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ABSTRACT 

Human-wildlife conflict is a considerable challenge for wildlife conservation. An 

increasing global human footprint that overlaps with wildlife population ranges may 

increase the opportunity for negative interactions between people and wildlife. 

Understanding when, where, and how these overlaps occur can provide useful insights in 

designing conservation strategies that reduce conflict. My dissertation is focused on the 

conflict between people and African savanna elephants (Loxodonta africana) in the 

Western Okavango Panhandle of Botswana. Crop-raiding, property damage, and injury 

and death caused by elephants represent a significant source of conflict for people living 

in this region. I used GPS collar data, local ecological knowledge, and connectivity 

approaches to understand how elephants used the landscape, and how that use may 

contribute to patterns of conflict.  

Through assessment of collar data and adaptive kernel density estimates, I found 

that elephants used areas close to human development, and in the dry season nearly 50% 

of core areas were located within 5km of human land-use. Moreover, elephants were 

closer to development more than expected during the season when crops are ripening 

and there are significant seasonal and diel differences to consider. Knowledge from 

community-defined local experts, through participatory ranking activities, was used to 

parameterize an elephant resource selection function in combination with environmental 

data. This model had high predictive power for elephant resource use at a local scale, 

which complemented telemetry-based resource selection functions which were more 
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predictive at the Panhandle scale. Lastly, I found that connectivity, based on seasonal 

step-selection functions and using circuit theory, was not a strong predictor of human-

elephant conflict incident locations, nor did it account for how frequently fields were 

raided. Overall, this dissertation aims to integrate different methods to understand how 

elephants use the landscape and the implications of that landscape-use for human-

elephant conflict. By assessing the seasonal and diel nature of elephant movements, 

taking advantage of local expert knowledge, and recognizing the potential disparity 

between landscape-scale drivers of movement and factors influencing conflict 

occurrence, I hope to have contributed to advancing the methods and knowledge needed 

for conservation efforts and reducing conflict between people and elephants. 
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1. INTRODUCTION

Human-wildlife conflict is an important and overarching challenge for 

conservation (Dickman 2010). Conflict occurs when the needs or behaviors of people 

negatively impact wildlife, or conversely when wildlife negatively impact people have 

negative interactions, or the presence of one negatively impacts the other (Madden 

2004). Conflict encompasses a wide variety of interactions – people can negatively 

impact wildlife populations through poaching or hunting, fragmenting habitat, reducing 

prey species or availability of other resources, or through their presence or activities 

impacting the behaviors of wildlife in ways that reduce fitness of individuals, e.g. 

maladaptive shifts toward nocturnality in areas of human development (Gaynor et al. 

2018). Wildlife, in turn, can have direct negative impacts on human lives and 

livelihoods, whether through direct injury or killing, damage to property, preying on 

livestock or foraging on crops, and can also have more intangible effects on things 

through opportunity loss, fatigue from guarding against conflict, and shifting behaviors 

due to fear or caution related to wildlife behavior. These tangible and intangible costs of 

conflict contribute to the complexity of this issue, and the challenges associated with 

mitigation and tolerance (Kansky, Kidd, and Knight 2016).  

As the global human footprint grows, land-use change and development 

increasingly overlaps with the ranges of wildlife populations. The basis of my 

dissertation is to investigate where and when those overlaps between people and wildlife 

occur and how that might influence conflict. It joins a growing body of literature 
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investigating human-wildlife conflict and human-wildlife interactions. Between 1991 

and 2010, the number of publications focusing on HWC has increased significantly 

(Figure 1.1). This trend likely reflects a growing recognition of the conservation and 

governance importance of socio-ecological systems and a simultaneous rise in multi-

disciplinary and collaborative research that is able to address both the human aspect and 

the wildlife aspect of conflict.  

Figure 1.1 Number of papers on human-wildlife conflict published over the last 

twenty years. Count data acquired using “human-wildlife conflict” as the topic 

search term in Web of Science. 

Some of the most widespread and serious examples of conflict include crop 

raiding, poaching, and human injury or death (Woodroffe, Thirgood, and Rabinowitz 

2005). African savanna elephants (Loxodonta africana) are associated with all of these 

types of conflict, resulting in tangible and intangible costs for the people that live 

alongside them. Elephants can destroy entire fields of crops in a single night through 

trampling and foraging, damage property, kill or injure livestock and people. Moreover, 



their presence influences people’s behavior due to the potential risk posed by proximity 

to elephants. These charismatic megafauna are also a species of conservation concern, 

however, as the population has been declining in many range states across Africa. 

The Western Okavango Panhandle of Botswana (hereafter, Panhandle) is a 

region that exemplifies the challenges associated with human development and elephant 

range overlap (Figure 1.2). This region is located in northwestern Botswana, and is 

characterized by a single large permanent source of water, the Okavango River. The 

Okavango Delta refers to the wetlands and inland alluvial fan from the Okavango River, 

and is a Ramsar Wetland of International Important and UNESCO World Heritage Site. 

The Delta forms the eastern boundary of the Panhandle, while the national border with 

Namibia forms the western and northern demarcations of this region. Vegetation is 

dominated by thorny shrub woody species such as Senegalia nigrescens and other 

Senegalia and Vachellia species, as well as Colophospermum mopane and Combretum 

species. Unique fossilized longitudinal dunes stretch for dozens of kilometers across the 

center of the Panhandle. The UNESCO World Heritage site Tsodilo Hills, of significant 

cultural importance. The dunes and Tsodilo Hills represent the only noteworthy 

topographic features, and there is limited elevational change across the relatively flat 

Panhandle. Climate is characterized by two distinct seasons of rainfall, with 98% of 

rainfall occurring between November and April each year (measured at Shakawe 

Station 2010–2015, Statistics Botswana 2015). 

3 
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Figure 1.2 Map of the geographic context of the dissertation (left) and the Western 

Okavango Panhandle region (right).  

This area falls within the international Kavango-Zambezi Transfrontier 

Conservation Area (KAZA TFCA), emphasizing the boundary-crossing nature of the 

environment, tourism, and cultures that exist in the area. For my dissertation research, I 

focused on nine villages within the Panhandle, which from north to south, are: 

Samochima, Xhaoga, Tsodilo, Nxamasere, Kajaja, Sepopa, Ikoga, Etsha 13, and Etsha 6. 

These villages range in population size from 238 (Kajaja) to 3,130 (Etsha 6) as of the 

last census (Statistics Botswana 2011). Villages of Kajaja, Etsha 13, and Etsha 6 were 

originally formed as refugee settlements for BaHambukushu people fleeing civil war in 

Angola in the 1970s (Potten 1976). Subsistence agriculture is a main livelihood in the 

region and farming is concentrated on arable lands near the Delta floodplains. Most 

families also own cattle and donkeys. While nature tourism is a significant industry 
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south of the Delta in Maun, in safari camps throughout the Delta, and concentrated 

around Chobe National Park in northeastern Botswana, limited tourism occurs in the 

Western Okavango Panhandle. The Panhandle is relatively sparsely populated, is located 

very distantly from the capitol city of Gaborone, and holds limited economic and 

political power. 

Elephants are ubiquitous throughout the region. The last official estimate by the 

Government of Botswana Department of Wildlife & National Parks (DWNP) estimated 

2,242 elephants in 2013 (Botswana DWNP 2013). This represents more than a doubling 

in number from the estimate of 1,015 elephants in 2004 (Botswana DWNP 2004), or 

about a 9% growth per year. For this dissertation, I utilized data from satellite GPS 

collars on 12 adult bull and 8 adult cow elephants. These elephants were collared by The 

Ecoexist Project between 2014 and 2018. In Botswana, wildlife and natural resources are 

the property of the government, and elephants are no exception. This complicates the 

nature of human-wildlife interactions in Botswana, and in the Panhandle, people often 

feel that the government prioritizes conservation and wildlife tourism over development 

and human wellbeing. Some villagers I interviewed during my dissertation expressed 

that elephants are “The President’s Cattle”, alluding to the fact that cattle often wander 

untended across the landscape and can break in to your fields and eat crops, but you 

can’t do anything to stop them because they belong to someone else. In this way, people 

highlight the lack of autonomy they experience, which is exacerbated by cash 

compensation scheme for wildlife conflict that many people feel gives payouts that are 

too slow and inadequate in amount.  
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Many wildlife populations exist in human-modified landscapes outside of 

protected areas, such is the case with the elephants in the Panhandle. Foundational to 

understanding how elephants and people coexist is to understand how and where they 

exist on that landscape, and patterns of landscape-use in space and time can help inform 

strategies to mitigate conflict. In Chapter 2, I used adaptive local convex hulls (Getz et 

al. 2007) to analyze the overall and core seasonal distributions of elephants in relation to 

permanent water and human land-use. I tested whether season and diel period influenced 

how close elephants moved relative to water and human land-use using generalized 

linear mixed models (GLMMs) on the mean, minimum, and maximum daily distances 

traveled by elephants. I used Pearson’s Chi-squared test and contingency analyses to 

investigate daily temporal patterns of elephants and to test whether elephants were near 

to human land-use as a result of its proximity to water, since over ninety percent of the 

area developed by people in this region is within 10km of the water (Buchholtz et al. 

2019). This chapter provides insights into how elephants use the landscape depending on 

season and time of day, and how these patterns of elephant occurrence in a mosaic of 

human-modified land-use could help us to better understand spatial implications for 

human-wildlife interactions. 

GPS collar and telemetry technology has become increasingly affordable, and the 

methods for analyzing this sort of data have made it possible to manage large datasets 

and test many different hypotheses using them. However, the scale at which movement 

data is collected may not always align with the questions we want to ask related to 

conservation and conflict. Moreover, a wildlife-centered approach based solely on 
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telemetry overlooks a valid source of knowledge when it comes to human-wildlife 

interactions: people. In Chapter 3, I investigate the complementarity of local ecological 

knowledge (LEK) and telemetry methods to predict elephant resource selection within 

the Panhandle region. LEK is becoming more widely used in ecological studies (Brook 

and McLachlan 2005), however, in relation to human-wildlife conflict people are often 

surveyed for their perceptions and attitudes while ignoring their natural history 

knowledge. This knowledge, gained through the lived experience in a place with 

elephants, can provide insights into how elephants use the landscape in close proximity 

to human land-use, where conflict can occur. I interviewed community-defined local 

experts, used participatory ranking activities to gather information on resource use of 

elephants, and then incorporated the ranking scores with environmental data in a 

resource selection function. I then used the same environmental data and resource 

selection function method with telemetry data from elephant GPS collars. By comparing 

the results of the two methods, and across Panhandle-wide and village-centric scales, 

this chapter aims to identify if and how different kinds of knowledge can be used to 

complement other data across spatial and temporal scales. 

While Chapters 2 and 3 characterized how elephants used the landscape, and the 

types of knowledge we could use to understand those patterns, I also wanted to know 

whether patterns of elephant landscape-use correlated with patterns of HEC. In Chapter 

4, I tested whether elephant-specific landscape connectivity correlated with occurrences 

of HEC. Previous work on this topic has not found strong correlation between elephant 

presence and HEC (Pozo et al. 2018), but this study did not incorporate patterns of 
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movement. Connectivity is a landscape metric that can account for the functional and/or 

structural connectedness and how the landscape might facilitate or impede population 

processes or movement. Therefore, I estimated landscape connectivity for elephants 

using a step-selection function (Thurfjell, Ciuti, and Boyce 2014) and a circuit theoretic 

approach with Circuitscape (McRae et al. 2008). From seasonal connectivity maps I 

calculated how many HEC incidents were reported in different connectivity classes 

based on records from the Botswana DWNP Problem Animal Control offices between 

2010 and 2016. The expectation is that areas of higher connectivity would have more 

HEC incidents and I used Spearman rank correlations to test this. In 2016, I collected 

field data from one growing season for all fields that were planted across 8 focal villages 

and how often each field was raided by elephants. I used linear regressions to test 

whether connectivity value correlated with whether the field was raided, and if so, how 

frequently. This chapter tests whether landscape-scale metrics such as connectivity can 

drive patterns of conflict and illustrates that factors at may play an important role in the 

actual occurrence of conflict. Moreover, results from this chapter bring to light how 

conflict may represent more of the deviation from normal behavior, as that average 

behavior is what is captured by certain modelling approaches.  

As an NSF IGERT Trainee in the Applied Biodiversity Science Program, this 

dissertation was undertaken as part of my PhD Research Fellow position with The 

Ecoexist Project. My goal was to design and conduct ecological research that would 

support the mission of Ecoexist, to “reduce conflict and foster coexistence between 

elephants and people” (http://www.ecoexistproject.org/). Through my connection with 
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this organization and support from the ABS Program, I was able to conduct extensive in 

situ research in Botswana. This facilitated my close collaboration and cooperation with 

the Botswana Department of Wildlife & National Parks (DWNP), the DiKgosi (chiefs) 

and citizens from nine focal villages, key stakeholders, governmental organizations such 

as the Tawana Land Board, and other institutions such as the Okavango Research 

Institute. The Western Okavango Panhandle is across the river from the main locations 

of previous Ecoexist research, and so publications from this dissertation serve to extend 

the geographic extent of applied conservation and human-elephant conflict in this realm. 

My collaboration with Ecoexist was strengthened by my participation in the 

Applied Biodiversity Science (ABS) Program at Texas A&M. Through rigorous 

coursework and self-teaching, I developed expertise in landscape and movement ecology 

methods that characterize my disciplinary depth. As described above, I applied these 

methods throughout my dissertation chapters. Additionally, I developed disciplinary 

breadth through learning how to conduct semi-structured interviews and participatory 

activities, which I used in Chapter 3. The ABS Program also facilitated multidisciplinary 

discussions on conservation theory, application, and methods that informed my research 

and interpretation of my results. Overall, it has helped me to conduct ethical research 

that is grounded in social-ecological theory, has relevant natural and social science 

methods, and is framed well for conservation application.   
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2. OVERLAPPING LANDSCAPE UTILIZATION BY ELEPHANTS AND PEOPLE

IN THE WESTERN OKAVANGO PANHANDLE: IMPLICATIONS FOR CONFLICT 

AND CONSERVATION1 

2.1. Summary 

Context: Many wildlife populations exist outside of protected areas, and it is 

necessary to understand how these animals use a landscape mosaic that includes humans. 

Patterns of landscape use in space and time can help inform strategies to mitigate 

negative interactions between people and wildlife. 

Objectives: We aimed to estimate the landscape utilization of elephants where 

they ranged through a mosaic of human-modified land-use and undisturbed habitat to 

better understand spatial implications for human-wildlife interactions. 

Methods: We studied locations and utilization distributions of ten bull elephants 

in the Western Okavango Panhandle region of Botswana. We calculated utilization 

distributions, patterns of landscape use, and daily movement relative to permanent water 

and human land-use. 

Results: The annual distributions of the monitored elephants ranged from 1220 to 

3446 km2 and showed seasonal variation, with wet season distributions being 

significantly larger than dry season distributions. On average 49.4% of elephants’ core 

1 Reprinted with permission from “Overlapping landscape utilization by elephants and people in the 

Western Okavango Panhandle: implications for conflict and conservation” by E.K. Buchholtz, L. 

Fitzgerald, A. Songhurst, G. McCulloch, and A. Stronza, 2019. Landscape Ecology, 34(6): 1411-1423, 

Copyright 2019 by Springer Nature B.V.. The final publication is available at Springer Nature via 

http://dx.doi.org/10.1007/s10980-019-00856-1. 
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distributions in the dry season and 12.3% in the wet season fell within 5 km of human 

land-use. Elephants ranged increasingly farther from permanent water sources as the wet 

season progressed, while in the same time frame elephants moved closer on average to 

human land-use. Elephants were more likely to be near human land-use during the night 

than they were during the day. Diel patterns of elephant proximity to human land-use did 

not match patterns of proximity to water. 

