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Abstract
1.	 Fencing is one of the most common methods of mitigating human-wildlife con-
flicts. At the same time, fencing is considered one of the most pressing threats 
emerging in conservation globally. Although fences act as barriers and can cause 
population isolation and fragmentation over time, it is difficult to quantitatively 
predict the consequences fences have for wildlife.

2.	 Here, we model how fencing designed to mitigate human-elephant conflict (HEC) 
on the Borderlands between Kenya and Tanzania will affect functional connectiv-
ity and movement corridors for African elephants. Specifically, we (a) model func-
tional landscape connectivity integrating natural and anthropogenic factors; (b) 
predict seasonal movement corridors used by elephants in non-protected areas; 
and (c) evaluate whether fencing in one area can potentially intensify human-wild-
life conflicts elsewhere.

3.	 We used GPS movement and remote sensing data to develop monthly step-selec-
tion functions to model functional connectivity. For future scenarios, we used an 
ongoing fencing project designed for HEC mitigation within the study area. We 
modelled movement corridors using least-cost path and circuit theory methods, 
evaluated their predictive power and quantified connectivity changes resulting 
from the planned fencing.

4.	 Our results suggest that fencing will not cause landscape fragmentation and will 
not change functional landscape connectivity dramatically. However, fencing will 
lead to a loss of connectivity locally and will increase the potential for HEC in new 
areas. We estimate that wetlands, important for movement corridors, will be more 
intensively used by the elephants, which may also cause problems of overgrazing. 
Seasonal analysis highlights an increasing usage of non-protected lands in the dry 
season and equal importance of the pinch point wetlands for preserving overall 
function connectivity.
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1  | INTRODUC TION

Fencing has a long history in conservation management and has 
proven to be an effective tool for alleviating human-wildlife conflict by 
keeping wildlife out of certain zones, controlling animal movements 
and disease outbreaks (Durant et al., 2015; Gadd, 2012; Hayward & 
Kerley, 2009; Kesch, Bauer, & Loveridge, 2015). Conservation fenc-
ing involves separating biodiversity from the factors that threaten it, 
and a common application of fencing is to restrict animal movements 
to mitigate human-wildlife conflict (Hayward & Kerley, 2009; Kesch 
et al., 2015; Slotow, 2012). Fencing to relieve human-elephant con-
flict (HEC) is a specific focus of conservation managers, because of 
the severity of the conflicts that ultimately lead to retributive per-
secution by people and death of animals, and because of the diffi-
culties in applying other management schemes (Hoare, 2012, 2015; 
Western & Waithaka, 2005).

At the same time, fencing raises many concerns regarding its 
potential effect on wildlife and has recently been listed as one of 
the main emerging issues for global conservation and biodiversity 
(Sutherland et al., 2017). Among the possible impacts are con-
strained access to essential habitats, blocking of migration routes and 
pathways for escaping natural threats for the species (Kowalczyk, 
Schmidt, & Jędrzejewski, 2012; Mbaiwa & Mbaiwa, 2006), loss of 
genetic exchange (Kowalczyk et al., 2012), and overgrazing and 
habitat degradation in fenced enclosures (Boone & Hobbs, 2004). 
Simultaneously, fences can have negative impacts for humans by 
excluding local people from historically used areas, interrupting the 
seasonal movements of pastoralism and causing spatial division of 
communities (Lindsey, Masterson, Beck, & Romañach, 2012).

Strategic planning for fences may reduce negative effects on spe-
cies, but currently the only country in Africa that requires environ-
mental impact assessment (EIA) for fencing is South Africa (Lindsey 
et al., 2012). EIA is a legal decision-making instrument recognized by 
international law designed at mitigating and assessing how human 
activities affect the environment (Morgan, 2012). Although fencing 
has a direct impact on the environment and may cause mass mor-
tality events (Gadd, 2012), very often it is not regulated and com-
monly in many countries across the world. Recent political trends of 

broad-scale border fencing between countries bring new concerns 
how these changes will be affecting human and wildlife well-being 
(Linnell et al., 2016; Sutherland et al., 2017).

