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A B S T R A C T

While corridors in conservation have a long history of use, evaluations of proposed or existing corridors in
conservation landscapes are important to avoid the same fate as poorly-functioning “paper parks”. We used
resistance surface modeling and circuit theory to evaluate a number of corridors developed at regional and at
local scales that aim to improve connectivity for large wildlife in the central part of the Kavango-Zambezi
transfrontier conservation area. We used hourly GPS data from 16 collared African elephants (Loxodonta afri-
cana), and associated environmental data at used versus available movement paths, to develop a hierarchical
Bayesian path selection function model. We used the resulting resistance surface across the study area as an input
into circuit theory modeling to assess how well connectivity levels were captured by both types of corridors
relative to several alternative scenarios. We found that the majority of regional-scale corridors performed re-
latively well at capturing elevated levels of connectivity relative to non-corridor comparisons, with 7 of 9
corridors rated as good or better in terms of how they captured electrical current levels (a proxy for con-
nectivity). In contrast, only 14 of 33 smaller-scale, local corridors captured significantly higher levels of con-
nectivity than adjacent non-corridor areas. Our results have practical implications for the design and im-
plementation of wildlife connectivity conservation efforts in the world's largest transfrontier conservation
landscape. Modern connectivity science approaches can help evaluate which proposed corridors are likely to
function as intended, and which may need further refinement.

1. Introduction

For large-bodied, wide-ranging wildlife species to persist in the
Anthropocene, conservation landscapes that contain core protected
areas within a matrix of human-dominated land uses must somehow be
linked or connected with one another (Bolger et al., 2008; Caro et al.,
2009). Movement corridors represented a key advance in the design of
conservation landscapes. While there were early debates over the ef-
fectiveness of corridors as a conservation tool (Beier and Noss, 1998;
Haddad et al., 2000), a recent meta-analysis covering 20 years of ex-
perimental corridor research found that corridors increased the move-
ments of species between habitat patches by 50% as compared to non-
connected patches (Gilbert-Norton et al., 2010). Though their effec-
tiveness in conservation landscapes is less clear-cut (Caro et al., 2009;
Jain et al., 2014), corridors remain popular and widespread tools used
in conservation planning, land use zoning, and sustainable development

plans around the world (African Wildlife Foundation, 2017; Brodie
et al., 2016; Jain et al., 2014; Jones et al., 2012; National Fish and
Wildlife Federation, 2017).

In recent years there has been an increasing emphasis on broad-
ening the evaluation of connectivity from a focus on corridors to the
entirety of landscapes and regions in which conservation occurs. The
development of tools such as least-cost path mapping (Sawyer et al.,
2011), circuit theory (McRae et al., 2008), and a variety of GIS-friendly
connectivity toolkits (e.g., CorridorDesign, 2017) have allowed con-
servation scientists and planners to quantify connectivity across entire
conservation landscapes with ever-increasing degrees of sophistication.
The results of such exercises have been useful for investigating a wide
variety of academic questions related to connectivity across different
landscapes and species (Cushman and Lewis, 2010; Elliot et al., 2014;
Walpole et al., 2012; Zeller et al., 2014), as well as for informing
conservation plans using the latest methods in connectivity science
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(Cushman et al., 2016; Poor et al., 2012).
Evaluations of existing or proposed corridors in real-world con-

servation landscapes can provide useful feedback to policy makers and
conservation planners on their effectiveness (Bond et al., 2017; Brodie
et al., 2016; Caro et al., 2009). Corridor evaluations can also be used to
redesign landscape connectivity in instances where existing corridors
are not functioning. Recent work from southeast Asia warns that in the
same way that many protected areas are protected in name only, ex-
pert-defined “paper” corridors that do not improve ecological con-
nectivity are rife in the region (Jain et al., 2014). Evaluating proposed
or actual corridors using modern connectivity science approaches can
help inform conservation policy on existing or upcoming corridors and
provide land managers and other interested stakeholders with con-
fidence that corridors will work as intended (Cushman et al., 2013).
Such evaluations can be especially important for regional-scale, trans-
frontier corridors that are designed for wide-ranging flagship species
such as jaguars Panthera onca (Rabinowitz and Zeller, 2010), grizzly
bears Ursus arctos (Proctor et al., 2015), and African elephants Lox-
odonta africana (Roever et al., 2013), where it may be difficult to gather
empirical evidence of use at corridors identified across such large
scales. In these instances, modeling of connectivity levels in corridors
may provide the next best evaluation alternative to independently-
collected empirical data (Koen et al., 2014; McClure et al., 2016).