Conclusions: Conservation and management efforts must consider the diel and 

seasonal patterns of elephant movement in order to fully address the issue of human-

elephant interactions. 

2.2. Introduction 

Populations of wide-ranging species often extend beyond the borders of 

protected areas and into the landscape mosaic of natural and human-modified land uses. 

Many animal movement patterns are undoubtedly influenced by human development 

and activity, as well as by distribution of critical resources such as water (de Beer and 

van Aarde 2008; Harris et al. 2008). Animal movements in the landscape may also 

impact people. This is particularly true for species associated with negative interactions 

or human-wildlife conflict. When negative interactions occur, such as livestock 

predation, agricultural crop raiding or property damage, human-wildlife conflict 

becomes a considerable issue. These interactions may be exacerbated due to proximity 

of people and wildlife to each other caused by overlapping use of the landscape and its 

resources. 
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African elephants (Loxodonta africana) are an ideal study species for 

investigating the extent to which animals and people must share the landscape. Elephants 

move over large areas of land, and often utilize human-modified landscapes outside of 

protected areas (Hoare 2015). The complex relationship between elephants, people, and 

the environment depends on not only overlapping presence on the landscape, but 

patterns of behavior, and the spatial configuration and seasonal availability of resources 

they share. 

Water resources are one of the most important features in a semi-arid habitat for 

both humans and wildlife. For example, spatial distribution of water availability has 

been shown to influence individual elephants’ movements (Purdon and van Aarde 2017) 

as well as population distributions (Chamaillé-Jammes et al. 2008), particularly as 

related to artificial water provisioning. Elephants lose water quickly due to cutaneous 

and respiratory evaporation, and also use rivers and watering holes for thermoregulatory 

activities such as mud-bathing and swimming (Dunkin et al. 2013; Mole et al. 2016; 

Purdon and van Aarde 2017). 

Despite the importance of water, animals may benefit from dispersing away from 

permanent water sources. During the wet season, water becomes more available across 

the landscape as seasonal pans fill with water and animals are less limited by access to 

water sources than they are in the dry season. By expanding their range during the wet 

season, elephants can take advantage of more widely-dispersed feeding hotspots (Stokke 

and du Toit 2002) and individuals spatially separate to reduce intraspecific competition 

(Wittemyer et al. 2005). Additionally, male elephants are able to decrease their 
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proximity to each other, which is hypothesized to help avoid conflict with musth bulls 

(Stokke and du Toit 2002). Elephant distribution therefore likely reflects the availability 

and location of water sources when water is a limiting resource, with less constraint 

during the wet season. 

Elephants are also influenced by human disturbance. For example, elephants are 

found near areas associated with human presence more often at night (Sitati et al. 2003; 

Graham et al. 2009) and move more quickly (Douglas-Hamilton et al. 2005; Galanti et 

al. 2006; Graham et al. 2009) or in larger groups (Songhurst et al. 2016) in proximity to 

human settlements. Risky behavior such as crop raiding has in some cases been noted 

exclusively during nighttime (Sitati et al. 2005; Graham et al. 2010). These behaviors 

point to a larger pattern of the influence humans have on the wildlife they coexist with 

on the landscape. Converting land for development and agriculture may fragment and 

reduce habitat, and the behavior of wildlife also changes where they continue to persist 

alongside human populations. 

These modified behaviors of risk avoidance are one way to reduce direct 

interactions, but conflict between humans and elephants is incredibly complex. Social 

and political factors influence how humans perceive conflict, and the number of negative 

interactions alone does not accurately represent the whole picture (Dickman 2010; 

Kansky and Knight 2014). While interdisciplinary research is required to fully address 

this issue, a landscape ecology approach such as ours provides a strong spatial and 

temporal foundation on which to build comprehensive mitigation, management, and 

conservation approaches. In this study we characterized how elephants and humans 
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share the landscape to better understand when and where conflict might occur, and posed 

three hypotheses that could help to explain the temporal and spatial patterns of potential 

human-elephant conflict (HEC). 

In semi-arid regions, water is a limiting resource for elephants (Harris et al. 

2008). Therefore, we hypothesized spatial and temporal distribution of water would 

influence elephant distributions. We predicted that the seasonal increase of water on the 

landscape during the wet season would allow elephants to have larger distributions and 

range farther from permanent water sources than in the dry season, and that during the 

dry season their movements should be constrained and more concentrated near 

permanent water. 

We also know that humans influence elephant behavior and we expected 

elephants’ distributions would vary in their relationship to human development and land-

use. If our hypotheses about elephant seasonal distributions and ranging are supported, 

then we also predict that elephant and human land-use would overlap spatially more 

during the dry season with elephants being closer to development than in the wet season. 

Lastly, we hypothesized that in addition to predictable seasonal patterns in land-use 

mosaic use by elephants, we would find diel patterns in elephant landscape utilization. 

We predicted that elephants would range closer to human land-use more often at night 

than they do during the day as a risk-avoiding behavior. We also predicted that due to 

the proximity of human land-use to permanent water in this region, we would detect a 

similar pattern between when elephants were visiting water and when they were close to 

human land-use. 
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Results supporting these hypotheses may lend insight into the causes of HEC in a 

spatial context. Alternatively, if we do not see seasonal differences in the amount of 

spatial overlap and ranging related to human development, elephants may not perceive 

human development in this region to pose risks, or they may be attracted to other 

resources elsewhere that outweigh the risk. 

The Western Okavango Panhandle of Botswana represents an ideal location to 

study elephant distributions in relation to landscape patterns of human land-use and 

water resources because of strong seasonality and discrete, overlapping patterns of water 

sources used by elephants and people. To the best of our knowledge, analyses of this sort 

have not previously been done there. To test our hypotheses, we calculated utilization 

distributions for individual elephants. We measured those distributions in relation to 

permanent natural water and human land-use and characterized spatial and temporal 

patterns in the elephants’ location fixes. We focused on bull elephants because they are 

more prevalent in the study area and also are responsible for more crop-raiding incidents 

than family herds (Buchholtz, unpublished data). 

2.3. Study area 

The Western Okavango Panhandle is located in northwestern Botswana at an 

elevation of 900–1380 masl. Rainfall is strongly seasonal, with an average of 500 mm 

falling annually. The wet season lasts from November to April, during which 98% of 

recorded rainfall occurs, with May through October as the dry season (measured at 

Shakawe Station 2010–2015, Statistics Botswana 2015). The main permanent water 
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source is the Okavango River and associated wetlands, which are fed by headwaters and 

rainfall in Angola. Scattered pans and fossilized river beds can hold water during the wet 

season. In this semi-arid and water-limited environment, the main habitat types are 

Kalahari Desert and shrub savanna. 

The elephant population was last surveyed by aerial census in 2013 by the 

Government of Botswana Department of Wildlife and National Parks, with an estimate 

of 2242 (95% CI range 0–5370, sampling intensity 1.56%, Botswana DWNP 2013). This 

represents more than doubling in size from 2004′s estimate of 1015 elephants in the 

region (95% CI range 20–3189, sampling intensity 1.97, Botswana DWNP 2004) or a 

growth of about 9% per year. The elephants collared in this study were used to 

determine the study area, which we chose to delimit using a 100% minimum convex 

polygon boundary around all elephant locations (45 480 km2). 

Land-use through the region includes settlements, agriculture, collecting natural 

resources, and livestock grazing. People live in settlements or formally recognized 

villages, and often live in remote cattle posts seasonally. Development in the Western 

Okavango Panhandle is mostly located along a single tarred road (A35). Non-irrigated 

subsistence agriculture occurs on arable soil types in proximity to the Okavango River. 

Subsistence farmers grow staple grains such as millet and sorghum which ripen 

throughout April, May, and June. Crop raiding by elephants represents a considerable 

grievance and source of direct conflict in the Western Okavango Panhandle. 
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2.4. Methods 

2.4.1. Data collection 

We used location data from ten male elephants for this study. Males were the 

predominant sex identified during aerial reconnaissance for collaring in this region. 

Individuals were collared with the intention of representing elephants in varied areas of 

the landscape, and GPS tracking represents a single elephant’s movement rather than 

that of an entire family herd. Eight bulls were fitted with GPS collars in July 2014, and 

an additional six were collared in May 2016. Comparable studies have reported elephant 

behavior based on to three (Thomas et al. 2011), eight (Leggett 2006), six and nine 

(Harris et al. 2008), or 13 (Graham et al. 2009) collared individuals, therefore a study 

size of ten is reasonable. We chose to include elephants which had collar data for at least 

one consecutive set of wet and dry seasons, which resulted in six of the 2014 bulls and 

four of the 2016 bulls. The 2014 collars were African Wildlife Tracking collars 

(http://www.awt.co.za) and the 2016 collars were Vectronic collars 

(https://www.vectronic-aerospace.com/wildlife-monitoring/gps-collars). They were 

deployed by the Ecoexist Project (www.ecoexistproject.org) with permission from the 

Government of Botswana under research permit reference EWT 8/36/4 XVII (79) and 

Immobilization permit 2014 WP/RES 15/2/2 XXIII (169). Each male elephant was 

immobilized using 15 mg Thianil (thiafentanil oxalate), fitted with a satellite collar 

around the neck once it became recumbent, and then the effect of the immobilizing drug 

was reversed using intravenous Trexonil (naltrexone hydrochloride) at a dose of 10 mg 

for each 1 mg of Thianil. The GPS collars deployed in 2014 were programmed to record 
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location fixes every 4 h, and the additional collars deployed in 2016 recorded fixes every 

hour. We filtered all tracking data for spurious GPS fixes and error readings, and in 

instances where more than one fix was recorded per hour, we retained only the first fix. 

A total of 74,121 locations recorded between July 2014 and September 2017 remained 

for analyses, on average 5116 ± 840 points per elephant from the collars recording every 

4 h and 10856 ± 15 points per elephant from the collars recording every hour. 

This study focuses on areas of human land-use as potential sites for conflict, 

because conflict such as property damage or crop raiding may occur whether humans are 

present or not. We mapped human land-use as areas with visible impact on the land 

cover identifiable from satellite imagery. Agricultural fields and settlements in Botswana 

were based on data from GIMS Botswana and the Okavango Research Institute. We also 

examined satellite imagery from Landsat 8 and heads-up digitized missing fields and 

development and added these to the land-use area. We classified land-use in Namibia 

based on heads-up digitizing of Landsat 8 satellite imagery. 

We considered water sources to be permanent if they maintained water year-

round and would therefore be known, reliable resources for humans and elephants. 

Permanent natural water sources in the study region were the main Okavango River 

channel and the Okavango Delta. Additionally, in protected areas of Namibia, human-

made watering holes represented permanent water sources, thus we included seven 

watering holes in Khaudum National Park and one in the Mahangu Core Area of 

Bwabwata National Park. In the methods and results when we discuss water it indicates 

this permanent, year-round water unless otherwise specified. 
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2.4.2. Data analysis 

We used the adaptive local convex hull method (a-LoCoH; Getz et al. 2007) to 

estimate elephant utilization of the landscape in the Panhandle. This method calculates 

utilization distributions by using an adaptive sphere of influence, where the radius of 

each convex hull changes based on how tightly points are clustered (Getz et al. 2007). 

This provides a more defined isopleth where boundaries exist (Getz et al. 2007). We 

chose this technique to exclude areas within the utilization distribution which were in 

fact inaccessible due to boundaries such as fences, village centers, and water. With this 

method these features were not excluded a priori, but were revealed as gaps in the 

distribution where elephant movement trajectories did not cross. We set the value for the 

‘a’ parameter as the maximum displacement between two points in the movement data 

set. We calculated a-LoCoH isopleths using the ArcMET extension (Wall 2014) for 

ArcGIS, and all spatial analyses were carried out in ArcMap 10.3 (ESRI 2014). We 

calculated 95% and core 50% distributions for individual bulls across all points, as well 

as separately pooled for both seasons (wet and dry). We calculated the area of the 

seasonal and cumulative 50 and 95% distributions and compared the sizes with paired t-

tests. For each bull, we also calculated the amount of area that the seasonal core areas 

and the seasonal 95% distributions overlapped. Local convex hulls do not estimate 

density probabilities, therefore we compared area of overlap rather than volumes. 

Finally, we considered these utilization distributions in relation to the two main types of 

landscape features included in our hypotheses: human land-use areas and permanent 

water sources. We generated 1 km and 5 km buffers around each key feature and then 
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quantified how much of the elephant distributions intersected directly with those features 

or occurred within the buffer zones. 

To test whether season influences how close or far elephants moved from our 

features of interest, we calculated the distance of each elephant location fix to the nearest 

human land-use and permanent water features and then calculated the mean, minimum, 

and maximum daily distances. We fit generalized linear mixed models (GLMMs) for 

mean, minimum, and maximum daily distances as a function of season using the lme4 

package (Bates et al. 2015). We included elephant individual as a random effect 

allowing both slope and intercept to vary. This allowed us to test whether season had an 

effect on the daily distance to permanent water or to human land-use, while accounting 

for individual variation in elephants. We used likelihood ratio tests to obtain p-values for 

significance. 

We visually assessed how elephants’ proximity to permanent water or human 

land-use varied temporally by plotting the proportion of elephant points within 250 m of 

those features during different periods of the day (Figure 2.3). Points within 250 m of a 

feature were used to indicate an elephant was near that feature, based on a visual 

assessment of a range of distances from 0 to 5000 m. The pattern that was apparent at 0 

m (directly at feature) was similar to the pattern at 250 m. However, within 250 m we 

had nearly double the number of data points and therefore would have stronger statistical 

power. We believe it was reasonable to assume that if an elephant was within 250 m of 

water during a 1-h or a 4-h time step, it is likely that that elephant’s movements were 

associated with the water. We also believe it was reasonable to assume that an elephant’s 
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movements within 250 m of a home or field would be noteworthy from a human 

perspective. We used a GLMM to test the effect of time of day and season on whether or 

not elephants were near permanent water sources or areas of human land-use. Fixed 

effects in the GLMM were season and hour of the day (sine and cosine) and the random 

effect was individual elephant. We used likelihood ratio tests to obtain p-values for 

significance. 

We used Pearson’s χ2 test to disprove the null hypotheses of elephants visiting 

permanent water and human land-use equally at all diel time periods, and to test for 

seasonal differences in the expected and observed temporal patterns of elephants’ visits 

to these features. We also wanted to account for the fact that elephants could be near to 

human land-use as a result of their visits to permanent water, as human development 

often occurs near to the water. We used a contingency analysis to test whether there was 

a statistically significant association between the temporal pattern of elephant proximity 

to human land-use and the temporal pattern in their visits to permanent water. For each 

time period, we took the observed frequencies of elephant proximity to water and then 

used those as the expected frequencies for elephant proximity to human infrastructure in 

a contingency analysis with χ2 tests. We scaled deviations between the expected and 

observed frequency of proximity to a range of − 1 to 1 to illustrate deviations from these 

expected frequencies across time periods following methods in Fitzgerald et al. (1999). 

For these analyses we divided the day into 4-h time periods: dawn (03:00–06:59); 

morning (07:00–10:59); midday (11:00–14:59); afternoon (15:00–18:59); evening 

(19:00–22:59); and night (23:00–02:59). 



24 

2.5. Results 

Human land-use occupied 889 km2, or approximately 2%, of the study area. Of 

the human land-use area, nearly all of it (91.8%, 816 km2) was located within 10 km of 

permanent natural water and 235 km2 was within 1 km of the water. 

Annual utilization distributions for individual elephants using the 95% isopleth 

of the a-LoCoH ranged from 1220 (elephant 835) to 3446 km2 (elephant 842; Table 2.1). 