Given the impact of fencing on blocking of animal movements, 
mitigation measures should anticipate the effects of fences and 
should ideally consider species-specific landscape connectivity. One 
way to model landscape connectivity is to build a functional con-
nectivity model that represents an animal’s ability to traverse a vari-
able and varying landscape (Cushman, McKelvey, & Schwartz, 2009). 
Functional connectivity modelling is a suitable approach to assess 
impacts of fencing and it can be applied using a variety of different 
datasets and methods, including GPS movement data (Keeley, Beier, 
& Gagnon, 2016; Milanesi et al., 2017; Thurfjell, Ciuti, & Boyce, 
2014; Zeller, McGarigal, & Whiteley, 2012). One of the many advan-
tages of using continuous telemetry datasets is that it accounts for 
variable connectivity in different areas or across time (Hebblewhite 
& Haydon, 2010; Pape & Löffler, 2015). Various factors, including 
seasonality in resources distribution, may affect species mobility 
and need to be reflected in connectivity models (Mateo-Sánchez 
et al., 2016; Mui, Caverhill, Johnson, Fortin, & He, 2017).

Elephants are bulk grazers and some families can use the 
same movement routes over decades (Moss, Croze, & Lee, 2011). 
Movement corridors are essential for elephant population viability 
and genetic exchange (Douglas-Hamilton, Krink, & Vollrath, 2005; 
Kioko & Seno, 2011; Naidoo et al., 2018). Numerous studies on 
African elephants have focused on resistance-based landscape con-
nectivity and corridor modelling using a variety of available methods 
and datasets (Cushman, Chase, & Griffin, 2010; Epps, Wasser, Keim, 
Mutayoba, & Brashares, 2013; Pittiglio, Skidmore, van Gils, & Prins, 
2012; Roever, van Aarde, & Leggett, 2013). Although the effect of 
fencing on elephant seasonal movements, vital corridors, and land-
scape connectivity is a long-term concern for local conservation, 
we are unaware of any studies that have predicted the influence of 
fences on elephant movement corridors and connectivity.

Here, we chose the Borderland area between Kenya and 
Tanzania (Greater Amboseli Ecosystem, GAE) as a case study for 
predicting the potential impacts of fencing on elephant-specific 
landscape connectivity. The Amboseli Ecosystem has a history 

5.	 Synthesis and applications. Fencing is a solution to small-scale human-elephant 
conflict problems but will not solve the issue at a broader scale. Moreover, our 
results highlight that it may intensify the conflicts and overuse of habitat patches 
in other areas, thereby negating conservation benefits. If fencing is employed on 
a broader scale, then it is imperative that corridors are integrated within pro-
tected area networks to ensure local connectivity of affected species.
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of HEC spanning 50 years (Kioko, Kiringe, & Omondi, 2006; 
Western & Waithaka, 2005) and the area has experienced rapid 
agricultural expansion—with the percentage of agricultural areas 
increasing from 925 km2 (11.9% of the ecosystem) in the 1970s to 
3,025 km2 in the 2010s (38.9% of the ecosystem) (from Amboseli 
Conservation Programme long-term aerial monitoring). At the 
same time, the elephant population has grown steadily since the 
1970s (Moss et al., 2011) leading to increasing conflict with farm-
ers (Kioko et al., 2006; Ngene et al., 2013; Okello, 2005; Western 
& Waithaka, 2005). The severity of the conflict is intensified by 
the loss in biomass available to elephants in the area due to com-
peting livestock grazing pressure (Western, Mose, Worden, & 
Maitumo, 2015).

Fencing for HEC mitigation has been applied in GAE since 1997, 
when two electrified fences were erected around agriculture fields 
at Kimana and Namelok (Okello & D’amour, 2008). Because of rising 
HEC in the last few years, local NGOs and government organisations 
started constructing a new electrified fence on the upper slopes of 
Kilimanjaro (Big Life Foundation Report, 2017).