Here, we use GPS movement data from African elephants to assess
connectivity captured by wildlife corridors in the central part of the
Kavango-Zambezi (KAZA) transfrontier conservation landscape in
southern Africa. We first estimated landscape resistance to elephant
movements, using a Bayesian hierarchical path selection function based
on environmental and anthropogenic landscape variables. We then
applied circuit theory (McRae et al., 2008) to the resistance layer to
evaluate the effectiveness of corridors at capturing connectivity at two
scales: (1) regional-scale corridors that have been identified in the
KAZA master integrated development plan (KAZA TFCA Secretariat,
2014); and (2) small-scale corridors identified and mapped by local
communities on their traditional lands (B. Jones, unpublished data). We
translate our evaluation results into practical scoring and re-
commendations for managers to consider.

2. Materials and methods

2.1. Study site

Our work covers the central part of KAZA, the world's largest
transfrontier conservation landscape (> 500,000 km2) that includes a
complex of protected areas, communal lands, and other land use types
across parts of Angola, Botswana, Namibia, Zambia, and Zimbabwe.
Fundamental to KAZA's vision are functioning, connected socio-ecolo-
gical systems spanning 5 countries that allow for the movements and
migrations of large wildlife species, upon which most tourism in the
area is premised. While the movement ecology of a variety of species
has been studied in KAZA (e.g., Cozzi et al., 2013; Loarie et al., 2009b;
Naidoo et al., 2016; Naidoo et al., 2012), only a few studies have ex-
plicitly examined wildlife connectivity (Cushman et al., 2016; Elliot
et al., 2014). An explicit assessment of wildlife connectivity is critical in
this region since the multitude of fences, roads, and anthropogenic
landscape uses in the region have the potential to significantly disrupt
wildlife space use and migratory movements (Chase and Griffin, 2009;
Naidoo et al., 2014). Connectivity research is also important from a
policy standpoint because various types of corridors are currently being
suggested for the central KAZA landscape with little formal develop-
ment or evaluation using modern connectivity conservation ap-
proaches, including regional Wildlife Dispersal Area (WDA) pathways
and over 50 local-scale “micro-corridors” that have been identified by
local communities as key wildlife movement areas (Fig. 1). See Ap-
pendix A in Supplementary material for additional details on the study
site and our methodologies.

2.2. Movement data

We evaluated functional connectivity at our study site using data
from 16 elephants (15 females, one male) collared in the Namibian part
of central KAZA (Fig. A1). Ten of the elephants were collared in October
2010, with most of these collars functioning without issue from de-
ployment until they were removed in August 2012, except for the male
elephant's collar which stopped functioning in May 2011. The re-
maining 6 elephants were collared in March 2016, and we used data
collected through mid-September 2016 from each of these. For both sets
of animals, GPS locations were recorded hourly for each collar. Overall,
our data set encompasses over 73,000 observations across 6 separate
wet and dry season periods. While our sample of 16 collared individuals
is modest, the collars (with the exception of the single male) were
embedded in breeding herds of between 8 and 60 individuals, and
therefore at a minimum our movement trajectories are representative of
those of several hundred elephants.

