

 

Figure 3-4.  Current flow using the habitat selection index as the resistance, along with 

absolute barriers.  Absolute barriers were defined as values greater than those observed 

within 99 percent of the elephant location data for distance to water, human population 

density, and slope.  Black regions indicate areas of zero flow. 
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