We used a functional connectivity model to predict how the 
new electrified fence erected for HEC mitigation will affect elephant 
movement corridors and seasonal functional connectivity. We ap-
plied a methodological framework that allows integrating fencing 
scenarios into a seasonally changing environment for further impact 
assessments. We demonstrated how the connectivity model predic-
tions could be used to (a) provide insights on potential consequences 
of the fence for functional connectivity of the elephants, and (b) 
evaluate whether fencing is an appropriate solution for alleviating 
human-wildlife conflicts.

2  | MATERIAL S AND METHODS

2.1 | Study area

The study area is located in the borderland between Kenya and 
Tanzania and part of the GAE. The rainfall in the area is highly vari-
able, and is bimodal with a long rainy season from March–May, and 

F IGURE  1  (a) Study area in the Borderland between Kenya and Tanzania; (b) Protected lands with the core areas estimated from the 
elephants’ movement data using 50% threshold of kernel densities. Priority wetlands and flood plains defined as the pinch points by the 
circuit connectivity model; (c) Present and future fencing situation in the study area and protected historical corridors (Kitenden and Kimana 
corridors)
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shorter rains from October–December. The vast majority of the water 
sources are perennial and concentrated in the seasonal streams and 
minor rivers (Okello et al., 2016; Western, 1975). The study area in-
cludes three large national parks (NPs), three community conservan-
cies and two historically protected corridors: Kitenden and Kimana 
that are allocated and sustained through leasing programmes by the 
International Fund for Animal Welfare (IFAW) and African Wildlife 
Foundation (AWF) (Figure 1).

GAE currently contains two poorly maintained electrified fences 
erected for HEC mitigation in 1997 around agricultural fields in 
Kimana and Namelok regions (Figure 1) (Okello & D’amour, 2008). 
Construction work on a new 28 km electrified fence on the upper 
slopes of Kilimanjaro started in 2017 (Big Life Foundation Report, 
2017; Space for Giants Report, 2015).

2.2 | Telemetry data

GPS telemetry data were derived from twelve elephants immobilized 
and collared between 2013 and 2014 within the study area (details 
in Ngene et al., 2014, 2017). Fix rates, sample sizes, and collaring lo-
cations are presented in Table S1 of the Supporting Information. We 
explored individual movement data for spatial and temporal outliers, 
and excluded paths with irregular non-consistent GPS fixes. These 
data were resampled to constant 4-hr intervals and the binned tra-
jectories were separated into discrete serial segments, whenever 
two sequential GPS fixes had a gap longer than 4 hr. The segments 
that included fewer than 10 consecutive fixes were eliminated from 
further analysis.

2.3 | Functional landscape connectivity model

We calculated resistance to movement surfaces using a step-
selection function (SSF) (Forester, Im, & Rathouz, 2009; Fortin, 
Morales, & Boyce, 2005). SSF uses a case–control design, where 
each habitat covariate used during the observed movement steps 
is contrasted to the habitats available to an animal using conditional 
logistic regression (Fortin et al., 2005; Johnson, Nielsen, Merrill, 
McDonald, & Boyce, 2006; Manly, McDonald, Thomas, McDonald, 
& Erickson, 2007). In this study, we simulated 10 “available” to 
each “used” step. The step’s lengths were simulated from the em-
pirical movement data using Gamma distribution with a maximum 
likelihood. Turning angles for the available steps were drawn from 
a uniform distribution between -π and π. Besides habitat variables, 
we integrated step length as a predictor for excluding possible bias 
caused by a parametric distribution of step length (Forester et al., 
2009). We used publicly available GIS datasets and derivatives from 
remote sensing data for extracting the environmental covariates 
(Table S1). Land cover classification and post classification analysis 
were accomplished previously (Osipova et al., 2018a).