2.3. Path selection functions

We used path selection functions (PSF) to develop models of how
resistant our study landscape was to elephant movement. Path selection
functions divide movement trajectories of animals into segments, and
then characterize the environmental conditions at these ‘used’ segments
compared to a set of non-used segments that would have been ‘avail-
able’ for the elephant to use. Key decisions to be made when con-
structing a PSF involve the time period an individual path segment
should cover, the maximum distance away from the path that non-used
paths are located within, and how many non-used paths should be
employed. To determine path temporal length, we used data from
collared elephants in the hot dry season of 2011 (August – November)
to determine that individual elephants had an average drinking interval
at permanent water bodies of between 1.1 and 3.7 days (median 1–3;
max 3–16, mode 2). Others have also noted that on average elephants
drink every 2 days (de Knegt et al., 2011). We thus used 2 days as the
most representative drinking interval for elephants, and therefore as the
minimum path unit that is representative of regularized elephant be-
havior during the most resource-restrictive period of the year. In ad-
dition, net displacement for 90% of the 2-day pathways from our col-
lared elephants was< 20 km. We therefore used 20 km as the
maximum distance away from the middle of the 2-day trajectory in
question at which randomly-rotated control paths could occur. We also
used 20 random paths per used path (following Northrup et al., 2013)
to generate the randomly selected non-used paths (Fig. A2). See Ap-
pendix A for a review of these issues in wildlife path selection function
studies.

2.4. Environmental variables

We developed a hierarchical path selection function using data from
all 16 of our collared elephants. We selected two categories of variables
to include as predictor variables in our PSF. Boundary variables, which
we expected would exert a negative or blocking effect on elephant
movement path, included rivers, paved roads, fences, infrastructure
development, and anthropogenic land uses such as agriculture and
urban areas. These variables were coded as dummy variables, i.e., 1 –
the boundary was crossed during a two-day path, or 0 – the boundary
was not crossed. We also quantified 4 variables representing vegetation
and other critical resources needed by elephants along used and
available paths. These included the average Enhanced Vegetation Index
(EVI) from the MODIS satellite, the average percentage of tree cover,
and the presence of 2 key land use/land cover classes: woodland and
floodplains. Finally, we included an interaction with season and all
vegetation variables, to reflect the hypothesis that elephants' pre-
ferences for vegetation type and amount may be different across dry
versus wet seasons. See Appendix A for further details.
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2.5. Statistical modeling

We used a Bayesian modeling approach that explicitly recognized
the hierarchical nature of our data (i.e., each used 2-day pathway is
associated with 20 random “available” pathways, and there are mul-
tiple such 21-path clusters for each of the 16 collared elephants). We
constructed hierarchical logistic regression models for elephant path
selection, using the package brms in the R statistical computing en-
vironment to interface with the stan Bayesian software modeling plat-
form (Burkner, 2017; Stan Development Team, 2015), and developed 9
candidate models that represented a set of hypotheses on the most ef-
ficient combination of variable types and model structures. Included in
every model were random intercepts for each of the 3034 2-day path-
ways across all 16 individuals, and therefore their impacts as nuisance
variables were always explicitly accounted for. Our three most basic
models were random-intercepts by 2-day pathway (Gelman et al., 2013)
for (1) vegetation variables (including interactions with season) only;
(2) boundary variables only; and (3) both classes of variables. We then
extended each of these models to allow random intercepts by individual
(models 4–6), and finally further extended models 4–6 to random slopes
models that allowed the coefficients on all variables, and not just the
intercept, to vary by individual (models 7–9). For all models, the prior
distributions on vegetation variables were uninformative. On boundary
variables, we used an informative prior that restricted coefficients to
values below zero with a log-normal distribution, thereby statistically
reflecting previous research findings of the negative impact of all such
boundary variables on movement (note that preliminary model runs
showed that informative versus uninformative priors made little dif-
ference in resulting boundary coefficient estimates, but did help with
model convergence). We interpreted strong evidence for a statistically
significant impact of a variable as those having 95% Bayesian credible
intervals that did not overlap with zero. See Fig. A3 for a schematic
representation of our methodology.