Table 2.1 Area of adaptive local convex hull (a-LoCoH) utilization distributions for 

ten bull elephants from 2014 to 2017. Seasonal differences in convex hull size were 

compared using paired t-tests, D.F. = 9. The overlap column indicates the spatial 

area of overlap between seasonal convex hulls. (Buchholtz et al. 2019) 

50% utilization distribution (km2) 95% utilization distribution (km2) 

Bull ID Annual Wet Dry Overlap Annual Wet Dry Overlap 

835 100.5 106.9 37.9 0 1220.4 620.1 592.1 87.37 

838 109.0 143.6 40.8 10.73 1329.1 1141.4 481.3 220.5 

842 466.2 603.0 188.3 0 3445.7 2475.7 1633.8 414.5 

856 183.6 95.6 107.7 14.23 1487.9 1179.6 582.8 53.67 

891 182.8 250.6 57.0 0 2522.8 2702.9 540.2 431.5 

892 226.7 258.4 112.2 41.60 2276.1 1831.0 1120.6 419.4 

900 503.2 202.5 327.3 0 2591.2 1051.0 2142.7 413.5 

901 221.8 203.4 131.0 19.61 1963.8 1815.1 1159.8 451.4 

912 157.4 200.5 56.7 11.45 1339.3 1271.4 328.0 107.9 

916 276.7 234.7 132.9 29.44 1758.0 1382.9 800.3 332.8 

  t = 2.508, p < 0.017* t = 2.394, p < 0.020* 

Wet season distributions were significantly larger than dry season distributions 

(t = 2.39, df = 9, p < 0.020) and were on average 13% larger. Core areas of the 

distributions also differed significantly in size from wet season to dry season (t = 2.51, 

df = 9, p < 0.017) with elephants on average using core areas 46% larger in the wet 

season than in the dry season. For four of the ten elephants, the core wet and core dry 
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distributions were distinct and did not overlap, and for those that did overlap the wet and 

dry cores had a mean area overlap of 21.0 km2 (SD = 12.3 km2, Table 2.1, Figure 2.1). 

Figure 2.1 Elephant landscape utilization in the Western Okavango Panhandle, 

Botswana. Utilization distributions (UD) were calculated using a-LoCoH 95% 

isopleth and seasonal core utilizations at 50% isopleth for dry and wet seasons for 

ten bull elephants (Buchholtz et al. 2019) 

2.5.1. Spatial distribution overlap patterns 

During the dry season, we found that a significantly higher proportion of 

elephants’ distributions were in or within 1 km or 5 km of human land-use areas 

compared with the proportion during the wet season. This pattern held for core areas as 
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well as overall distributions (Table 2.2). The proportion of core areas within 1 km or 5 

km of water during the dry season was significantly larger than the proportion during the 

wet season. However, at the overall 95% utilization distribution, there was not a 

significant seasonal difference in the proportion of used area within 1 km or 5 km of 

permanent water. 

Table 2.2 Proportion of area within elephants’ core distributions falling within 5 

km, 1 km, or directly overlapping with human land-use or water sources. 

Calculated for ten bull elephants from 2014 to 2017, mean proportion of area for all 

elephants listed by season. Seasonal comparison results are for paired t-tests, 

D.F. = 9  (Buchholtz et al. 2019)

Core 50% UD Overall 95% UD 

Distance Wet Dry t p-value Wet Dry t p-value

Human 

land-

use 

5 km 12.3% 49.4% 3.43 0.004 13.3% 21.8% 2.93 0.008 

1 km 3.37% 27.8% 2.77 0.011 3.39% 8.09% 2.62 0.014 

Overlap 0.10% 5.42% 2.41 0.020 0.11% 1.17% 2.32 0.023 

Water 

Source 

5 km 1.74% 35.8% 3.03 0.007 3.74% 14.2% 1.45 0.090 

1 km 0.79% 20.8% 2.57 0.015 0.46% 9.62% 1.57 0.075 

Overlap 0.68% 11.2% 1.73 0.059 0.29% 6.54% 1.55 0.077 

2.5.2. Mean daily distance patterns 

We found season had a significant effect on the daily distances that elephants 

traveled in relation to permanent water sources and to human land-use. For mean daily 

distance to permanent water [χ2 (1) = 6.5204, p < 0.011], elephants traveled on average 

26.2 km (± 15.0) from permanent water sources in the wet season and only 17.3 km 

(± 18.6) from permanent water in the dry season (Figure 2.2a). The maximum daily 

distance elephants traveled from permanent water was also significantly affected by 

season [χ2 (1) = 7.0445, p < 0.0080], with the maximum distance elephants traveled from 
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water farther in the wet season than the dry season. However, season did not 

significantly affect minimum daily distance to permanent water [χ2 (1) = 3.1235, 

p < 0.077]. The farthest mean daily distance elephants traveled from water (37.9 km) 

occurred at the end of the wet season, and the closest mean daily distance (2.4 km) 

occurred near the end of the dry season. 

Season was significantly correlated with the daily distances that elephants moved 

in relation to human land-use. Season significantly affected mean daily distance to 

human land-use [χ2 (1) = 10.27, p < 0.0014], and the mean daily distance of elephants 

from human land-use was almost twice as great in the wet season (13.4 ± 7.78 km) as in 

the dry season (7.13 ± 7.38 km). Season also significantly affected minimum daily 

distance to human land-use [χ2 (1) = 6.6283, p < 0.010] and maximum daily distance to 

human land-use [χ2 (1) = 12.448, p < 0.00042], with elephants moving closer to human 

land-use in the dry season (minimum daily distance 4.25 ± 6.18 km) compared with the 

wet season (8.89 ± 7.60 km). The farthest mean daily distances from human land-use 

were in early January during the wet season (16.8 km), and the closest were in mid-

September during the dry season (2.9 km). 
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Figure 2.2 Mean daily distance of elephants from features, averaged among the ten 

individuals. Upper dashed line represents averaged maximum daily distance values, 

lower dashed line represents averaged minimum daily distance values. Shaded light 

gray area represents wet season months. a Mean, minimum, and maximum daily 

distance of elephants from permanent water; b Mean, minimum, and maximum 

daily distance of elephants from human land-use (Buchholtz et al. 2019) 
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2.5.3. Seasonal and temporal point patterns 

Elephants visited permanent water sources far more often during the dry season 

(n = 6298) than in the wet season (n = 606). Elephants visited permanent water 

approximately equally during nighttime and daytime, regardless of the season. Of all 

elephant fixes within 250 m of permanent water, in the dry season 51.4% of the fixes 

occurred between the daytime periods of morning, midday, and afternoon, and in the wet 

season 52.3% of the fixes near permanent water occurred in those same daytime periods. 

The frequency of fixes near water varied based on time of day and season (Figure 

2.3). Generalized linear mixed modelling with individual elephant as the random effect 

revealed that time of day and season significantly affected whether elephants were 

within 250 m of permanent water sources [χ2 (1) = 2213.6, p < 0.001]. 
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Figure 2.3 The daily patterns of elephants’ proximity to water (solid line) and 

human land-use (dashed line). Time periods: dawn (03:00–06:59); morning (07:00–

10:59); midday (11:00–14:59); afternoon (15:00–18:59); evening (19:00–22:59); and 

night (23:00–02:59). Gray shaded regions indicate night time periods (Buchholtz et 

al. 2019) 

As predicted, observed water access deviated from equal frequencies across each 

time period in a contingency analysis (χ2 = 342.56, df = 5, p-value < 0.001). In order of 

most to least frequent, the time periods that elephants visited permanent water were 

evening, afternoon, night, midday, dawn, and morning. This diel pattern of water access 

by elephants showed no statistically significant difference between seasons [Pearson’s 

χ2 test, χ2 = 1.596, df = 5, p-value = 0.902]. 

Elephants were found within 250 m of human development, agriculture, and 

associated land uses more often during the dry season (n = 5999) than in the wet season 
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(n = 427). Elephants were found near human land-use features more often during 

nighttime periods of evening, night, and dawn than during daytime periods across both 

seasons (dry = 64.5% of fixes at night; wet = 74.5% of fixes at night). We tested 

frequency of elephant proximity to human land-use against expected values of equal 

frequencies across all time periods and found that it was not equal across different 

periods of the day (χ2 = 687.18, df = 5, p-value < 0.001). The general pattern showed 

elephants were present near human land-use more often during night time periods and 

less often during day time periods. The temporal frequency of elephant proximity to 

human land-use showed a strong seasonal pattern (Pearson’s χ2 test, χ2 = 46.487, df = 5, 

p-value < 0.001), with more extreme deviation from expected frequencies during the wet

season. In order of most to least frequent, the time periods that elephants were found 

near human land-use in the wet season were night, evening, dawn, morning, afternoon, 

midday. For the dry season, the order was night, dawn, evening, morning, afternoon, 

midday. The contingency analysis shows that the diel pattern of proximity to human 

land-use significantly differed from the pattern observed for access to water during both 

wet (Figure 2.4, χ2 = 107.65, df = 5, p-value < 0.001) and dry seasons (Figure 2.4, 

χ2 = 1141.7, df = 5, p-value < 0.001). 
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Figure 2.4 Deviation of elephants’ proximity to human land-use compared with 

expected pattern of proximity to permanent water. Deviation values have been 

scaled from − 1 to 1. Bars above the line y = 0 indicate periods of more frequent 

proximity than expected for that time period, while bars below the line indicate less 

frequent proximity than expected. Time periods: dawn (03:00–06:59); morning 

(07:00–10:59); midday (11:00–14:59); afternoon (15:00–18:59); evening (19:00–

22:59); and night (23:00–02:59). Gray shaded regions indicate night time periods 

(Buchholtz et al. 2019) 

2.6. Discussion 

Understanding how elephants use human-modified landscapes outside of 

protected areas provides crucial information to identify opportunities for coexistence. 

Characterizing the spatiotemporal patterns and extent of elephant movement in a mosaic 

landscape provides an idea of their resource demands, and also where conflict is likely 
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due to overlapping range with human populations. We found that elephants utilized the 

landscape in this region to varying extents, and that their ranging behavior and core areas 

exhibited strong seasonal and diel patterns. Areas of human land-use such as villages 

and agricultural fields were overwhelmingly located near to water, and this spatial 

proximity of development to a permanent water resource uniquely drives patterns of 

overlapping landscape-use between people and elephants. Our study provides an 

ecological understanding of how elephants utilize the landscape mosaic in relation to 

water resources and human land-use. These insights can aid in management strategies 

such as spatially targeted mitigation efforts, as well as overall understanding of the 

dynamics between people, elephants, and the environment they must share. 

As elephants are dependent on water for crucial thermoregulatory functions, our 

results support the hypothesis that spatial and temporal distribution of water influenced 

how elephants use the mosaic landscape. During the dry season, we found that elephants 

were seasonally constrained in their movements, with smaller distributions and higher 

proportions of the core areas located near permanent water compared with during the 

wet season. They visited permanent water much more frequently and did not range as far 

from it. The closest and most constrained mean daily distance occurred at the end of the 

dry season, when ephemeral water sources were most likely to have dried up. During the 

wet season, elephants were able to take advantage of more widespread resources with 

larger distributions and daily movements ranging farther from permanent water. They 

ranged farthest from permanent water at the end of the wet season when ephemeral 
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water in pans would be most prevalent across the landscape, and the mean daily distance 

from permanent water sharply decreased as the dry season progressed. 

This pattern of seasonal constraint around water resources dictates that elephant 

social interactions, resource use, and other behaviors will also be seasonally 

concentrated near to permanent water sources, thus carrying implications for the broader 

landscape and ecosystem. A commonly proposed management strategy for elephants is 

artificial water provisioning, based on supplementing or replacing water resources in an 

attempt to manipulate populations (Weir 1971; Chafota and Owen-Smith 1996; Redfern 

et al. 2005; Chamaillé-Jammes et al. 2007). By decreasing the reliance on natural water 

sources, human-made watering holes may influence the spatial distribution of elephants 

and the associated environmental pressure (Purdon and van Aarde 2017). Elephants 

affect vegetation through trampling and foraging (Chafota and Owen-Smith 1996), and 

have a measurable impacts on woody vegetation around artificial watering holes (Brits et 

al. 2002). Despite altering vegetation communities near watering holes, artificial water 

provisioning can result in more dispersed distribution of elephants during the dry season 

in protected areas such as the Kruger National Park, South Africa (Purdon and van 

Aarde 2017) and Hwange National Park, Zimbabwe (de Beer and van Aarde 2008). In 

northwestern Namibia, though, the addition of watering holes did not shift elephant 

bulls’ feeding areas (Leggett 2006). Moreover, Chamaille-Jammes et al. (2007) found 

that different elephant densities in the ecosystem may respond in opposite directions at 

different scales related to changes in surface-water distribution. Even without practical 
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implementation and upkeep considerations, artificial watering holes may therefore not be 

a straightforward solution to reducing HEC in water-limited regions. 

The seasonal variation in elephant distributions and ranges also has implications 

for interactions and conflict with people. We found that elephants were close to human 

land-use far more frequently in the dry season than in the wet season. Greater 

proportions of the elephant distributions fell in or near areas of human land-use and the 

elephants did not range as far from human land-use in the dry season as they did in the 

wet season. The relative impact of spatial conflict, such as elephant presence in 

agricultural fields, varies throughout the year. At the end of the wet season, crops are 

ripening. Therefore, even though there is less overlap between elephants’ core areas and 

human land-use in the wet season, there is potential for more significant loss of valuable 

ripe crops from elephant foraging. We found that the mean daily distance of elephants to 

human land-use peaked at the beginning of the wet season, but that elephants got closer 

on average to human land-use as the wet season progressed. This could be due to the 

incentive of palatable, nutritious grains which ripen at the end of the wet season, even as 

elephants were less constrained by the availability of water. The proximity of elephants 

to human land-use during the wet season, despite being able to range far from the 

permanent water sources, provides evidence that elephants were not foraging on crops 

solely as a consequence of moving toward water. Conservation and management 

strategies will need to recognize and address these seasonal differences in conflict 

potential. Further research on water presence, agricultural crops, nutritional quality of 
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natural forage, and elephant movement patterns will provide better understanding of 

these dynamics and the conflicts that can occur. 

Predictions about elephant behavior that account for the spatial extent and 

distribution of their movements in the mosaic landscape are incomplete without 

incorporating daily temporal patterns. Elephants are not strictly diurnal or nocturnal, and 

they are active throughout the day and night. Unsurprisingly, however, they do not visit 

permanent water or move close to human land-use with equal frequency across different 

time periods. If elephants visited water purely based on efficient thermoregulation as 

found in Kruger National Park (Purdon and van Aarde 2017), we would have expected 

more frequent water visits during midday and afternoon when temperatures peak and 

less frequent water visits at night. Although our results generally aligned with this 

pattern, elephants visited water more frequently than expected in afternoon and evening 

and equally at midday as midnight. This overall pattern suggests elephants’ 

thermoregulation may not be the only factor in driving temporal patterns of water access. 

Proximity of human development to water sources and human daytime activity may be 

one reason for less frequent visits to water during midday. 

Diel patterns of elephant proximity to human land use show that elephants in this 

region are significantly more likely to be near villages or agricultural fields during night 

time periods during both seasons, but more strongly skewed to night periods in the wet 

season. People are most active during the day and during the wet season guard their 

fields at night with varying levels of intensity. The nocturnal nature of elephant 

proximity to human land-use, including agriculture, means that crop-raiding protection 
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and mitigation efforts must function at night. If people need to actively protect their 

fields, it comes at a detriment to other work and sleep and with associated hidden costs 

(Ogra 2008; Barua et al. 2013). These costs associated with mitigation can still lead to 

conflict and feelings of resentment toward elephants, even if this mitigation is effective. 