We fitted penalized conditional logistic regression with least 
absolute shrinkage and selection operator (Reid & Tibshirani, 
2014). The advantage of this method over simple conditional lo-
gistic regression is that it calculates a penalized log-likelihood 

allowing us to perform parameter estimation and variable 
selection simultaneously (Reid & Tibshirani, 2014). This approach 
avoids autocorrelation and biases in predictors, which is a common 
problem for telemetry data (Beyer et al., 2010; Street et al., 2016). 
We used the inverse of these movement probabilities to represent 
landscape resistance values. This is similar to other studies that 
have used the inverse of habitat suitabilities to reflect resistances, 
except that our resistances are based on actual movement data 
(i.e., step-selection), rather than on presence data (i.e., point-selec-
tion; Zeller et al., 2012).

On the basis of resistance surfaces, we modelled potential con-
nectivity using circuit theory and least-cost path (LCP) methods. LCP 
allows for the estimation of cost-effective distances between the 
priority habitat patches, while circuit-theoretic connectivity esti-
mates the current flows reflecting the likelihood of random walks 
and provides metrics that can be directly interpreted in terms of 
landscape connectivity (Adriaensen et al., 2003; Carroll, McRae, 
& Brookes, 2012; McRae, Dickson, Keitt, & Shah, 2008; Shah & 
McRae, 2008). Both methods require an input layer with the core 
areas—the areas of high importance for the species (protected lands 
or major resources patches). The connectivity paths were calculated 
between these areas and their placement strongly affects the final 
connectivity maps (McRae & Kavanagh, 2011). Here, we defined the 
core areas as the 50% threshold of the kernel density estimates cal-
culated from the elephants’ GPS fixes within the NPs and commu-
nity conservancies. This approach helps to define the core area used 
by the elephants in protected lands and to avoid an effect of the 
artificial boundaries of the protected areas (Koen, Garroway, Wilson, 
& Bowman, 2010). The analysis was performed in Linkage Mapper 
(ArcGIS 10.5.1) (McRae & Kavanagh, 2011) and raster package in r 
(Hijmans et al., 2016).

2.4 | Accounting for seasonality

We used monthly rainfall data obtained from the Tropical Rainfall 
Measuring Mission (TRMM; TMPA/3B43 dataset) to define wet and 
dry seasons. Months with rainfall less than 30 mm/month were as-
signed to the dry season (Figure S1 in the Supporting Information). 
We used a continuous time series of monthly normalized difference 
vegetation index (NDVI) derived from MODIS (SRTM) modelling 
forage availability fluctuation. We binned the 2 years of continu-
ous movement data (2014–2015) into monthly subsets and used the 
corresponding NDVI layers for fitting SSF and modelling resistance 
surfaces. Finally, we modelled LCP and circuit-based movement cor-
ridors connecting large protected areas for each consecutive month 
(24 surfaces overall).

We calculated mean current densities for each month and plot-
ted the values as a time series for the whole study area, for pro-
tected and non-protected lands and for the priority wetlands within 
the movement corridors. A time-series statistic was applied (i.e., 
Granger causality test; Granger, 1988) to test if seasonal changes in 
monthly average rainfall and NDVI can explain changes of monthly 
connectivity values.
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2.5 | Model validations

To evaluate model performance, we retained 10% of the GPS fixes 
from the empirical data for each month. We buffered each GPS fix 
with a radius equal to an average step length of an elephant esti-
mated from GPS data (1,337 m), and recorded resistance and cur-
rent flow values within the buffers for each resistance surface and 
cumulative current flows map, respectively. We repeated the same 
procedure with simulated random points and compared the final re-
sistance and current density values using a t-test (Koen, Bowman, 
Sadowski, & Walpole, 2014). If our monthly predictions of elephant 
movement have high predictive power, then the resistance values 
should be significantly smaller and the current flow values signifi-
cantly larger at actual movement points compared to random points.