We evaluated our path selection function modeling in two ways.
First, we used leave-one-out (loo) cross-validation, a recently developed
method for Bayesian model evaluation and comparison (Vehtari et al.,
2017), to evaluate which of our models best explained elephant path
selection. We used package loo in R to perform model comparisons and
assess differences in expected predictive accuracy, using the loo in-
formation criterion, which is analogous to the Akaike information

criterion (Vehtari et al., 2016). A second check of our model perfor-
mance was conducted by comparing the ultimate Circuitscape con-
nectivity estimates (which are represented as the current level in each
grid cell across the landscape; see below) for the GPS locations at which
elephants were actually recorded, versus an equivalent random sample
of non-used GPS points that were within a 95% Minimum Convex
Polygon home range for individual elephants. A good model should
produce connectivity estimates for used points that are higher than
randomly-selected points (Walpole et al., 2012).

The path selection function model was then used to produce pre-
dicted probabilities of selection at each 250-metre resolution grid cell
across our entire study area. We constructed the predictor surface for
the wet season, since this is when elephants and other wildlife species
disperse widely across the study landscape. The resulting layer, with
each cell having a continuous value between 0 and 1, represents the
permeability of the landscape to elephant movement. We inverted va-
lues at each cell to produce a resistance layer (Zeller et al., 2012), i.e., a
measure of the difficulty of elephants moving through a particular place
in the landscape.

We used this resistance layer to evaluate WDA pathway design and
placement in two ways. First, we used Circuitscape (McRae et al., 2008)
to estimate current flow between endpoints of all WDA pathways.
Circuitscape takes a landscape resistance layer as input and traces the
flow of current across the landscape from one node to another, using
principles from circuit and graph theory to represent current flows and
the resulting implications for connectivity conservation across hetero-
geneous landscapes. Circuitscape has been widely used to estimate
connectivity across conservation landscapes using resistance layers
developed from a variety of methodologies, including GPS relocations
of various wildlife species (Epps et al., 2011; Poor et al., 2012; Walpole
et al., 2012; Zeller et al., 2016). In our application, we injected current
at nodes representing the end points of each of the 9 WDA pathways,
using the "Pairwise: iterate across all pairs in a focal node file" program
option. For each pair of nodes, we took the resulting landscape current
estimates and calculated the mean current level within the WDA
pathway. We then placed a 30-km buffer (i.e., an approximately three-
fold increase in width) around each WDA pathway and calculated the
mean current level in the buffer, assuming that better, more targeted
WDA pathways would have higher current values than more diffuse,
less targeted buffer areas.

Fig. 1. Location of Wildlife Dispersal Area pathways (dark gray rectangles), and local community-mapped micro-corridors (black polygons, with adjacent areas in light gray) within the
central Kavango-Zambezi transfrontier conservation area.
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As a second comparison, we used our resistance layer to calculate
the least-cost path between the endpoints of each WDA pathway, using
Djikstra's algorithm in package gDistance in R (Van Etten, 2011). Least-
cost paths (LCP) represent the most efficient or least-costly way to move
through a landscape from one point to another, assuming that the re-
sistance or cost for all possible pathways between points are known to a
traveling individual. This therefore represents a best-case connectivity
scenario against which the WDA pathways were compared, while re-
cognizing that LCP pathways may not be particularly realistic for an-
imal movements in real landscapes (Sawyer et al., 2011). Since the
number of points along least-cost path lines between WDA pathway
nodes was always lower than the number of points in the WDA pathway
and buffer polygons, we randomly sampled points within these two
polygons so that the total number of points evaluated was identical for
WDA pathways, their buffers, and the associated least-cost paths (be-
tween 342 and 3535 across the 9 WDA pathways). We used a hier-
archical regression (with a normal distribution of the logarithm of
current values) with main effects of buffer and LCP, and random slopes/
intercepts for WDA pathways, to evaluate corridor effectiveness.

Finally, we also used Circuitscape to evaluate the effectiveness of
the local-scale micro-corridors that had been mapped by local com-
munities. We restricted our analysis to the 33 largest corridors that
contained at least 50 grid cells, leaving 21 of the smallest corridors
unevaluated due to prohibitively small sample sizes. For each of these
33 corridors, we randomly sampled an equivalent number of grid cells
that occurred immediately adjacent to it in a non-corridor area (Fig. 1).
We then tested whether current in these micro-corridors was higher
than in adjacent non-corridor areas after injecting electrical current on
both sides of the corridor and immediately adjacent areas, using a
hierarchical regression (with a normal distribution of the logarithm of
current values) with main effect of micro-corridor and random slopes/
intercepts by micro-corridor.