Water provisioning has been proposed as a strategy not only for environmental 

management, but to reduce HEC when elephants rely on water near developed areas. We 

hypothesized that if elephants were only found near human development in this region 

because of the proximity of villages and fields to permanent water, we would find 

similar diel patterns for elephants near human land-use as the patterns of elephants 

visiting permanent water. However, we instead found a significant difference in diel 

patterns. We found that elephants visited water approximately equally during night and 

day, while they were close to human land-use more frequently at night. We found that 

the frequencies at which elephants were close to human land-use during 4-h time periods 

throughout the day were significantly different than the frequencies they visited water 

during those same time periods. By accounting for the pattern of proximity to water 

itself, we showed elephants were also close to human land-use at night more often than 

expected across evening, night, dawn, and morning time periods. And even though 

elephants frequently visited water during midday and afternoon, they were unlikely to be 

found near human land-use during those time periods. These findings at the daily 

temporal scale, combined with our findings that elephants’ mean daily distance to human 

land-use decreased as the wet season progressed, contradicted the idea that elephants 

were only close to human land use when they are visiting water. 
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One limitation of this study is that overlapping distributions based on human land-use 

classes likely underestimates overall spatial conflict potential, since it doesn’t account 

for the ways that people use the landscape outside of static land classes (Buchholtz et al. 

2019). In this case, conservation plans that focus only on human development may 

overestimate the availability of land for wildlife to access water and resources. 

Conservation efforts may aim to reduce conflict between people and wildlife by 

reducing the interactions that occur when they are in the same place at the same time. 

This research supports these efforts by seeking to identify where and when those 

overlapping areas occur on the landscape. Fortress-style conservation seeks to formally 

separate human development from elephant presence, but it is often not feasible because 

elephants range over extensive areas, are poorly contained by fences (Thouless and 

Sakwa 1995; Ochieng 2008) and occur throughout regions that are unlikely to be 

gazetted as protected areas due to lack of funds and/or existing human development. 

Even where protected areas exist, elephants range outside them and can cause conflict 

with nearby human development, highlighting the need for alternative conservation 

strategies (e.g. Nouabale-Ndoki National Park, Congo, Nsonsi et al. 2017; Masai Mara 

NP, Kenya, Sitati et al. 2003). Even without formal protected areas, people and 

elephants are both aware of each other’s presence on the landscape. Where people and 

elephants use overlapping areas, they each modify their behaviors to avoid interactions 

through temporal partitioning (Buchholtz et al. 2019). More work is needed to generate 
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scientific data and management plans that identify and support types of human-elephant 

coexistence on the landscape. 

Informed land-use planning could provide another way to reduce the interactions 

that occur due to overlapping development and elephant distribution. By mapping where 

elephants move, village planners and farmers could allocate plots of land or fields in 

areas with lower probability of elephant activity. This addresses the direct conflict 

between people and elephants by keeping them spatially more separated, but it might 

also lead to feelings of resentment toward elephants if people feel like land is being 

taken away from them for wildlife purposes. Also, research on conflict shows that it is 

not necessarily directly correlated with amount of damage or number of incidents 

(Kansky and Knight 2014; Kansky et al. 2014). A multitude of factors are at play, and 

even if negative interactions decrease, perceived costs of those interactions may still play 

a role. Among other factors, tolerance toward elephants can be influenced by their 

spatial proximity to people, the ability of people to sustain damage and crop losses, how 

large the elephant population is, and the ability and willingness of people to take on the 

costs associated with effective mitigation (Kansky et al. 2016). 

Our study helps disentangle patterns of land-use, sources of water, and elephant 

movements as they relate to human-elephant interactions. The patterns of spatial and 

temporal overlap we showed here indicated that in the Western Okavango Panhandle, 

elephant presence was extensive, frequently close to human land-use, and varied on 

seasonal and diel scales. Understanding spatial and temporal patterns of behavior of 
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elephants across broad landscape mosaics can be used to make informed decisions about 

land-use planning that may reduce risk of HEC. 
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3. LOCAL ECOLOGICAL KNOWLEDGE PREDICTS ELEPHANT RESOURCE

SELECTION IN A REGION WITH HUMAN-WILDLIFE CONFLICT 

3.1. Summary 

Local ecological knowledge (LEK) has been increasingly incorporated into 

biodiversity monitoring and conservation efforts. While methods involving LEK have 

become more widespread, particularly in fisheries, it remains an undervalued source of 

information in understanding the ecology of wildlife in the context of human-wildlife 

conflict (HWC). We used LEK as a tool for collecting data on resource use of African 

elephants (Loxodonta africana) in an area where their range overlaps with human land-

use and results in HWC. We interviewed community-defined local experts in the 

Western Okavango Panhandle of Botswana and used participatory ranking activities to 

gather information on vegetation, habitat, and landscape use of elephants. The scores 

from the rankings were then incorporated with environmental data following common 

resource selection function methods. When modeled with a village-centric approach at a 

local scale, the resulting output had high predictive ability for elephant locations 

(Spearman’s rho = 0.99, p < 0.0001) and a lower predictive ability at a regional scale 

(rho = 0.70, p < 0.031). We also calculated resource selection models using telemetry 

data from elephant GPS collars combined with the same covariates and environmental 

data as the LEK-based model. These models best predicted elephant presence at the 

region-wide scale (Spearman’s rho = 0.99, p < 0.0001) and predicted it less strongly at 

the local 25km scale (rho = 0.72, p < 0.021). Overall, we found concordance in the 
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results of the LEK- and telemetry-based models of elephant resource selection. Our 

results support the use of LEK as a tool for understanding local patterns of wildlife 

resource use in the context of HWC, where the knowledge can be used to complement 

other data across spatial and temporal scales and the use of which can itself contribute to 

better conservation outcomes.  

3.2. Introduction 

As populations of people and wildlife compete for space and resources, human-

wildlife conflict (HWC) represents a key conservation challenge that impacts wildlife 

populations as well as human wellbeing. Conflict is multifaceted, incorporating not only 

ecology and natural history of wildlife species but also the complexities of people’s 

perceptions, power, and politics. HWC involving legal and illegal lethal control often 

target wildlife species that are considered pests or predators, and can directly affect 

wildlife populations by causing range collapses and population declines such as those 

seen in prairie dogs and African wild dogs, to species extinctions such as the Carolina 

parakeet and the thylacine (Woodroffe, Thirgood, and Rabinowitz 2005). Negative 

interactions with people can also lead to behavioral shifts in wildlife, as evidenced in 

changing daily movement patterns and distributions of tigers in response to poaching 

and human habitat-use (Carter et al. 2012; Johnson et al. 2006) and of African and Asian 

elephants in areas impacted by ranching or logging (Graham et al. 2009; Choudhury 

2004). These impacts can have serious consequences particularly for the persistence of 

vulnerable or endangered species. HWC also affects people’s wellbeing both directly 
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and indirectly. Direct conflicts can be serious and costly, for example, over 1100 people 

were killed by elephants in northeast India between 1980-2003 (Choudhury 2004). There 

are also hidden costs of HWC to people, for example the disruption of livelihoods, food 

insecurity, and opportunity costs associated with guarding crops and livestock (Barua, 

Bhagwat, and Jadhav 2013). A broad range of methods from the natural and social 

sciences are used to better understand these diverse aspects of HWC and how conflict 

can be reduced. 

Understanding where wildlife is present and how individuals use the landscape in 

relation to human land-use and development can help to reduce HWC. One approach is 

to predict where animals are likely to be present, which can then be used to target 

conflict mitigation efforts in the locations where there will be the most interaction 

between people and wildlife (e.g. Buchholtz et al., 2019; Songhurst et al., 2015). These 

spatial predictions are often modeled on empirical measures of animal presence and/or 

absence on the landscape. With the advances of technology, the use of satellite GPS 

collars and the generation of large spatial and temporally explicit datasets have become 

commonplace. By knowing where animals are present on the landscape it is possible to 

identify environmental variables at those locations, such as distance to water, vegetation 

indices, topography, and habitat structure. The environment at those points where 

individuals were tracked can then be compared with areas that they were not found in 

order to draw comparisons. The presence and absence data and the environmental data 

are incorporated into a telemetry-based model which predicts a resource selection 

surface. Depending on the interval between tracking points, methods exist to create 
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resource selection functions which incorporate the steps or paths animals take to more 

explicitly account for the movement processes that generate patterns of occurrence on 

the landscape (Thurfjell et al., 2014). Independently or in combination with telemetry 

data, expert opinion can also be used to parameterize these predictive resource selection 

models (Zeller, McGarigal, and Whiteley 2012). Understanding the distribution of 

wildlife on the landscape can guide conservation efforts to reduce conflict, for example 

by identifying important areas to monitor bear populations and incorporating human-

caused mortality into management models (Laufenberg et al. 2018), or understanding 

how spatial patterns of elephant movement relative to agricultural areas could be 

addressed by different interventions at different scales (Graham et al. 2010).   

Understanding the factors that influence people’s experience of HWC is also 

important in the effort to reduce conflict. There is a growing recognition that technical 

fixes must be implemented alongside people-centric solutions which incorporate the 

complex social risk factors and experiences (Hoare 2012; Dickman 2010). Surveys and 

interviews are tools commonly used to characterize the perceptions, attitudes, and 

experiences of people that are involved in HWC, and can also be used to estimate 

frequency and severity of conflict incidents (Treves et al. 2006). Key factors which are 

often included in these surveys are peoples’ experiences with conflict species and the 

tangible costs and benefits they associate with the wildlife, along with sociodemographic 

information (Kansky et al. 2014). This focus on the people and their experiences is 

crucial for understanding the conflict scenario, however, it may overlook people as 

valuable holders of ecological knowledge about the wildlife conflict species.  
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Local ecological knowledge (LEK) is the experiential knowledge that is attained through 

resource use and interactions with a local environment. Many studies have found LEK 

data is concordant with those collected using more traditional ecological methods such 

as telemetry or camera traps (Meijard et al. 2011, Turvey et al. 2013, Parry & Peres et al. 

2015). As a result, LEK has been increasingly recognized as an important type of 

knowledge and incorporated into ecological research (Brook & McLachlan 2008). 

Data from LEK can be gathered and analyzed using rigorous methods that are 

familiar to ecologists and which benefit conservation. For example, LEK has been used 

to model distribution of rare ungulates for landscape conservation prioritization (Turvey 

et al. 2015), predict occupancy of forest elephants (Brittain et al. 2018) and abundance of 

tortoises (Anadón et al. 2009), and within the field of conservation and management to 

estimate changes in species abundance (Bender et al. 2014). These studies take 

advantage of the experiential knowledge of people who are likely to encounter species of 

conservation interest, and to know when and/or where they have encountered certain 

species.  

LEK differs from Traditional Ecological Knowledge (TEK) or Indigenous 

Knowledge in that it focuses specifically on the lived experience of the local ecosystem 

but does not explicitly include the body of knowledge passed down through generations 

(Berkes, Colding, and Folke 2000). LEK about the natural history of wildlife species is 

gained through experience and exposure to those species. These two factors, experience 

and exposure, are also crucial to the concept of HWC. Kanksy et al. (2016) identify 

experiencing meaningful events and exposure to wildlife as strongly influential in 
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determining how people tolerate wildlife. The sort of experience and exposure to a 

species that people gain through persistent human-wildlife conflict (HWC) can result in 

LEK about the ecology of the conflict-causing species. 

LEK can be used in combination with environmental data in order to learn from 

people’s experiences as well as from the existing information, which is widely accessible 

through technologies like remote sensing. By incorporating LEK as local expert 

knowledge, it can be thoughtfully integrated into standard resource selection methods 

and models (e.g., Brook and McLachlan 2009; Polfus et al. 2014). Depending on the 

goals of the research, participatory mapping can also be used to identify areas that 

wildlife use and is particularly used to utilize LEK to identify species distributions 

(Turvey et al. 2015, Service et al. 2014, Bender et al. 2014). As with telemetry-based 

methods, these models are then evaluated against other data to assess their predictive 

power.  

Compared with the cost and time needed to deploy telemetry equipment and 

collect sufficient data, LEK interviews and participatory activities are considered to be 

relatively efficient. However, to consider LEK only when other methods are unfeasible 

at best undervalues local knowledge and at worst perpetrates a power imbalance (Brook 

and McLachlan 2005). There are many scientific and conservation benefits beyond 

efficiency to incorporating LEK into scientific research. LEK can help generate and 

answer questions on information that is otherwise inaccessible, and provides information 

at temporal and spatial scales that are complementary to other methods. For example, 

LEK was used to not only identify islands occupied by grizzly bears along the Pacific 
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coast of Canada, but also to identify that there was an accelerated shift in distribution 

over a decade, a temporal scale beyond which traditional telemetry could have identified 

(Service et al. 2014). In another example, LEK was used to quantify occupancy of forest 

elephants in Cameroon at a much broader spatial scale than was possible using dung 

transects (Brittain et al. 2018). 

While LEK can provide ecological information over long time periods and broad 

spatial scales it is also relevant at contemporary and local scales. In fact, it is well-

situated to capture the patterns of wildlife behavior that are most relevant to HWC 

processes. For example, individual animals that are tracked using telemetry can generate 

spatially and temporally explicit data over a set period of time, which can be useful for 

estimating large-scale patterns of movement in a range of conditions. However, due to 

individual variation in behavior, if the tracked animal spends little time interacting with 

people or engaged in conflict-causing behavior, the telemetry data will provide relatively 

little insight into HWC. Therefore, LEK which is based specifically on the behaviors and 

interactions with wildlife that people experience provides a complementary local scale of 

information that is directly relevant to understanding HWC. Moreover, although there 

may be broad patterns in HWC, solutions will be location-specific (Madden 2004). 

Incorporating people into conservation research and planning at all stages can improve 

their perceptions of the projects and the overall conservation outcomes (Treves et al. 

2006, Hoare 2015). If done conscientiously and with a strong ethical approach the 

participatory nature of LEK-based methods can thus contribute to reducing HWC. 

Autonomy, control, and self-efficacy are factors which contribute to increase tolerance 
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of conflict-causing wildlife (Kansky et al. 2014), which may be improved through the 

process of gathering and utilizing LEK. Therefore, not only can LEK contribute 

location-specific and highly relevant data, but the process of developing collaborative, 

strong partnerships which involve people at various stages of research and conservation 

projects can improve outcomes for reducing HWC. 

African savanna elephants (Loxodonta africana) are well-suited for the sort of 

experiential knowledge that leads to LEK, as they are widespread, distinctive, highly 

detectable, and have noteworthy and frequent impacts on people’s lives and livelihoods. 

As an IUCN Vulnerable species, they are of conservation concern. They move over long 

distances, and are vulnerable to habitat loss and fragmentation because of the amount of 

land they use. It is ecologically important to understand elephant behavior and 

movement across their range, including within protected areas or where they do not 

encounter people. However, due to the large area they cover, elephant range often 

overlaps with people and developments. Negative interactions in these areas where they 

overlap can result in conflict. Elephants can cause significant economic losses through 

crop raiding and property damage and can injure or kill people and livestock. They are in 

turn targets for poaching and retaliatory actions and face severe habitat loss and 

fragmentation.  

Our aim was to understand what LEK could tell us about resource use by African 

elephants in the context of HWC, and at what scales it was most informative. Our 

objectives were to identify elephants’ use of vegetation, habitat types, and landscape 

features in the Western Okavango Panhandle of Botswana. We also wanted to use LEK 
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to model elephant resource selection with strong predictive ability. To do this, we 

collected LEK data from community-defined experts and used that data to parameterize 

resource selection models at different spatial scales. We tested the predictive power of 

the LEK-based models using telemetry from GPS collared elephants. We expected that if 

LEK had high predictive power for elephant presence on the landscape, we would find a 

correlation between the ranking of the habitat selection class and the number of elephant 

locations within that class. Areas of the landscape that LEK classified as high selection 

would have more elephant locations found in them than classes that LEK indicated as 

low-selection areas. We also modeled a telemetry-based resource selection model to 

highlight the complementary predictive power of LEK- and telemetry-based methods at 

different scales of analysis.  