2.6 | Assessing fencing effects

To reflect existing fencing conditions, we assigned resistance val-
ues of 1 (very high relative resistance value) to areas falling within 
Namelok and Kimana fences (Figure 1). Since the resistance values 
range from 0 to 1, this step makes the fenced area highly resistant to 
movement, but still permeable as these fences are partly broken and 
occasionally raided by elephants (Okello & D’amour, 2008). As for 
the future fencing scenario, we increased a resistance value to 100 
in the area within the Kilimanjaro fence (future fencing scenario), as 
it is expected to be well maintained and completely impermeable. 
This approach was recommended by (McRae & Kavanagh, 2011) 
for delineating the impermeable areas in Linkage Mapper (ArcGIS 
10.5.1).

To highlight the areas most affected by fencing, we calculated 
the difference between existing and future connectivity val-
ues for each month. We subtracted the future from the existing 

connectivity raster modelled using LCP and circuit-theory. All 
cells of the resulting differences surfaces were standardized using 
z-scores, and we reclassified them to range between −1 and 1 
(lowest to highest values), and summed all rasters. With this pro-
cedure, the lowest negative values high-light areas with the largest 
connectivity losses caused by the fence, while the highest positive 
values reflect areas with largest connectivity gains. To evaluate 
temporal connectivity changes, we computed a spatial correlation 
coefficient (Tjostheim’s coefficient; Hubert, Golledge, Costanzo, 
& Gale, 1985) that summarizes the association between two spa-
tial variables with values ranging from 0 (no spatial correlation) to 
1 (perfect spatial correlation). We calculated the correlation co-
efficient for the whole study area and for the areas of high man-
agement priority (i.e., wetlands, historical corridors, and potential 
human-conflict areas). In addition, we compared changes in the 
ranks of the corridors and protected areas by estimating monthly 
highest centrality scores for the existing and future scenarios.

3  | RESULTS

3.1 | Model results and validation

We modelled 24 resistances and connectivity maps (monthly se-
quence from January 2014 until December 2015) reflecting sequen-
tial seasonal changes for the study area. Most resistance (N = 20) 
and all cumulative current flow (N = 24) (Media S1 of the Supporting 
Information) models revealed high potential for predicting movements 
(Table 1). Compared to predictions from random movements, empiri-
cally derived movement predictions showed significantly lower resist-
ance values (0.28 ± 0.005 and 0.46 ± 0.007 for GPS fixes and random 
points, respectively; t-test, p < 0.05), and significantly higher cumu-
lative current flows (0.12 ± 0.003 and 0.02 ± 0.001; t-test, p < 0.05).

3.2 | Seasonal patterns

Potential landscape connectivity has a seasonal character of 
gradually increasing in the wet months and decreasing in the dry 
months with the highest cumulative current flow values in the 
wettest months (March 2014 and May 2015; μ = 0.19 ± 0.091 and 
μ = 0.19 ± 0.133 accordingly); and lowest values in the first rainy 
months after the dry season (October 2014 and November 2015; 
μ = 0.087 ± 0.053 and μ = 0.092 ± 0.049) (Figure 2). However, this 
pattern is reversed when protected areas are excluded from the 
analysis (Figure 3a,b). The difference in connectivity contribution 
of the non-protected wetlands and seasonal flood plains in wet and 
dry season revealed that they change their relative input simulta-
neously (Figure 3a). The synchronous time series indicates that the 
elephants do not rely on specific wetlands and all of them are simi-
larly important for maintaining connectivity during the dry season. 
While Kimana and Borderland wetlands are natural sources of water, 
Esenlenkai and Chyulu Hills flood plains attracts elephants during 
the dry seasons because of the good protection and artificial water 
sources provided by the conservancy.