3. Results

3.1. Path selection modeling

The best path selection function model contained both vegetation
variables and boundary variables, with a random intercept and random
slope by individual hierarchical structure (Table 1). This model had
much greater support, as measured by the loo information criterion,
than any other candidate model. For each of the three classes of in-
dependent variables (i.e., vegetation, barriers, and both), allowing
slopes and intercepts to vary by individual elephant improved the
model fit greatly, with delta-loo values of> 500 units. There was
strong evidence (95% Bayesian credible interval that did not overlap
with zero) for almost all predictor variables in the best model, with
fences, roads, rivers, anthropogenic land uses, and infrastructure de-
velopment all exerting negative effects on path selection, as expected
(Table 2). There was also strong evidence that selected paths were more
likely to occur in woodlands and floodplains as compared to other

habitat types, and in areas with lower levels of tree cover and EVI in the
dry season, and higher such values in the wet season. Significant in-
dividual variation in intercepts and coefficients were also apparent
across individuals (Table 2), with the 3 top models all containing either
random intercepts, or random slopes and intercepts, by individual.
Boundary variables appeared to have more consistent effects, with most
(between 10 and 12) of the 16 individuals showing negative responses,
while vegetation coefficients by individual were more variable, with
roughly even numbers of positive vs negative values. Circuitscape
modeling resulted in connectivity levels that were significantly higher
in cells along paths travelled by elephants than in cells within the
general 95% minimum convex polygon home range (xused = 0.10,
xavailable = 0.09, t= 26.8, p < 0.0001).

3.2. WDA pathway connectivity levels

There was strong evidence that connectivity levels as measured by
electrical current output from Circuitscape were significantly higher in

Table 1
Candidate path selection function models, including class and number of variables, hierarchical structure, and goodness-of-fit measures (leave-one-out (loo) information criterion, loo
standard error, and difference in loo from the best candidate model).

Model no. Predictor class(es) No. predictors Hierarchical structure loo loo SE Delta-loo

9 Veg + barriers 14 Strata, random intercept + random slopes by individual 25922 319 0
8 Barriers 5 Strata, random intercept + random slopes by individual 26975 326 1053
6 Veg + barriers 14 Strata, random intercept by individual 27145 333 1223
3 Veg + barriers 14 Strata 27158 333 1236
5 Barriers 5 Strata, random intercept by individual 27641 337 1719
7 Veg 9 Strata, random intercept + random slopes by individual 27986 342 2064
1 Veg 9 Strata 28445 348 2523
4 Veg 9 Strata, random intercept by individual 28447 347 2525
2 Barriers 5 Strata 34847 407 8925

Table 2
Coefficient estimates (fixed effects) and standard deviations of random effects for

variables (see Appendix A for full descriptions) in the best fitting path selection model for
elephants in the central Kavango-Zambezi transfrontier conservation area. N Eff. – ef-
fective sample size; R-hat – potential scale reduction statistic.

Variable name Mean Std. error Lower
2.5%

Upper
97.5%

N Eff. R-hat

FENCES −1.19 0.72 −0.39 −2.96 124 1.02
ROADS −1.28 0.55 −0.47 −2.62 290 1
RIVERS −3.39 1.05 −1.01 −5.51 179 1.01
TREE COVER −0.69 0.31 −1.28 −0.08 260 1
WET SEASON −5.44 0.64 −6.69 −4.23 275 1
ANTHRO −2.49 0.95 −0.81 −4.35 237 1
WOODLAND 1.53 0.41 0.77 2.42 293 1.01
FLOODPLAIN 1.33 0.49 0.43 2.3 330 1
INFRA −0.77 0.28 −0.36 −1.44 500 1
EVI −0.42 0.07 −0.56 −0.3 253 1
TREE COVER ×WET