3.3. Methods 

3.3.1. Study area 

The Western Okavango Panhandle (hereafter, Panhandle) is located in northern 

Botswana, and is characterized by the Okavango River and associated wetland which 

provide a permanent source of water for the people and wildlife that live there (Figure 

3.1). The region is bordered in the north and the west by Namibia. Throughout this 

study, the term ‘regional’ will be used to refer to analyses and conclusions about the 

project study area of the Western Okavango Panhandle.  
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Figure 3.1 Map of the study region of the Western Okavango Panhandle in 

northwestern Botswana. The five focal villages are indicated with solid black circles 

and labeled, and any villages with populations greater than 200 people as per the 

2011 Census are indicated with gray circles.  

We conducted LEK surveys in five villages within the project area. From north 

to south, the villages of Samochima, Nxamasere, Ikoga, and Etsha 6 occur along the 

river. Tsodilo lies centrally in the region and near the culturally important and 

recognized UNESCO World Heritage Site of Tsodilo Hills. BaHambukushu and BaYei 

are the dominant tribes in these villages and in the region. Subsistence farming and cattle 

herding are the main livelihoods. There is a history of relocation as BaHambukushu 

refugees immigrated from Namibia and Angola in the late 1960s and were resettled in 

the southern Panhandle including the focal villages of Ikoga and Etsha 6 (Potten 1976). 
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The elephant population in the Panhandle moves throughout the region, which has no 

formal wildlife protected areas and limited semipermeable barriers such as fences. The 

elephant population was estimated to be 2,242 in 2012 (Botswana DWNP 2013), 

although with a low sampling intensity (only 1.56%). Elephants are associated with 

human-wildlife conflict in the area, including crop-raiding, property damage, human 

injury or death. An average of 390 unique elephant-related conflict incidents were 

reported to the Botswana Department of Wildlife & National Parks (DWNP) in the 

project area each year between 2010 and the time of the survey in 2017.  

3.3.2. Environmental variables 

Three broad classes of environmental variables were considered in this study: 

vegetation species, habitat type, and landscape feature. We developed a list of 15 

vegetation species based on existing literature (Peace Parks Foundation, 2005; 

Vanderpost et al., 2014) and our experience in the field, with four additional species 

added at the suggestion of LEK participants. Eleven categorical habitat classes were 

included, based on our knowledge, Vanderpost et al. (2014) and an existing 

classification of the Kavango-Zambezi land classes (Peace Parks Foundation 2005, 

250m resolution). We hand-digitized agricultural areas based on Google Earth Imagery 

(2017). Eleven landscape features were considered based on our knowledge of the 

landscape. Topographic landscape features were calculated using SRTM and 

topographic position index, and land with less than one percent slope was considered 

flat. Slope and distance to water were considered continuous variables and were scaled. 



56 

3.3.3. Local ecological knowledge 

The interview component and participatory ranking activities of this study were 

approved by the Institutional Review Board at Texas A&M University (College Station, 

Texas, USA – Protocol IRB2016-0279D) and the Botswana Ministry of Tourism and the 

Environment and the Department of Wildlife and National Parks under permit number 

EWT 8/36/4 XVII (79). All participants provided verbal consent.  

We conducted 25 individual expert interviews across five focal villages during 

June and July 2017. We chose four villages near the Okavango River and one inland 

village to cover a representative range of elephant habitat and areas where elephants 

caused conflict with people. Local experts were selected by asking the chief and Village 

Development Council from each of the focal villages to recommend five individuals 

considered to be the most knowledgeable on the topic of elephants. We then contacted 

these community-defined experts to set a date and time to conduct the interview. Only 

one individual did not consent to the interview, at which time the chief recommended 

another expert. Experts ranged in age from 22 to 75 years old, 23 were men, and 

represented four tribal groups with BaHambukushu the majority. Some interviews were 

conducted in English, but most were conducted through a translator in Setswana or 

Simbukushu. The translator was trained on the interview and survey methods, had 

extensive knowledge of the landscape and plant species included in the surveys, and the 

same translator was used for all 25 interviews. 
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We used a semi-structured interview with three participatory ranking activities, 

and we recorded all responses and additional comments (Appendix). The first portion of 

the interview consisted of general demographic questions and questions about 

experiences that have led to their knowledge of elephants. The second portion of the 

interview was participatory ranking activities based on elephant use of plant species, 

habitats, and landscape features (Appendix). In each of these three categories, experts 

were asked to rank specific plants, habitat types, or landscape features along a 5-point 

scale of elephant use, with 0 being “elephants never eat this plant/are never found in this 

habitat/landscape feature” to 5 being “elephants always eat this plant/are always found in 

this habitat/landscape feature”. Experts were prompted to only rank items that they had 

knowledge of or were familiar with how elephants related to those items. The plant 

species survey included 19 species based on the authors’ and translator’s knowledge of 

the area, and the common English and Setswana and/or Simbukushu names for each 

plant. The habitat survey included 12 habitat types based on the common habitats found 

in the study area and which were included in the landscape classification map. The 

habitat survey also included illustrations of the habitat type for clarity. The landscape 

survey included 11 landscape features which we could identify based on topography and 

existing landscape classifications. The final portion of the interview included questions 

about elephants’ resource use, water sources, movement into the village, crop raiding, 

and barriers to elephant movement. Experts were invited to share any additional 

information once the structured questions were concluded. For the purposes of this 
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study, the ranking activities were used for scores and predicting elephant resource use, 

with other questions providing context for interpretation and discussion of the results.  

3.3.4. Telemetry 

We used GPS location data from 15 elephants collared deployed by The Ecoexist 

Trust in the western Okavango Panhandle. Individual elephants were collared with the 

intention of representing independent herds and resource use in varied areas of the 

landscape. Six bulls and one cow were collared in 2016 using Vectronic collars which 

recorded hourly locations. Eight bulls were collared in July 2014 using African Wildlife 

Tracking collars which recorded locations every four hours. Collar deployment was 

supervised by an experienced veterinarian with permission from the Government of 

Botswana under research permit reference EWT 8/36/4 XVII (79) and Immobilization 

permit 2014 WP/RES 15/2/2 XXIII (169) (see Songhurst 2014 & 2016; Buchholtz et al. 

2019 for details). We filtered all tracking data for spurious GPS fixes and error readings, 

and in instances where more than one fix was recorded per hour, we retained only the 

first fix.  

3.3.5. LEK-based resource selection 

We used the ranks from the participatory ranking activities to collate scores for 

each vegetation species, habitat type, and landscape feature. We calculated the combined 

regional mean and standard deviation for each variable, and the median and quartiles. 

We also calculated these statistics on a per-village basis. We used two spatial 
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interpretations of the LEK scores to incorporate into models of resource selection, one 

which was the combined mean score among experts from all focal villages, and one 

which was village centric. The village-centric method used the mean score for each 

village within a buffered distance of that village, and averaged village scores where the 

buffers overlapped. The combined and village-centric scores were then incorporated into 

a traditional resource selection regression model by multiplying the scores by associated 

spatial values of habitat and landscape features. We calculated selection surfaces at the 

scales of 25km, 50km, and entire Panhandle region. These and all further calculations 

and analyses were conducted in R version 3.5.1 (R Core Team 2018). 

We used the elephant GPS collar data to assess the predictive capability of the 

LEK-based resource selection models (Boyce et al. 2002). We classified each of the 

selection surfaces into ten area-normalized classes and extracted the values for each of 

the elephant locations. Elephant locations which occurred outside the targeted 25km 

buffers, 50km buffers, or outside the Panhandle region were excluded from the 

prediction testing. We used Spearman’s rank correlation test to compare the number of 

elephant locations in each of the classes based on the prediction that greater numbers of 

elephant presence locations would be found in classes with higher selection values.  

3.3.6. Telemetry-based resource selection 

We used a step-selection method to model elephant use of habitat and landscape 

features. We generated ten possible steps for each true step from the distribution of step 

lengths and turn angles using the amt package (Signer, Fieberg, and Avgar 2018). We 
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compared the true steps with the possible steps with a Cox logit regression using the 

coxme package (Therneau 2019), which also allowed us to account for random effect of 

individual elephant. We trained the model on the seven elephants collared between 2016 

and 2018 over the whole range of their movements, and subset from hourly elephant data 

to four-hour intervals to reduce temporal dependence and to maintain consistency among 

the different datasets (n = 91047 GPS points). All variables which had environmental 

data and correlated with the LEK raking activity were included in the model (Table 3.1). 

To create a final resource selection surface, we predicted a selection surface based on the 

model coefficients and the values of the environmental variables. 

We used the same methods to assess the predictive capability of the telemetry-

based resource selection surfaces as the LEK-based surfaces. However, instead of the 

entire elephant GPS collar dataset, we only used data from those eight elephants which 

were not used to train the telemetry-based model. 

3.3.7. Approach complementarity 

We estimated a selection surface based on the results of the telemetry- and 

regional LEK-based models. We compared the ranks of the habitat variables based on 

the LEK scores and step-selection function model coefficients and tested the correlation 

using a Spearman’s rank correlation. We also used this test to compare ranks for the 

landscape variables. These tests were used to determine the concordance among the 

findings at the regional scale.  
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We assessed the difference between telemetry- and regional LEK-based surfaces 

at different scales by plotting the frequencies of elephant GPS locations which occurred 

per class. We calculated contingency tables to evaluate the differences among class 

values for the two approaches at different scales. 

3.4. Results 

3.4.1. LEK-based resource selection 

Tall and short mopane (Colophospermum mopane), jackalberry (Diospyros 

mespiliformis), and camelthorn (Vachellia erioloba) were the species ranked highest in 

terms of elephant foraging (Figure 3.2). Zambezi teak (Burkea africana), wild coffee 

bean (Bauhinia petersiana), and Kalahari apple leaf (Lonchocarpus nelsii) ranked lowest 

in terms of elephant foraging. There was strongest agreement across experts in all 

villages that elephants often foraged on tall mopane (mean score = 4.4 ± 0.91), 

moderately foraged on sickle bush (Senegalia nigrescens, mean score = 3.6 ± 1.1), and 

did not often forage on Kalahari apple leaf (mean score = 2.8 ± 1.1). There was 

understandably a broader range of answers for general vegetation categories such as 

Combretum spp. (mean score = 3.6 ± 1.5) or other Vachellia or Senegalia spp. (mean 

score = 3.4 ± 1.6).  There was strong agreement among experts in all villages that 

elephants were often found in densely shrubbed areas with some trees (mean score = 4.3 

± 1.1) and tall woodland with shrubs (mean score = 4.2 ± 0.99), more moderately in low 

woodland with shrubs (mean score = 3.4 ± 1.1), and least often in areas of bare ground 

with shrubs (mean score = 1.7 ± 0.75).  
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There was strong agreement among experts in all villages that elephants 

preferred to be in permanent river channels (mean score = 4.4 ± 0.89) and on islands 

(mean score = 4.2 ± 0.96). There was very strong agreement that elephants were unlikely 

to be found on top of hills or dune crests (mean score = 1.3 ± 0.62).  

Figure 3.2 Scores for the three categories of data collected in local ecological 

knowledge participatory ranking activities. Values are calculated based on the 

combined values from local experts across five focal villages. Boxplots indicate 

median and quartile values, and mean and standard deviation are reported to the 

right. Variables are ordered from highest to lowest based on the mean values. 

Both the regional and village-centric LEK models positively and significantly 

predicted the presence of elephants on the landscape. The village-centric LEK selection 

model outperformed the combined LEK model at predicting the elephant locations at the 

25km scale, with a higher rho value of 0.99 (S = 2, p < 0.001 vs. combined S = 36, rho = 

0.78, p = 0.012). The village-centric LEK selection model also outperformed the 
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combined LEK model at the 50km scale (S = 40, rho 0.76, p = 0.016 vs. combined S = 

58, rho = 0.65, p = 0.050). Using the combined LEK predictions, at the 25km scale more 

elephant locations were found in the lowest two selection classes than would be expected 

compared with the number of locations found in the other classes. The village-centric 

predictions did not show that discrepancy. At the regional Panhandle scale, the methods 

resulted in equivalent predictive ability (S = 40, rho = 0.76, p = 0.016, Figure 3.3A). 

From the local 25km scale to the regional Panhandle scale, with increasing distance from 

village, there was a decreasing trend in the models’ predictive strength.  

Figure 3.3 Elephant resource selection surfaces predicted across the Western 

Okavango Panhandle region of Botswana. Darker values indicate higher predicted 

values of resource selection by Selephants. A. Local ecological knowledge based 

resource selection surface. B. Telemetry-based resource selection surface. 
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3.4.2. Telemetry-based resource selection 

The telemetry-based elephant resource selection model predicted that elephants 

strongly selected for closeness to water (Table 3.1). Elephants also showed positive, 

significant association with wooded habitats, open grasslands, and dune valleys. 

Elephants showed a negative association with increasing slopes and dune crests, 

although not significantly.  

Table 3.1 Conditional logistic regression results for the telemetry-based resource 

selection function. The model was trained on GPS locations from seven elephants 

and a random effect was included to account for individual variation. Variables 

were chosen to be comparable to those which were included in the local ecological 

knowledge ranking activity. 

Covariate Coefficie

nt 

Std.Err. z    p 

hillslope (scaled) -0.888 0.847 -1.05 0.290 

log distance to water (scaled) -1.059 0.189 -5.60 0.000 *** 

fossilized riverbed 0.402 0.049 8.28 0.000 *** 

Islands 0.228 0.124 1.83 0.067 

Wetland 1.579 1.015 1.56 0.120 

low woodland, trees with 

shrubs 

3.459 1.017 3.40 0.001 ** 

tall woodland, trees with 

shrubs 

2.781 1.017 2.73 0.006 ** 

Agriculture 2.455 1.016 2.42 0.016 * 

dense shrubs with trees 3.107 1.020 3.05 0.002 ** 

shrubs with trees 2.972 1.015 2.93 0.003 ** 

shrubs with grass 2.355 1.015 2.32 0.020 * 

open grasslands 2.061 1.017 2.03 0.043 * 

bare ground with shrubs 1.976 1.017 1.94 0.052 

flat land -0.021 0.050 -0.41 0.680 

dune crests -0.019 0.033 -0.58 0.560 

dune valleys 0.342 0.028 12.16 0.000 *** 

Random effect on elephant ID SD = 

17.34 

Var = 

300.5 
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The telemetry-based model did well at predicting the elephant locations in the 

test dataset in at the regional scale (Spearman’s rank correlation: S = 2, rho = 0.99, p < 

0.001), although less well at the 50km scale (S = 38, rho = 0.77, p = 0.014), and showed 

an even less strong correlation at the 25km scale (S = 73, rho = 0.72, p = 0.021).  

3.4.3. Approach complementarity 

We compared the LEK- and telemetry-based selection surfaces at the regional 

scale, and visually they were not highly disparate (Figure 3.3). In examining the ranks of 

the habitat scores of the LEK model, and the coefficients calculated from the telemetry 

step-selection model, we found they were positively and significantly correlated 

(Spearman’s rank correlation: S = 22, rho = 0.74, p = 0.046). The bare ground and open 

grassland habitats ranked lowest for both methods, and woodland and shrubbed habitats 

ranked highest for both methods. The ranks for landscape features from the two 

approaches were not correlated (S = 42, rho = 0.50, p = 0.22), however, selection for 

dune crests and hillslopes ranked low in both models, while the Delta and proximity to 

the water ranked high in both models. Flat land, fossil riverbeds, and dune valleys all 

clustered in the central range of selection values for both models. Islands were ranked 

low in the telemetry model, but high in the LEK model.  