TABLE  1 Results of the t-test (p values) for predicted resistance 
and current density values within 1,337 m buffers at GPS locations 
versus random points

Resistance Current density

2014 2015 2014 2015

Jan <0.001 <0.001 <0.001 <0.001

Feb <0.001 <0.001 <0.001 <0.001

Mar <0.001 <0.001 <0.001 <0.01

Apr <0.001 <0.001 <0.001 <0.001

May <0.001 <0.001 <0.001 <0.001

Jun <0.01 <0.001 <0.001 <0.001

Jul <0.01 <0.001 <0.001 <0.001

Aug n.s.* <0.01 <0.001 <0.001

Sep <0.001 n.s.* <0.001 <0.01

Oct n.s.* <0.01 <0.001 <0.001

Nov <0.001 n.s.* <0.001 <0.001

Dec <0.05 <0.001 <0.001 <0.001

Note. *p value was not significant.
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The results of Granger causality tests show that seasonal 
changes of the cumulative resistance values can be predicted to 
some degree by changes in the mean monthly rainfall, and especially 
by NDVI values (Granger causality test; p = 0.08 for monthly mean 
rainfall, p = 0.04 for monthly mean NDVI) (Figure 4; Figure S1).

3.3 | Fencing effect

Spatial correlation analysis of the current flows for existing and 
future scenarios revealed that fencing will not cause significant 
changes in overall connectivity. Correlation coefficients between 
current and future current flow surfaces were higher than 0.5 for all 
months. Generally, correlation coefficients were slightly higher for 
the wet season (Figure 4).

The number of corridors predicted for the future scenario is 
not significantly different from the existing scenario (14.37 ± 2.45 
and 14.12 ± 2.35 for existing and future scenarios). The centrality 
score assessment showed that the three corridors with the highest 
centrality scores stay equally important for the existing and future 
scenarios (corridors connecting Amboseli with Enduimet, Elerai, and 
Kimana conservancies (22, 13, and 7 times ranked as 1st, 2nd, and 
3rd).

Major connectivity losses were predicted for the future fencing 
scenario around the corridors connecting Kimana and Elerai con-
servancies to Tsavo West NP and the corridors between Kenya and 
Tanzania. Conversely, non-protected lands among Kimana, Elerai, 
and Amboseli NP will increase the cumulative current density values 
(Figure 2). Therefore, fencing is not predicted to cause connectiv-
ity losses, because new restrictions to movement increase usage of 
other corridors.

3.4 | High management priority and potential 
conflict area

The strongest input for maintaining overall connectivity in non-
protected areas occurs in the corridors between eastern Amboseli 
and the Elerai Conservancy (21 of 24 times ranked as 1st); Amboseli 
and Enduimet (12 times ranked as 2nd); Amboseli and Kimana 
Conservancy (seven times ranked as 3rd). Amboseli NP, Kimana, 
and Elerai Conservancies had the highest centrality scores for most 
models (23, 12, and 8 models of 24 scored these areas as 1st, 2nd, 
and 3rd in ranking) (Table 2).

We identified four wetlands and flood plains most commonly 
highlighted by the model as pinch points within the corridors 

F IGURE  2  (a) Predicted rates of connectivity changes caused by the fencing using least-cost path and circuit theory. Connectivity loss/
gain are the areas that predicted to be less/more intensively used by the elephants after building the fence; (b) Illustration of the seasonal 
corridors for wet and dry months predicted for current and future fencing situation
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(Figures 1b and 3a). Current flow analysis for these areas revealed 
that flow densities in Kimana and Borderland wetlands are con-
stantly higher than the average current flows for the whole area, 
while Esenlenkai and Chyulu flood areas experience fewer currents. 
Cumulative flow of Kimana wetlands has the highest values com-
pared to others and the magnitude increases in the dry months. All 
these areas tend to increase conductivity values in rainy months, and 
decrease them in dry months (Figure 3a).