SEASON
0.76 0.33 0.12 1.43 315 1

WOODLAND ×WET
SEASON

−0.93 0.34 −1.66 −0.32 420 1.01

FLOODPLAIN ×WET
SEASON

−0.36 0.48 −1.38 0.55 436 1

EVI × WET SEASON 0.65 0.10 0.46 0.82 225 1

Strata standard deviations
INTERCEPT 1.4 0.42 0.26 2.2 72 1.02

Individual standard deviations
FENCES 10.56 11.63 0.53 32.36 500 1
ROADS 3.03 1.06 1.63 5.5 298 1
RIVERS 3.2 1.86 1.41 8.23 170 1.01
ANTHRO 3.34 1.19 1.78 6.8 130 1.01
INFRA 0.95 0.34 0.46 1.83 444 1
TREE COVER 0.7 0.16 0.45 1.05 221 1.01
WOODLAND 1.03 0.23 0.65 1.53 142 1.03
FLOODPLAIN 1.33 0.32 0.84 2.15 322 1
EVI 0.07 0.06 0.002 0.2 60 1.01
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least-cost paths than in WDA pathways, as expected, but were also
higher in WDA pathways than in the more diffuse surrounding 30-km
buffer (Table A1). The hierarchical model estimated individual WDA
pathway effects that revealed some variation in terms of their perfor-
mance as corridors. In particular, corridors C and D captured almost
twice as much connectivity as any of the other WDA pathways, and also
either captured higher than average current levels relative to their
surrounding buffer (C) or relative to the LCP (D). In contrast, corridors
B and G captured significantly lower amounts of electrical current than
the other WDA pathways, and are therefore least likely to enhance
connectivity for elephants (Table 3). These statistical results comple-
ment simpler insights from visual inspection of Circuitscape and least-
cost path figures (Fig. 2), where differences in deviations of the LCP
from the WDA pathway, and in how much current occurs within WDA
pathways versus surrounding buffers, were visible among the 9 corri-
dors.

3.3. Micro-corridor connectivity levels

Unlike the regional-scale corridors, there was no evidence for a
main effect of the small-scale corridors on electrical current level, i.e.,
on average community-designated corridors did not enhance con-
nectivity conservation relative to surrounding areas. However, the
hierarchical model revealed significant variation in the impact of small-
scale corridors on connectivity conservation (Fig. 3, Table A2). Overall,
there was strong statistical evidence that 14 of 33 micro-corridors had
connectivity levels that were higher than adjacent non-corridor areas.
In contrast, 6 micro-corridors actually had connectivity levels that were
statistically lower than adjacent areas. In the remaining instances, there
was no statistical evidence to suggest that current level in corridors was
any higher or lower than in adjacent areas.

4. Discussion

In our study site, the central part of the Kavango-Zambezi trans-
frontier conservation area, the explanatory variables in the best path
selection model generally impacted the likelihood of elephant move-
ments in the expected direction. The boundary variables (roads, rivers,
fences, infrastructure, and anthropogenic land uses) all had strong
statistical support as negative predictors of path selection. Of interest
was the fact that roads, although less of a hard boundary than fences or
rivers (elephants do cross the principle tar road in our study area; Fig.
A1), nevertheless had a negative coefficient that was similar in mag-
nitude to that of fences. Numerous studies have also shown strong
impacts of roads on wildlife movement, including for elephants
(Beckmann et al., 2010; Blake et al., 2008), although previous elephant
movement research in our study area reported that roads were much
less of a barrier than fences (Cushman et al., 2010). These variable
impacts of roads may result from the fact that many other associated
factors, such as traffic density, presence of human disturbance, and

adjacent habitats, may be as important as the physical road structure
itself in determining animal response (Forman and Alexander, 1998).
Of the vegetation variables, floodplains and woodland were preferred
habitats relative to other types, and elephants chose pathways with
higher tree cover and EVI levels in the wet (but not dry) season. This
latter result contrasts with a larger study that found that 48 of 58 ele-
phants across southern Africa used areas with higher EVI values than
available locations regardless of season (Loarie et al., 2009a).