We evaluated the difference between the telemetry- and regional LEK-based 

models at different scales by plotting the results of the elephant GPS locations per class 

(Figure 3.4). We saw a more consistent correlation in the local 25km scale than in the 

regional scale for the village-centric LEK-based model, and the opposite pattern for the 
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telemetry-based model. We calculated contingency tables to assess the differences 

among class values for the two approaches at different scales. At the panhandle scale, 

there was a very consistent pattern of similarity between classes in the LEK and in the 

telemetry approaches. Areas that were classified as low for elephant selection in the 

LEK model were also low in the telemetry model, and those that were high-ranking 

classes in the LEK model were high-ranking in the telemetry model. In the 25km-scale 

model, there was less of a clear correlation and comparison. Some areas that were 

ranked low in the LEK model were mid-ranking in the telemetry model, and vice versa. 

This corresponds with the pattern we found of more elephant points falling into lower 

classes in the 25km scale telemetry-based model. Areas that were high in the LEK model 

were mostly also high ranking in the telemetry model.  
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Figure 3.4 Plot of the frequency of elephant locations found within each of the ten 

classes of resource selection values from the village-centric and telemetry methods, 

compared at the local 25km scale and the regional Panhandle scale. 

3.5. Discussion 

This was the first study to use LEK from community-identified experts to predict 

African elephant resource use and to corroborate those results using telemetry. LEK was 

used to characterize the species of vegetation elephants used for foraging as well as their 

preferred habitat types and landscape features. At a regional scale, local experts’ 

averaged scores for habitat and landscape features adequately predicted elephant 

presence. Elephant presence was predicted even more strongly when we accounted for 

the spatial distribution of LEK across the landscape and localized experts’ scores to the 

area around the village they came from. When the area of analysis was locally restricted, 
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the LEK village-centric model outperformed the telemetry-based model in prediction of 

elephant locations. The telemetry-based model performed better at the regional scale, 

and both models were in concordance about the relative strengths of elephant habitat 

selection. This emphasizes the importance of understanding the scale of research and 

conservation objectives when considering research approaches. 

We found agreement among local experts on the species of vegetation that 

elephants strongly selected for. Of the top-ranked species, all three preferred by 

elephants are also used by people; mopane trees are harvested by people for building, 

camelthorn trees are often left uncut throughout villages and alongside roads for their 

broad canopy cover and shade, and jackalberry trees are used for woodworking and for 

their fruits. This could indicate a potential source of conflict where these natural 

resources are limited or if accessing these resources is dangerous for people or for 

elephants because of the presence of each other. Notably, of the 19 species of vegetation 

that experts ranked, none had a mean score less than 2.7 out of 5. This reflects the 

generalist diet of elephants, which can subsist on a broad range of plant matter (Sukumar 

2003). The standard deviation among expert scores for middle- to low-ranking species of 

vegetation was greater than the deviation for high-ranked species. This could indicate 

that elephants have a strong preference for a few species and browse non-specifically on 

a variety of other species, that there is variation in individual elephant foraging 

preferences, or that experts vary in their familiarity with plant species. Moreover, very 

few experts identified any species of vegetation that elephants avoided or rarely used. 

This is in line with elephants’ capacity for digesting even fibrous and low-quality 
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materials (Owen-Smith and Chafota, 2012; Sukumar, 2003), but also alludes to people’s 

overall perception that elephants are pervasive and impact many aspects of the 

environment.  

One advantage of our approach is we were able to characterize elephant 

preference for a wide variety of species of vegetation very quickly. Alternative methods 

of collecting foraging data includes direct observation (Ruggiero, 1992), fecal analysis 

(Codron et al., 2011), or assessing feeding trails (Owen-Smith and Chafota, 2012). These 

methods can provide more detailed insights into seasonal diet variation and selection 

based on plant characteristics. In fact, lack of micronutrients and browse quality could be 

contributing to elephant foraging on crops, contributing to HEC (Chiyo et al., 2005; 

Vogel et al., 2019). For our purposes of assessing patterns of vegetation preference, LEK 

provided an efficient approach to identify the top species selected by elephants and to 

highlight their catholic diet of many types of vegetation. 

There was strong agreement among local experts on the scores for habitat and 

landscape features, with even lower standard deviations among scores of local experts 

than those for vegetation. Dune crests and hilltops were the variables with the strongest 

agreement among experts, and also had the lowest scores. Thus, experts agreed that 

elephants are least often found climbing or on top of hills and dunes, which is in 

accordance with the high energetic costs of elephant movement on slopes (Wall et al., 

2006). Meanwhile, wet floodplains had a mid-ranking score but high variation in expert 

response. In this case, we would recommend iteration and conversation with the experts 

in order to assess why there was such a wide variation. It could be that there was a 
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difference in interpretation of what constituted a wet floodplain habitat, although we 

attempted to provide as much clarity and standardization of habitat descriptions as 

possible. As with telemetry and other scientific approaches, LEK methods involve 

rigorous design and implementation to attain valid and useful results. We worked to 

conduct our surveys and ranking activities in a manner that would be consistent, ethical, 

and would reduce bias. We conducted our research with villages where cooperation and 

involvement had been ongoing for two years. We trained and worked with a single 

translator who was familiar with the environment, questions, villages, and communities, 

and could conduct the surveys in local languages. The ranking activity was used to 

provide a standardized and comparable scale of response. Additionally, all further 

responses which experts discussed were recorded to encourage and validate the sharing 

of knowledge. Lastly, we created an easy method for the experts to opt out of responding 

to variables or questions they were uncertain of or unfamiliar with, and succeeded in 

creating an atmosphere where the experts were comfortable sharing the full breadth of 

their knowledge. 

We found concordance between LEK- and telemetry-based approaches to 

modeling elephant resource selection at a regional scale. Both placed high importance on 

proximity to water. In the Western Okavango, water is limited to the Okavango River 

and associated wetlands in the dry season, during which is it very important for 

elephants (Buchholtz et al., 2019). Meanwhile, in the context of villages, development, 

and potential interaction with people, experts agree that elephants are often in dense 

shrubs and wooded habitats. These habitats are available to elephants near villages 
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where local experts are likely to encounter them. Wooded habitats are physiologically 

important to elephants, as they need the shade for thermoregulatory functions (Mole et 

al., 2016; Sukumar, 2003) and also provide protective cover for hiding, and food for 

browsing. Thus their preference for wooded habitats is ecologically important and 

supported by both LEK- and telemetry-based approaches. 

While water and wooded areas were important for both methods, open grassland 

had a significant and positive coefficient in the telemetry-based model while being the 

second-lowest ranking habitat variable in the LEK model. This sets up the fundamental 

difference in sampling and scale which is evident from our study. Open grassland was 

not a common habitat type within 25km of the focal villages. Therefore, experts may 

have only limited experience seeing elephants or elephant spoor in the context of these 

habitats. However, open grasslands do exist in the region, and according to our 

telemetry-based model, elephants positively and significantly choose them.  

Sampling and scale, which are important considerations throughout ecology, 

therefore also come into play when studying wildlife in the context of HWC. Telemetry 

methods have long been providing data on elephants’ movements across their range, and 

because GPS collars can be programmed for different intervals and deployed for 

different time spans, it is possible to sample elephant movement to answer research 

questions at specific scales. For example, collars allow us to track seasonal migrations 

(Wall et al., 2013), quantify habitat selection (de Knegt et al., 2011), and identify 

complex uses of daytime refugia (Wittemyer et al., 2017). These broad-scale approaches 

also provide insight into behaviors and patterns relevant for understanding HWC, for 
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example, tracking when elephants are most likely to visit water and venture closer to 

human land-uses (Buchholtz et al., 2019), identifying that they move more quickly in 

areas with human development (Graham et al., 2009), and alteration of their resting 

behavior in human-dominated areas (Wittemyer et al., 2017). In our study, the telemetry-

based model allowed us to model a resource selection function at a regional scale with 

high predictive ability. Because elephant movements were sampled multiple times a day 

for several years, the data reflected a representative distribution of their presence in 

different habitat types and landscapes. To account for the fact that we were modeling 

based on the movement patterns of individuals, we included a random effect in our 

model.  

LEK allows us to in-effect sample the behavior of all the elephants which are 

encountered and part of the lived experience of people in the focal villages. Elephants in 

the Panhandle are common enough that people often encounter them, they leave easily-

identifiable spoor, and they are implicated in interactions that have both direct and 

indirect costs for people, all of which contribute to why people would have acquired a 

lot of experiential knowledge about elephants. Many studies have surveyed people about 

their experiences of HEC, we were more interested to learn what insight LEK could 

provide into how elephants utilize the landscape. Elephants are intelligent animals that 

respond to human-modified landscapes by exhibiting different patterns of behaviors 

depending on the environment. Through targeting participatory ranking activities to 

vegetation, habitat, and landscape features and incorporating local expert’s scores with 

environmental data, we were able to create a model that predicted elephant presence at a 
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local scale. There are limitations to the LEK approach to resource selection modeling, 

for example, vegetation greenness has been shown to be an important factor in elephant 

resource selection (Loarie et al., 2009; Marshal et al., 2011; Young et al., 2009) but 

might be difficult to estimate from interviews. In future studies, LEK methods could be 

adapted to include various questions about phenology and seasonal movements if the 

goal was to capture similar information as vegetation indices provide.  

Incorporating LEK at all stages of the research process will contribute to a more 

holistic understanding of ecological patterns and processes, as well as validating the 

knowledge and experience of people who experience HWC. From determining research 

objectives, to participation in data collection and analysis, to actor empowerment 

through training, to enabling evidence-based decision-making, there are many 

opportunities to involve community members and local experts. Participation in and 

exposure to the processes behind scientific efforts can positively impact governance, 

engagement, and support for conservation efforts (McCall & Minang 2005; Treves et al. 

2006; Hoare 2015). While our study represents only a single step in integrating local 

experts in the research process, future work should be done which takes this on to the 

next stage of information conservation actions in the Panhandle.  

We aimed to test and highlight the complementarity of the LEK- and telemetry-

based methods while acknowledging the value of both. Critical to this process was that 

we tested the predictive power of each approach, rather than using results from one 

approach to test the validity of the other. LEK methods allowed us to predict elephant 

presence at a local scale better than a regional scale. The lived experience of local 
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community-defined experts provided an efficient and relevant source of information on 

African elephant resource selection and landscape use. On the other hand, telemetry-

based methods allowed us to predict elephant presence better at a larger scale than at a 

local one. LEK can therefore provide useful information at the relevant scale for certain 

conservation challenges such as HWC, because although there may be broad patterns in 

the challenges people and wildlife face when sharing the landscape, solutions to HWC 

must be local. Incorporating LEK and telemetry as complementary methods at their most 

relevant scales can then meaningfully contribute to ecology, conservation science, and 

empowerment, giving voice to people in local communities who live with elephants and 

bear the brunt of HWC. 
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4. LANDSCAPE CONNECTIVITY CAN BE A POOR PREDICTOR OF LOCAL

HUMAN-WILDLIFE CONFLICT 

4.1. Summary 

Human-wildlife conflict has serious conservation consequences, both for 

populations of wildlife and for the people that live alongside them. Analyzing how 

wildlife uses habitat in areas with human land-use is often a crucial step in 

understanding drivers of conflict. However, conflict patterns that result from wildlife 

movement may be overlooked if models are based on wildlife presence alone. 

Connectivity is a metric that can be used to predict how the landscape influences wildlife 

movement and analyses of landscape connectivity can incorporate models such as step-

based selection functions to estimate species-specific landscape resistance and 

directionality of movement. We developed seasonal connectivity models for the African 

savanna elephant based on empirical movement data and a circuit-theoretic approach to 

test whether areas of high connectivity were correlated with occurrence of conflict. 

Linear boundaries such as rivers, fences, and dune crests were barriers to movement 

which impacted connectivity, while high vegetation index values and proximity to water 

were strong positive predictors of movement. We used governmental records and field 

assessments of crop-raiding incidents to quantify landscape-wide incidents of conflict, 

which we predicted would correlate with patterns of landscape connectivity. However, 

we found that connectivity at a landscape scale did not predict human-wildlife conflict 

occurrence. Connectivity was not correlated with whether fields were raided (p < 0.29), 
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the frequency of raids (p < 0.78), or the ranked frequency of conflict incidents in 

different landscape classes (p < 0.51). Agricultural areas were located more often in low-

connectivity areas on the landscape, although when assessing only within agricultural 

areas, there were more conflict incidents in high-connectivity classes than low-

connectivity classes with a strong positive correlation (p < 0.00013). This study shows 

that although connectivity may be a useful metric for some population processes, it is not 

a strong predictor of occurrences of human-wildlife conflict and therefore conflict-

mitigation efforts should not rely solely on connectivity measures. 

4.2. Introduction 

Human-wildlife conflict (HWC) is a challenge for biodiversity conservation. 

HWC is broadly defined as when the needs and/or behaviors of people and wildlife have 

adverse effects on each other (Madden 2004). Some of the most widespread and serious 

examples of conflict include crop raiding, livestock depredation, poaching, and human 

injury or death (Woodroffe, Thirgood, and Rabinowitz 2005). These negative 

interactions occur when people and wildlife coexist on the landscape and may be 

increasing as the global human footprint increases (Dickman 2010).  

Understanding these overlapping patterns of land-use by people and wildlife is 

one approach employed to reduce the negative impacts of conflict. Many ecological 

studies have focused on habitat selection of wildlife species involved in HWC (Lewis et 

al. 2015, 201; Dellinger et al. 2013; Hoffman and O’Riain 2011; Kshettry, 

Vaidyanathan, and Athreya 2017). Habitat or resource selection methods result in 
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predictions of animal presence or probability of presence on the landscape (Boyce et al. 

2002). This can then be compared with human land-use or presence to identify sites of 

potential conflict that might occur. However, presence-based predictions, such as 

resource selection functions based on point data, may not account for the relevant 

movement or behavior states of wildlife (Zeller et al. 2016). When adequate telemetry 

data exists, it is possible to use more comprehensive methods such as step- or path-

selection functions, which have been shown to provide better estimates of resource use 

by wildlife (Zeller et al. 2016). These methods compare the steps or paths that animals 

actually took with the area, steps, or paths that were available to them at that time 

(Thurfjell, Ciuti, and Boyce 2014).  

While many studies focus on the local conditions, such as availability of 

resources, that allow conflict to occur, there may be larger-scale drivers of the processes 

behind conflict. Landscape composition and configuration play a role in determining 

patterns of wildlife movement (Wiens et al. 1993; McIntyre and Wiens 1999). 

Estimating connectivity is one approach to understand how the landscape resists or 

facilitates movement or other population processes (Tischendorf and Fahrig 2000), and 

as such has potential as a landscape-scale predictor of where conflict occurs. A variety of 

connectivity methods can be used to predict how animals will move across the 

landscape, including least-cost paths (Adriaensen et al. 2003; Sawyer, Epps, and 

Brashares 2011), circuit theory (McRae et al. 2008), and resistant kernels (Compton et 

al. 2007). Circuit theory is useful because unlike least-cost approaches, it does not 

assume that animals have perfect knowledge of the landscape, or that they move along 
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the path that is estimated to be most optimal or efficient (McRae et al. 2008). Circuit 

theory has had wide applications within ecology, including being used to estimate 

population processes such as dispersal (Zeller et al. 2017; Lechner et al. 2017) and gene 

flow (McRae and Beier 2007).  

While high-connectivity areas on the landscape facilitate population processes, 

they may also contribute to HWC if they represent areas that wildlife frequently utilize. 

For example, crop raiding was more likely to occur close to high-use pathways for 

African savanna elephants in Botswana (Songhurst 2012), and high rates of HWC were 

reported within a corridor designated to facilitate movement of tigers between two 

wildlife reserves in India (Ahmed et al. 2012),  If these high-use areas provide 

connectivity through an otherwise inhospitable matrix, they function as corridors outside 

of which wildlife may be unable or unlikely to move. In this case, the chance of 

encountering and/or having a negative interaction with wildlife would be inversely 

related to the distance from the corridor, resulting in a correlation between high 

connectivity areas and conflict. This correlation may exist even in landscapes that do not 

contain distinct patches and corridors. 