Only Kimana wetland and nearby Kimana historical corridor 
will be significantly affected by fencing (mean conductance values 
are 0.3 ± 0.18 versus 0.4 ± 0.18 for current and future scenarios; 
monthly spatial correlation values are less than 0.5, Figure 4), while 
the Kitenden corridor did not change in current flow (0.2 ± 0.08 for 
current and future scenarios; monthly spatial correlation values are 
higher than 0.5). The same increase in conductance was detected for 
an agriculture field adjacent to Kimana wetland (Figure 4). Another 

F IGURE  3 Mean current flow density values estimated and plotted for each month (2014–2015). (a) Mean current density for the entire 
area and for the wetlands selected as pinch points; (b) Mean current density plotted for the entire research area and excluding protected 
areas (PAs)

(a)

(b)
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agriculture patch lying on the pinch point of the corridor connecting 
Kimana conservancy and Tsavo West NP did not reveal any signif-
icant changes in conductance potential (0.2 ± 0.12 and 0.2 ± 0.11; 
monthly spatial correlation values are higher than 0.5).

4  | DISCUSSION

Crop raiding is the most prevalent type of HEC in Africa and Asia, and 
is increasing sharply with the spread of farms into elephant range 
areas such as Amboseli (Graham, Notter, Adams, Lee, & Ochieng, 
2010; Pozo, Coulson, McCulloch, Stronza, & Songhurst, 2017). 
This conflict has led to an increase in human and elephant fatali-
ties across much of Africa (Gadd, 2005; Lindsey et al., 2012; Okello, 
2005; Western & Waithaka, 2005). There is debate surrounding 
possible management schemes to mitigate this conflict, but fenc-
ing is still the most common tool as it gives an immediate, although 
not necessarily most effective, resolution to conflicts (Hayward & 
Kerley, 2009; Sitati & Walpole, 2006). Despite a broad application of 
fencing in HEC mitigation, it rarely has been a part of a preliminary 
EIA (Hayward & Kerley, 2009). Our study illustrates how empirical 
movement data can be combined with connectivity modelling to 
predict the consequences of planned fencing on elephant move-
ments across the landscape.

The Borderland elephants in GAE provide an example of how 
fencing may bring immediate, localized relief to HEC. Erecting the 
28-km long fence around the agriculture fields on the upper slopes 
of Kilimanjaro is an example, where construction of an electrified 
fence was considered the best and most urgent option by the local 

community (Space for Giants Report, 2015). A number of challenges 
remain, including the maintenance responsibility and costs, but rapid 
installation of the fence has seen a large reduction in farm losses 

F IGURE  4 Spatial correlation coefficients (Tjostheim’s coefficient) calculated for monthly circuit connectivity surfaces modelled for 
current and future fencing scenarios. The plot includes values for the entire study area, for Kimana historical corridor and the adjacent 
agriculture area

TABLE  2 Top ranking protected areas and movement corridors 
based on centrality score values for present and future fencing 
scenarios

Present Future

Protected areas

Rank 1 Amboseli (upper core) 
(23)

Amboseli (upper 
core) (22)

Centrality score 17.5 ± 1.87 17.7 ± 1.74

Rank 2 Kimana (12) Kimana (14)

Centrality score 14.5 ± 1.60 14.8 ± 1.65

Rank 3 Elerai (8) Amboseli (lower 
core) (9)

Centrality score 13.5 ± 1.33 13.5 ± 1.42

Corridors

Rank 1 Amboseli-Elerai (21) Amboseli-Elerai (22)

Centrality score 8.4 ± 1.23 8.2 ± 1.03

Rank 2 Amboseli-Enduimet 
(16)

Amboseli-Enduimet 
(13)

Centrality score 6.5 ± 0.85 6.5 ± 0.91

Rank 3 Amboseli-Kimana (7) Amboseli-Kimana (7)

Centrality score 5.2 ± 0.10 5.4 ± 0.83

Note. Corridors/protected areas were included in the table only when 
they were top ranked maximum number of times (the number of selected 
models is provided in parenthesis).
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as well as human and elephant deaths (Big Life Foundation Report, 
2017).