Elephants have been identified in other circumstances as flagship or
focal species (Epps et al., 2011; but see Kiffner et al., 2015), and appear
particularly relevant when assessing connectivity at large, regional
scales (Roever et al., 2013). In KAZA, elephants are a species of parti-
cular management concern, and much effort is being devoted to iden-
tifying and securing movement corridors across the five member
countries (KAZA TFCA Secretariat, 2017). In addition to elephants in
KAZA, a number of other regional-scale connectivity plans have been
designed for large-bodied, wide-ranging species. A range-wide model of
connectivity conservation for jaguars in Latin America using expert-
derived resistance layers and least-cost paths has resulted in the iden-
tification of over one hundred corridors ranging in length from 3 to
1600 km (Rabinowitz and Zeller, 2010). At least some of these corridors
are being validated in the field (Zeller et al., 2011), but remote sensing
methods are also being used to assess their functionality (Olsoy et al.,
2016). For grizzly bears in a transboundary landscape that spans parts
of western Canada and the United States, proposed corridors or “linkage
areas” (n = 60) that crossed highways were identified using a combi-
nation of circuit theory and least-cost paths (Proctor et al., 2015). And
at a much larger scale than our study, the viability of corridors for
elephants distributed across clusters that were several hundred kilo-
metres apart across a swath of eastern and southern Africa were iden-
tified using circuit theory (Roever et al., 2013). As with our results, in
each of these studies linear boundaries such as rivers, roads, and fences
were important determinants of connectivity for the focal species in
question, although the way in which these were incorporated varied
and it is, therefore, difficult to generalize on their importance relative
to habitat variables such as land cover or vegetation. Unlike these other
large-scale connectivity assessments, our resistance layer was generated
using actual movement trajectories, rather than static representations of
habitat preference, which is a more direct and arguably more accurate
representation of functional connectivity (Abrahms et al., 2017; Zeller
et al., 2012).

Although absolute differences in connectivity levels are difficult to
interpret, overall the larger-scale WDA pathways appeared more ef-
fective at capturing connectivity, relative to comparison areas, than
were the local-scale corridors. Landscape connectivity for elephants
may therefore be operating at spatial scales that are too large to be
effectively captured by small-scale, locally designated corridors, al-
though other work in the region has identified high-fidelity elephant
pathways as little as a few metres wide (Songhurst et al., 2016; Von
Gerhardt et al., 2014). It is also possible that variability among the

Table 3
Characterization and evaluation of Wildlife Dispersal Area pathways in the central Kavango-Zambezi transfrontier conservation area, based on quantitative estimates of connectivity in
pathways, surrounding buffers, and the least-cost path between WDA end points.

WDA pathway Length (km) Countries traversed Connectivity compared to: Overall effectiveness

Other WDA pathways Least-cost path (LCP) Surrounding buffer

C 30 Angola, Namibia Higher Equivalent Higher Excellent
D 45 Botswana, Namibia Higher Higher Equivalent Excellent
A 30 Angola, Namibia Equivalent Higher Equivalent Very good
E 70 Namibia, Zambia Equivalent Equivalent Equivalent Good
H 75 Botswana, Namibia Equivalent Equivalent Equivalent Good
I 125 Namibia, Zambia Equivalent Equivalent Equivalent Good
F 95 Namibia, Zambia Equivalent Equivalent Equivalent Good
B 140 Angola, Botswana, Namibia Lower Equivalent Equivalent Poor
G 170 Namibia, Zambia Lower Equivalent Equivalent Poor
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stakeholders and the elicitation process across communities may be
resulting in the greater variability, and overall lower effectiveness, of
micro-corridors as compared to WDA pathways. Since our evaluation
was based on a connectivity analysis from elephant movements only,

subsequent work should be directed at testing connectivity in micro-
corridors based on a suite of smaller herbivore and carnivore species
that may be using these corridors more frequently than adjacent non-
corridor areas. It may also be worth considering whether elephant

Fig. 2. Connectivity estimates (represented by electrical current levels) in 9 Wildlife Dispersal Area pathways in the central part of the Kavango-Zambezi transfrontier conservation area.
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movements are not necessarily optimal based on current landscape
features, but rather have a significant habitual or memory-related
component that could also be included in further modeling efforts (Epps
et al., 2013; Polansky et al., 2015).