We wanted to test whether connectivity values across the landscape would 

correlate with occurrence of human-wildlife conflict. We predicted that even in the 

absence of corridors, areas that provide connectivity would promote more frequent 

movement of individuals and therefore result in higher likelihood of conflict. We 

focused on a region in northwestern Botswana without protected areas and conservation 

corridors, but over which wildlife regularly traversed to access vegetation and water. We 
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focused on the African savanna elephant (Loxodonta africana), a species that is 

commonly implicated in HWC in this region and that ranges widely across the landscape 

and therefore is likely to be affected by variation in connectivity at the landscape scale. 

We estimated seasonal connectivity for African savanna elephants and compared it with 

reported HWC incidents from field-assessed and governmental records between 2010 

and 2016. We hypothesized that fields within high-connectivity areas of the landscape 

would be more likely to be raided and raided more frequently than those in low-

connectivity areas of the landscape. We also hypothesized that more HWC incidents 

would be reported in areas of the landscape with high connectivity than in areas with low 

connectivity.  

4.3. Methods 

4.3.1. Study area 

This study was based in the Western Okavango Panhandle in northwest 

Botswana (Figure 4.1) which is characterized by the main permanent water source of the 

Okavango River and associated wetlands. In this water-limited environment, the main 

habitat types are Kalahari Desert and shrub savanna. Rainfall is strongly seasonal, with 

an average of 500 mm falling annually during the wet season from November to April 

(Statistics Botswana 2015). Elephants move through the region, and range into 

neighboring countries of Namibia and Angola. Development in the Panhandle is mostly 

located along a single main tarred road. Non-irrigated subsistence agriculture occurs on 

arable soil types in proximity to the Okavango River. Subsistence farmers grow staple 
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grains such as millet and sorghum which ripen throughout April, May, and June. Crop-

raiding and property damage by elephants represents a considerable grievance and 

source of direct conflict in the Panhandle. Eight key villages within this region were the 

focus of our HWC assessments: Samochima, Xhaoga, Nxamasere, Kajaja, Sepopa, 

Ikoga, Etsha 13, and Etsha 6.  

Figure 4.1 Map of the focal villages and reported human-elephant conflict within 

the study area of the Western Okavango Panhandle, Botswana. This shows 

locations of the eight focal villages and all unique conflict incidents which were 

reported to the Botswana Department of Wildlife & National Parks between 2010-

2016. 



87 

4.3.2. Elephant step-selection analysis 

We used GPS location data from 12 elephants (11 males, 1 female) collared in 

the western Okavango Panhandle by the Ecoexist Project. Eight bulls were collared in 

July 2014 using African Wildlife Tracking collars which recorded locations every four 

hours, and three bulls and one cow were collared in the in 2016 using AWT collars set to 

record hourly locations. Individuals were collared with the intention of representing 

elephants in varied areas of the landscape and from independent herds. Collar 

deployment was supervised by an experienced veterinarian with permission from the 

Government of Botswana under research permit reference EWT 8/36/4 XVII (79) and 

Immobilization permit 2014WP/RES 15/2/2 XXIII (169). We filtered all tracking data 

for spurious GPS fixes and error readings, and in instances where more than one fix was 

recorded per hour, we retained only the first fix. The extent used for connectivity models 

was based on the minimum and maximum latitudes and longitudes reached by our 

collared elephants plus a 30 km buffer in all directions.  

We selected environmental variables known to influence elephant habitat use and 

movement (Table 4.1). We identified categorical vegetation classes for trees, shrubs, and 

grasses based on the ESA Climate Change Land Cover Initiative Map of Africa (2016) 

which is classified from Sentinel 2A observations (Copernicus 2016). For settlement 

density, we first collected points from OpenStreetMaps (key = buildings, OSM 2016) 

and from the KAZA ESRI webmaps (layer = Populated Places, Peace Parks Foundation 

2016), and hand-digitized any other buildings or kraals that were not included in those 

two sources based on Google Earth Imagery in QGIS (QGIS Development Team 2018). 
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We also hand-digitized agricultural fields in QGIS. We then classified development land 

classes as low-density development if there were 5-15 buildings per 250 m pixel (50% 

quartile) and high-density development if there were more than 15 buildings per 250 m 

pixel (75% quartile). The distance to village variable was calculated based on the 

distance to high-density development land class pixels. We calculated the modified soil-

adjusted vegetation index (MSAVI2, Qi et al. 1994) using Google Earth Engine 

(Gorelick et al. 2017) and MODIS reflectance data (E. Vermote 2015). We used the 

Global Surface Water dataset (Pekel et al. 2016) to identify water that was present more 

than 2 months of the year and calculated distance to water based on this data. We also 

identified five linear boundary variables (following Naidoo et al 2018) which we 

expected might block or inhibit elephant movement, including rivers, primary and 

secondary roads, fences (Cushman, Chase, and Griffin 2010) and fossilized linear dune 

crests. We obtained fence data from the Okavango Research Institute (ORI 2017) and 

hand-digitized fences around the Mahangu region of Bwabwata National Park based on 

Google Earth Imagery. Because not all elephants crossed all fences, we combined the 

fences into one dataset. This was adequate because elephants crossed the fences at 

similar rates between 18-23%. We used the inland water dataset from the Okavango 

Basin Information System database for the Okavango River Channel river variable 

(OBIS 2011). We hand-digitized roads based on Google Earth Imagery. We generated 

linear features for dune crests by calculating topographic position index values and then 

hand-digitizing lines along the ridges. We used 250 m as the grain size for the spatial 

variables.  
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We modeled elephant step-selection functions following the approach of (Muff, 

Signer, and Fieberg 2019). We used the ‘amt’ package (Signer, Fieberg, and Avgar 

2018) to create trajectories for each elephant. We sampled steps at four-hour intervals 

and then for each true step we generated nine available steps based on the gamma 

distribution of step lengths and the Von Mises distribution of turning angles in the 

trajectory. These ten steps were grouped into a stratum that made it possible to compare 

all steps within one stratum with stratum as a random effect. We extracted the value of 

covariates at the end point of each of the true and available steps. We also extracted 

whether each step crossed a linear feature, coded as 1 for crossing or 0 if the step did not 

cross the linear feature. Following the maximum likelihood approach described by Muff 

et al. (2019), we set up a Poisson regression model with random effects to account for 

individual variation and a stratum-specific intercept using the ‘glmmTMB’ package 

(Magnusson et al. 2019).  

We created eight a priori candidate models which were ranked using Aikake’s 

Information Criterion (AIC, Akaike 1973) and Bayesian Information Criterion (BIC, 

Schwarz 1978). Variables which had a Pearson correlation coefficient r > 0.70 were not 

included in the same candidate model. In the random effect terms, we grouped any 

categorical variables that might have correlated responses from individual elephants. We 

calculated each suite of models for seasonal categories, based on elephant data and 

environmental data from those seasons. We assessed three seasonal models, 1) peak 

raiding months, predominately the wet season from February to May; 2) non-peak wet 
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season from November to January; and 3) dry season from June to October and 

excluding the dry month of May which falls in the peak raiding months. 

4.3.3. Connectivity  

We used a circuit theoretic approach to estimate connectivity (McRae et al. 2008). This 

method approximates an electrical flow between nodes across a resistance surface, with 

the flow representing possible movement pathways for animals or genes across the 

landscape. For each of the seasonal step-selection models we calculated a resistance 

surface by scaling the selection surface and applying a negative exponential 

transformation where c = 0.25 (Keeley et al 2016). We then generated a buffer around 

the resistance surface by a width equal to the vertical extent of the study area (390 km) 

and set the buffer value equal to the mean value of the resistance surface. 

To test connectivity of the landscape with elephants moving between permanent 

water and the dryland, we created linear nodes along the eastern and western edges of 

the buffered resistance surface. Using Circuitscape v4.0.5 (McRae, Shah, and Mohapatra 

2013), we calculated the current between the two nodes and log-transformed the 

resulting output. For the analyses of human-elephant conflict, we clipped the current 

output maps to Western Okavango Panhandle region. We then reclassified the current 

flow into ten area-normalized classes, so that the top class represented the top 10% of 

pixels with highest current value. We compared the seasonal connectivity maps using a 

contingency table to test how connectivity classes changed with the seasons and 

calculated a weighted kappa statistic using the ‘vcd’ package (Meyer et al. 2017).  
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Crop raiding is a type of HWC that occurs within agricultural areas only, so we also 

tested whether these areas were distributed evenly across connectivity values by 

comparing the amount of agricultural area found in each class compared to the overall 

area using Chi-squared tests. Based on our findings that agricultural areas represented a 

different distribution of connectivity values, we also applied an area-normalized 

classification the agricultural areas separately to create ten ranked classes of high to low 

connectivity. We calculated these regional and agricultural connectivity maps for dry, 

non-peak wet, and peak seasons.  

4.3.4. Human-elephant conflict 

Community enumerators were employed in the key villages during February 

through June 2016 to assess elephant crop raiding following protocols based on those 

recommended by Hoare (1999) and adapted by Songhurst (2012). Together with the 

enumerators we assessed 170 fields which were raided by elephants and 38 fields which 

were farmed but not raided. Because enumerators were on site in each village, we were 

able to assess raids as they occurred throughout the growing season, including repeat 

raids within the same fields. This allowed us to build a dataset with a high spatial and 

temporal resolution for a single growing season. We also assessed HWC data from 2010 

to 2016 from records in the Problem Animal Control offices of the Botswana 

Department of Wildlife & National Parks offices in Shakawe and Gumare. From this 

data, 1502 incidents were reported which were associated with our eight key villages, 

and 502 incidents could be attributed to a specific location either based on a GPS 
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location in the report or through verifying on the ground. From the 502 incidents, 312 

represented unique locations. DWNP records often only include one report per farmer 

per year, regardless of the number of times they experienced conflict during that year, 

representing spatial patterns over a longer time period but not within-year patterns.  

4.3.5. Conflict-connectivity correlation 

To test whether connectivity was correlated with whether a field was raided or 

not raided, we extracted the maximum connectivity value within each field assessed in 

2016 from the peak season connectivity model output  and performed a binomial 

regression. For fields that were raided, we also tested whether the frequency of raiding 

was correlated with connectivity value of the field using a linear regression. 

When testing connectivity outputs for wildlife movement or dispersal, one 

approach is to compare the number of movement points which are within ranked 

connectivity classes (Zeller et al. 2018). We used a variation of this approach by 

assessing how many elephant-related HWC incidents from the 2010-2016 DWNP 

dataset were reported in each of the ten connectivity classes for the overall panhandle 

and for agricultural areas specifically. We used a Spearman’s rank correlation to 

compare the number of incidents per class, with the expectation that if connectivity and 

likelihood of HWC were correlated we would find more reported HWC incidents in 

higher-ranking connectivity classes. 
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4.4. Results 

4.4.1. Elephant step-selection analysis 

The most parsimonious model that converged for the seasonal step-selection 

functions was the global model, which included all fixed variables and random effects 

on distance to water, distance to village, and MSAVI2. We used coefficients of the 

seasonal models to interpret direction and significance of elephant selection (Table 4.1). 

In the dry season, elephants avoided development and crossing roads, while during the 

peak season they did not. Elephants selected for distances farther from villages 

regardless of the season, and for distances closer to water. Elephants positively selected 

for higher MSAVI2 values, significantly during the peak and non-peak wet seasons. 

Elephants selected against slopes, crossing fences, crossing rivers, and crossing dune 

crests during all seasons. For vegetation, elephants showed positive selection for trees 

and grass in the dry season, no significant selection for shrubs in any season, and 

negative selection for wetlands in the dry and peak season.  

For random effects, the highest variance was estimated for the vegetation index 

variable of MSAVI2. Individual elephant variance and standard deviation for the 

MSAVI2 covariate was highest in the peak season model, and lowest in the dry season 

model. Random effects by individual elephant were much smaller for variance in 

distance to water and villages than the variance for MSAVI2.  
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Table 4.1 Results from Poisson regression models with random effects to account 

for individual variation and a stratum-specific intercept. Stratum ID (intercept) 

had a fixed variance of 1x106 and fixed standard deviation of 1x103 for all models. 

Variables that were significant are in bold font. 
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4.4.2. Connectivity 

Circuit-theoretic approaches applied to the seasonal resistance surfaces resulted 

in three connectivity maps for the Panhandle. The non-peak and peak season 

connectivity surfaces were visibly similar, and both diverged from the dry season 

connectivity map (Figure 4.3). All three seasons showed lower connectivity in the north-

eastern and central areas, with higher connectivity across the southern portion of the 

study area. Based on contingency tables comparing connectivity classes of the seasonal 

maps, the peak and non-peak connectivity maps were strongly correlated (Weighted 

kappa = 0.858, Approximate Standard Error = 5.00 x 10-4, z = 1718.9), while peak and 

dry connectivity maps were not strongly correlated (Weighted kappa = 0.393, ASE = 

1.21 x10-3, z = 323.6). 

Chi-squared tests showed that there was more agricultural area than expected in 

low-ranked connectivity classes and less agricultural area than expected in high-ranked 

connectivity classes for the dry season (χ2 = 480.08, df = 9, p < 0.000), non-peak season 

(χ2 = 438.14, df = 9, p < 0.000), and peak season (χ2 = 270.3, df = 9, p < 0.000). The 

pattern of negative correlation between connectivity rank and agricultural area was 

strongest for the peak season (Spearman’s rank correlation, S = 324, rho = -0.96, p < 

0.000), followed by the non-peak season (S = 227.19, rho = -0.38, p < 0.000), and the 

negative correlation was not significant in the dry season (S = 242, rho = -0.47, p < 

0.18).  
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Figure 4.2  Classified seasonal connectivity maps for the study region of the 

Western Okavango Panhandle, Botswana, during the A. Dry season, June - 

October; B. Non-peak wet season, November - January; C. Peak season, February - 

May. Higher connectivity classes are indicated in lighter colors and classes of lower 

connectivity are indicated with darker colors. 

4.4.3. Conflict-connectivity correlation 

The mean connectivity value for the 130 fields that were raided in 2016 was -

8.51 (SD 0.084), and the mean connectivity value for the 38 fields which were planted 

but not raided in 2016 was -8.53 (SD 0.11). There was not a significant correlation 

between whether a field was raided or not and the connectivity value of that field (p < 

0.29). There was also no statistically significant correlation between the number of times 

a field was raided and the connectivity value of that field (p < 0.78). The mean value of 

fields raided once during 2016 was -8.51 (SD 0.082), twice was -8.50 (SD 0.097), and 

three or more times was -8.51 (SD 0.077).  

We found no correlation between the number of reported incidents and the 

connectivity class where they occurred when connectivity was accounted for across the 

entire region (Spearman’s rank correlation, S = 125.52, rho = 0.24, p < 0.51). However, 

when connectivity classifications were based on agricultural areas only, we did find a 
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positive and significant correlation between the number of reported incidents and 

connectivity (Spearman’s rank correlation, S = 12, rho = 0.93, p < 0.00013).  

Figure 4.3 Correlation test between connectivity classes and the number of 

elephant-related conflict incidents reported per class between 2010 and 2016. A. 

Connectivity classes area-normalized based on Western Okavango Panhandle 

region, showing no clear correlation, and B. Connectivity classes area-normalized 

based on distribution of agricultural areas within the region, showing a positive 

correlation. 

4.5. Discussion 

This is the first study to directly investigate whether the estimated connectivity of 

the landscape correlates with patterns of human-wildlife conflict. Connectivity is a 

measure of the landscape that can incorporate landscape features as well as movement of 

wildlife, which could make it a useful tool for understanding how patterns of wildlife 

movement influence HWC. However, we found that connectivity did not have strong 

predictive power. At a landscape scale, connectivity values did not correlate with 

whether a field was raided by elephants or how frequently it was raided, nor did areas 
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with higher connectivity values experience higher numbers of HWC incidents than areas 

with lower connectivity. Overall, our findings suggest that connectivity alone is unlikely 

to be an adequate tool for predicting occurrences of HWC. Models of connectivity may 

not account for the types of behavior that result in conflict, or other more proximate 

factors may determine whether conflict occurs in certain situations.  