The results of our study show that even though relatively large 
areas of elephant habitat will be isolated by the fence, it is unlikely to 
severely affect functional connectivity for the species across broad 
scales. The planned fence was intended to block areas between 
Enduimet and Elerai conservancies, yet the major connectivity 
routes occur in a north-south direction and pass through western 
Kilimanjaro’s slopes (Enduimet Wildlife Management Area), and 
those in the east-west direction connecting Amboseli with Tsavo 
West NP through Kimana Wildlife Sanctuary (Ojwang et al., 2017). 
The deterrence of elephants from the farming areas will likely lead 
to increased use of the northern areas of the Amboseli ecosystem 
where rainfall is too low to support farming (Western & Lindsay, 
1984).

Although fencing will not cause an overall decrease in landscape 
connectivity, it will create additional pressure on areas where con-
flict does not currently exist. Kimana wetland showed the highest 
conductance potential compared to other wetlands and flood plains, 
and, at the same time, it will be most affected by fencing. Increases 
in conductance are also significant in the Kimana historical corridor 
and in the agriculture fields nearby. These results suggest that build-
ing the fence on the upper slopes of Kilimanjaro for HEC mitigation 
will increase the probability of HEC elsewhere in the area. At the 
same time, an increasing presence of elephants in the protected 
historical corridor may come with harmful side effect such as fast 
habitat degradation caused by population concentration in safe pro-
tected areas (Western, 1989).

In a highly seasonal environment where biodiversity depends 
on the amount of rainfall, time-series analysis provides important 
information to conservation decision-making. Adding a seasonal 
component to our analysis helped to prioritize seasonal corridors, 
identify commonly used routes and to confirm the time of the year 
where elephant movements may cause HEC. As the importance of 
non-protected lands increased in the dry season and HEC occurs 
more often in the driest periods (King, Lala, Nzumu, Mwambingu, 
& Douglas-Hamilton, 2017; Kioko et al., 2006), we suggest that the 
movement corridors with the highest ranks predicted for the dry pe-
riod should receive special attention in local management planning 
and be considered for more formal protection within conservation 
estates.

Fence construction for human-wildlife conflict mitigation has 
two major disadvantages: they are expensive to maintain over the 
long term and may have unpredicted negative consequences for 
wildlife at larger spatial scales (Hayward & Kerley, 2009). There 
are extensive discussions on alternative management schemes 
that could be applied to mitigate HEC, including bee hives, 
capsicum-based products, or buffer crops (Hoare, 2012; King 
et al., 2017; Osborn, 2002). Another tactic would be to change el-
ephant behaviour in non-intrusive ways, for example, via surface 
water manipulation (Chamaillé-Jammes, Valeix, & Fritz, 2007). 
These methods are often less costly but still effective alternatives 
to fencing as they decrease the severity of the HEC, but keep the 

outfenced area partly permeable (Slotow, 2012). Another advan-
tage of these methods is direct involvement of the rural commu-
nities, which can change their attitude towards wildlife (Osborn & 
Parker, 2002). However, there are many uncertainties related to 
these approaches, and some of the long-term maintenance-related 
costs are comparable with those of electric fences (Grant et al., 
2008).

While our results are specific to the Borderland elephants in 
GAE, the shifting of conflicts due to local mitigation measures is 
likely a general challenge for the management of human-wildlife 
conflicts. We therefore suggest managers to conduct an EIA be-
fore implementing actions to reduce human-wildlife conflicts, and 
to consider not only local but also broad-scale impacts. Assessing 
the costs and benefits of different mitigation measures is essential 
for finding optimal solutions (Lindsey et al., 2012; Ringma, Wintle, 
Fuller, Fisher, & Bode, 2017) and our study provides a framework 
for modelling and assessing connectivity for EIAs. Considering 
connectivity is crucial, because some local measures (e.g. fencing) 
might lead to immediate local successes, but shift the problem 
elsewhere by changing wildlife movement routes. This is essen-
tially a “cost” incurred by the measure which needs to be com-
pared to its predicted benefits. While other mitigation measures 
(e.g. management of water resources) might show less pronounced 
reductions in local conflicts compared to fences, they might also 
not simply shift the problem to other sensitive areas, thus causing 
smaller costs at the landscape scale.
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