Our results have practical implications in terms of evaluating WDA
pathways and local-scale corridors, and can be used by conservation
planners to further refine corridor identification and placement in
KAZA. The analyses here suggest that several of the identified WDA
pathways, in particular pathways B (between Luiana Partial Reserve in
Angola and the Selinda Spillway in Botswana) and G (between Nampiu
Forest Reserve in Zambia and Salambala conservancy in Namibia), may
have lower connectivity value for elephants than the other WDA
pathways in the region. Given that the Zambezi-Chobe floodplain
Wildlife Dispersal Area that contains these two pathways has a pro-
posed budget of $380,000 USD for zoning and land use mapping (KAZA
TFCA Secretariat, 2014), our results suggest decision makers and sta-
keholders may need to consider whether the current configuration of
WDA pathways could be improved. Similarly, communal conservancies
in the Zambezi region of Namibia are trying to determine how to most
effectively facilitate wildlife use and movements on their lands in the
context of significant agricultural land use. Pending the outcome of
further work using other species of wildlife, results of connectivity
models can be used as an input into the process on how and where to
further such community efforts.

Hierarchical Bayesian regression models have, to our knowledge,
not yet been used in path selection function analyses to produce re-
sistance surfaces for connectivity analyses. The advantages of taking a
Bayesian approach to estimating hierarchical generalized linear models
have been noted in detail elsewhere (Gelman et al., 2013), but include
full estimation of the variability around coefficient estimates, as well as
more common-sense interpretations of uncertainty around parameter
estimates. Bayesian computation also bypasses the difficult fact that
maximum likelihood methods can fail to find solutions for complex
hierarchical generalized linear regression models, as other researchers
in this field have found (Duchesne et al., 2010; Zeller et al., 2014).
Finally, the advent of free and powerful programs such as Stan (Stan
Development Team, 2015), and packages that harness Stan for R users
familiar with maximum-likelihood packages such as nlme for esti-
mating mixed effects models (e.g., packages Rethinking, rstan2arm,
brms), are making Bayesian estimation of such models much easier for
non-statisticians to understand and implement.

Connectivity models based on resistance layers, including the re-
search presented here, have tended to be focused on single species
(Cushman and Lewis, 2010; Elliot et al., 2014; Walpole et al., 2012;
Zeller et al., 2014). Brodie et al. (2016) conducted a multi-species
connectivity study in Borneo and suggested that there was little evi-
dence that any of the six species they tested could act as an umbrella
species for the connectivity requirements of all of the other species,
although they did find that groupings of carnivores and herbivores
could act as effective connectivity surrogates for species within those
guilds. The KAZA transfrontier region harbours numerous species of
large wildlife that are important from ecological and economic per-
spectives, and work from the region has shown that all else being equal,
economic benefits from community-based conservation activities are
higher in communal conservancies when large wildlife assemblages are
more diverse (Naidoo et al., 2011). In addition, the results of con-
nectivity models may be different when assessing home ranging beha-
vior (as in most of our data here) versus dispersal, which arguably may
be more important from a long-term connectivity perspective (Abrahms
et al., 2017; Pe'er et al., 2011). Future connectivity work in KAZA
should therefore attempt to synthesize data emerging from groups
working on the movement ecology of various wildlife taxa at various
life history stages (e.g., adults versus dispersing juveniles) in the
transfrontier region (Chase and Griffin, 2009; Cozzi et al., 2013; Elliot
et al., 2014). This would allow the application of connectivity science
methods to inform sustainable development efforts that simultaneously
conserve biodiversity and stand the best chance of improving human
livelihoods that are based on wildlife.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2017.10.037.
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