Crop-raiding is often a significant component of conflict between people and 

herbivores such as elephants, and therefore was the focus of our field assessments. We 

predicted that if areas had higher connectivity, that would mean that elephants were 

likely to use them, and this pattern would then cause more conflict in those areas 

compared to areas with low connectivity. However, we did not find evidence to support 

this hypothesis. We found that fields that were raided and fields that were not raided did 

not have statistically significant different connectivity values. Similarly, fields varied in 

the frequency of raiding despite having comparable connectivity values. Thus, even if 

connectivity predicted large-scale patterns of elephant movement, additional factors 

must have also played a role in the occurrence and frequency of raids. We did find that 

within agricultural areas, more conflict occurred in high-connectivity classes than in 

low-connectivity classes. This could indicate that connectivity is one factor contributing 

to conflict. Previous work has found that raiding history of a field (Songhurst and 

Coulson 2014; Sitati, Walpole, and Leader-Williams 2005), variation in nutritional 

quality of crops and natural forage (Osborn 2004; Vogel et al. 2019), size of fields (Sitati 

et al. 2003), and guarding or mitigation efforts (Sitati, Walpole, and Leader-Williams 

2005) can influence occurrence of elephant crop-raiding. Future work which 
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incorporates these local factors as well as landscape measures of connectivity, for 

example, using a hierarchical modelling approach, would help to tease out the drivers of 

HWC at relevant scales. 

These findings, based on field assessments of crop-raiding conducted during a 

single growing season, were supported by the longer dataset for all elephant-related 

HWC collected by the Botswana DWNP between 2010 and 2016. After classifying 

connectivity values into ten area-normalized classes for comparison, we found no 

correlation between the connectivity class and the number of unique conflict incidents. 

Therefore, contrary to our overarching hypothesis, connectivity calculated at the 

landscape scale for African elephants did not correlate with patterns of conflict. This 

could again relate to the importance of more proximate factors on whether a field was 

raided, as described above. It could also be due to the frequency of elephant conflict-

causing behavior. Our step-selection functions modeled the expected or most likely 

movement patterns of the elephants based on GPS collars on 12 individuals over periods 

of up to four years. The seasonal models estimated their most common movement 

patterns, however, crop-raiding or other conflict-related behaviors may represent 

deviations from those common patterns. This would be particularly true in the case that 

collared individuals were never or rarely involved in conflict-causing behaviors. In this 

way, the models would have limited or no conflict-causing behavior data as input and 

would therefore not estimate it as output. This pattern would likely show up in models if 

conflict-related behaviors were habitual, but less likely if the behaviors were rare or 

opportunistic. 
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Even though the estimates of connectivity did not correlate with patterns of 

HWC, they still highlight the importance of considering landscape configuration and 

seasonality for population processes. At a broad scale, there were areas of low 

connectivity in the northern portion of the Panhandle and in the central region dominated 

by longitudinal dunes, and larger swaths of high connectivity in the southern portion of 

the Panhandle. This correlated with the presence of larger and more contiguous villages 

in the north, the Namibian national border fence, and the proximity of the main river 

channel. Crossing dune crests posed a barrier to elephant movement and reduced 

connectivity in the peak and dry seasons, which is in line with the high energetic costs 

associated with elephants moving up and down slopes (Wall, Douglas-Hamilton, and 

Vollrath 2006). In the southern portion of the Panhandle, gaps in the dune field, less 

human-impacted land uses, and higher vegetation index values facilitated elephant 

movement across seasons. Crossing rivers and fences were significant barriers to 

elephant movement as predicted by all seasonal step-selection models, and proximity to 

villages was likewise a negative predictor of elephant movement across all seasons. 

Agricultural fields were also located more than expected in low-connectivity areas. 

Despite the statistically significant effects of selection on agriculture from the step-

selection models, this low connectivity value of fields may be a result of the combined 

effects of movement, configuration of landscape features, and surrounding 

environmental characteristics that are incorporated into connectivity. With increasing 

human development, factors such as increasing settlement density, agriculture, and 
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infrastructure such as roads and fences will likely have a strong impact on the movement 

and gene flow of elephants and other local wildlife populations.  

We found seasonal variation in landscape connectivity, which was expected due 

to the seasonal difference in rainfall and vegetation. These results support previous 

findings of seasonal changes in connectivity (Osipova et al. 2019). During the dry 

season, the barrier effect of the dune crests was most evident, while the peak and non-

peak wet season connectivity maps were relatively similar. Coefficients from the step-

selection functions highlight the seasonal differences. In the dry season, elephants 

avoided development and crossing roads, while during the peak season they did not. This 

could be because during the peak season, crops are ripening and elephants are choosing 

to be in proximity to the fields which provide potential nutritional hotspots (Vogel et al. 

2019). Presence of ripening crops could also be why elephants positively, although not 

significantly, selected for agricultural areas during the peak season and not during the 

dry season. Some areas that were classified as low connectivity in the dry season had 

high connectivity in the wet season, and vice versa, which emphasizes the need to 

account for seasonality when assessing connectivity. This could lead to misdirected 

conservation efforts, such as corridor designation that only facilitates behavior during a 

certain season. In contrast, connectivity was similar between the peak and non-peak wet 

season and it may not be necessary to model these seasons separately for analyses at this 

scale.  

Connectivity can be a useful metric for informing conservation and conflict-

mitigation efforts. Through assessments of species-specific resource selection and 
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seasonal environmental changes, connectivity can be used to estimate population-level 

processes and design ways to protect or maintain those by identifying key linkages or 

bottlenecks. However, we found that higher levels of connectivity do not always 

correlate with patterns of all processes on the ground. For HWC, other factors may play 

a role in determining if and when conflict occurs that outweighs the value of landscape-

scale drivers of wildlife movement. Moreover, the methods used to estimate connectivity 

may not adequately account for the behaviors that are related to conflict. Our results 

highlight that HWC can and does occur across large landscapes, often in ways that are 

complex and difficult to predict. This poses a challenge for reducing conflict, as it makes 

it more difficult to target approaches to prevent negative interactions and reduce 

damages incurred by people. Connectivity, while useful for modeling population 

processes, does not prove to be an adequate predictor of conflict occurrences, and efforts 

to reduce conflict should continue to consider additional factors to predict, prevent, and 

mitigate HWC. 
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5. CONCLUSIONS

I studied the landscape use of African savanna elephants (Loxodonta africana) in 

the context of human-elephant conflict in the Western Okavango Panhandle of 

Botswana. I used methods from landscape ecology, movement ecology, and social 

sciences in order to characterize elephant utilization distributions and their proximity to 

human land-use and water (Chapter 2), predict resource use at complementary scales 

using local ecological knowledge and telemetry-based methods (Chapter 3), and to test 

the potential correlation between landscape-scale connectivity and local patterns of 

human-elephant conflict (Chapter 4). My aim with this dissertation was to provide 

evidence and information about how elephants use a landscape where human 

development is present, where there are no formal protected areas, and where human-

elephant conflict poses a challenge for human wellbeing as well as for wildlife 

conservation.  

The Western Okavango Panhandle is a region that exemplifies the sorts of 

challenges associated with human-wildlife conflict in a rural setting. People and 

elephants both overlap in their use of resources on the landscape, coexisting in the 

ecological sense. However, as villages grow and development intensifies, people will 

have a greater impact on the landscape. Land-use planning is poised to play an important 

role in the region’s development that spatial ecology can be mobilized to assist with. The 

Tawana Land Board has already begun to take into account issues of land-use planning 

through the collaborative Land Use Conflict Identification System project, which 
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incorporated various types of environmental data, existing land use and tenure, and 

policies. This project was undertaken in 2016 by Ecoexist, SAREP, Tawana Land Board, 

and three sub-Land Boards (Shakawe, Nokaneng and Gumare), and included 

governmental and non-governmental representatives, consultants, and village leaders in 

the process. While elephants’ movement paths relative to roads and development were 

broadly included through local knowledge and collar data, an analysis on the elephant 

population’s landscape utilization had not yet been conducted and incorporated. Yet, in 

the Panhandle, over half of the area for bull elephant’s core utilization distributions was 

within 5 km of human land-use (Chapter 2). Future land-use planning work could 

incorporate the core areas that elephants use during different seasons in order to limit the 

potential interactions among people and elephants.  

Another management approach that accounts for spatial distribution of wildlife to 

reduce conflict is resource provisioning, also known as diversionary provisioning (e.g., 

bears, Garshelis et al. 2017; baboons, Kaplan et al. 2011). Water provisioning in arid 

environments has been used to manage local populations of elephants by drawing them 

from sources into sinks and reducing their concentrated impact on the environment (de 

Beer and van Aarde 2008; van Aarde and Jackson 2007). This tactic has been proposed 

in order to influence elephant distributions and manipulate populations (Chamaillé-

Jammes, Valeix, and Fritz 2007; Redfern et al. 2005; Chafota and Owen-Smith 1996). In 

the Panhandle, this approach has been suggested so that elephants do not have to move 

from the relatively undeveloped bushland into the floodplains and Delta. This could have 

a more limited return on investment than anticipated, however. During the dry season, 
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elephants are in fact range-limited and must stay close to water (Chapter 2). Most 

conflict, though, is reported in the wet season, when crops are ripening. Elephants, 

despite ranging farther from water sources in the wet season when water was abundant, 

were ranging closer to human land-use during that same season. In Namibia, addition of 

watering holes did not shift bull elephants’ feeding areas (Leggett 2006), even in the 

absence of high-quality forage such as crops. Providing extra water is therefore unlikely 

to provide a strong enough incentive to change this pattern in the Panhandle 

significantly. Watering holes would have ecological implications for other wildlife 

populations as well as for the vegetation surrounding watering holes which is impacted 

by concentrated wildlife presence (Brits, Van Rooyen, and Van Rooyen 2002; Edwards 

et al. 2017). Additionally, watering holes require construction and upkeep which could 

be difficult given the remoteness and lack of government resources in northwestern 

Botswana.  

The seasonal and diel findings from this dissertation were possible due to 

satellite GPS collar technology. In the case of daily movement distances for elephants, 

the collars provided data with fine enough spatial and temporal resolution to make 

conclusions about behavioral patterns and movement. Additionally, we could gather 

movement data across the entire Panhandle and beyond country borders to get a 

comprehensive understanding of where individual elephants moved. As telemetry 

technology becomes more efficient and affordable, increasing amounts of information 

will be available to test ecological theory and methods. As an ecologist, there are many 

exciting hypotheses to investigate using animal location data, some of which I had the 
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chance to learn about through the AniMove Summer School at the Max Planck Institute 

in Radolfzell. Through detailed telemetry data and statistical sophisticated statistical 

approaches that can account for the biases and assumptions inherent in movement data, 

scientists gain more and more insight into linking movement patterns and processes. 

Bringing together telemetry-based step-selection functions (Thurfjell, Ciuti, and 

Boyce 2014) and circuit theory (McRae et al. 2008) I was able to dive deeper into how 

the landscape shaped patterns of elephant movement (Chapter 4). By being able to look 

at individual steps that elephants took and comparing them to steps the elephants could 

have taken, I was able to tease out how linear features such as fences and dunes served 

as barriers to movement. I predicted that landscape connectivity would be a useful 

metric for estimating how landscape features and configuration influenced movement, 

and hypothesized that connectivity would therefore correlate with patterns of human-

elephant conflict (Chapter 4). This was a novel approach that hadn’t been tested before. 

Contrary to my expectations, the pattern of landscape connectivity did not 

correlate with the pattern of reported human-elephant conflict. As a result, connectivity 

may be a more useful metric to identify areas where wildlife move and over which 

population processes are maintained, but I would not recommend using it as the primary 

factor to predict the occurrence of conflict. There are likely various other factors at other 

scales which are important in this process. However, future work using connectivity is 

vital to conservation. In the Panhandle, as throughout many parts of the world, the 

human footprint is increasing. Development advances and so does the impact of people 

on the landscape. Connectivity estimates such as those I conducted in Chapter 4 are 
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useful for predicting how population processes flow across the landscape, but can also 

incorporate future conditions to understand how those processes might change under 

different conditions. For example, connectivity models could be used to compare 

different village development plans and test how those plans have different impacts on 

elephants’ ability to access water without having to pass through agriculture or villages. 

Using circuit theory could also help identify key pinch points which are 

disproportionately important for maintaining connectivity, and which should be 

prioritized for preservation. These sorts of approaches have been used for other species 

of conservation concern (Hearn et al. 2018; Wan, Cushman, and Ganey 2018) and hold 

promise for integrating land-use planning methods to support conservation goals.   

The landscape-scale connectivity analysis would not have been as effective 

without GPS collar data. I would propose that in some cases, though, conservation 

efforts do not need more collar data. Across wildlife management, wildlife habitat-use 

studies have often heavily relied on expert knowledge (Zeller, McGarigal, and Whiteley 

2012). With the advent of efficient GPS tracking technology, however, telemetry has 

become a gold standard. Yet we found resource selection functions parameterized based 

on local experts’ knowledge were comparable with telemetry-based methods (Chapter 

3). The information was gathered through participatory ranking activities with 5 

community-defined experts in 5 different villages, each of which took less than 2 hours, 

and the results were on par with findings from GPS collars deployed on 15 elephants 

over 2 - 4 years.  
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The difference in cost and time investment is significant, but incorporating local 

ecological knowledge goes beyond economics and cost-efficient conservation work. 

People are often surveyed for their perceptions, attitudes, and experience of human-

elephant conflict, but they can and should be incorporated into the research process as 

knowledgeable stakeholders. In the Panhandle, elephants are part of everyday life. 

People often encounter elephants, and some people may have accumulated enough lived 

experience to be considered experts. These holders of local ecological knowledge can be 

extremely useful for conservation efforts. They can offer unique perspectives and 

information on the natural history of wildlife, particularly species that are as large, non-

cryptic, and important to livelihoods as elephants.  

A key finding from Chapter 3 is that village-centric LEK-based elephant resource 

selection models outperformed telemetry at a local scale. The accumulated knowledge of 

local experts accounted for elephant movement and behavior close to the villages, better 

than the telemetry-based models. In terms of predicting, understanding, and mitigating 

conflict, it is the elephant behavior close to villages that is crucial to understand, and 

local experts can provide a valuable and effective source of knowledge. Moreover, the 

involvement of community stakeholders in the research and conservation processes can 

improve conservation outcomes. There are many ways to incorporate people who 

experience human-wildlife conflict into the process of studying and mitigating it, from 

determining research goals to collecting data and analyzing it, and from actor-

empowerment training to evidence-based decision-making. Actively including people in 

the scientific process will positively impact governance, engagement, and support, 



114 

leading to better conservation outcomes (Hoare 2015; Treves et al. 2006; McCall and 

Minang 2005). Inclusion, involvement, and empowerment of local stakeholders is 

therefore crucial to the science as well as the success behind reducing human-wildlife 

conflict.  

In summary, people and elephants both inhabit the Western Okavango Panhandle 

and will continue to do so. We found significant overlap in where and how they used the 

landscape, and also that human-elephant conflict is ubiquitous. My goal through this 

dissertation was to involve the government officials, farmers, and local experts and 

leaders who were stakeholders in the outcomes of human-elephant interactions, and to 

conduct research which Ecoexist could build and apply on the ground. In doing so, I 

extended existing landscape and movement ecology methods, made novel applications, 

and incorporated social science approaches.  

As a landscape ecologist, I recommend incorporating conservation objectives 

into land-use planning. In the Panhandle, villages and towns are increasingly growing, 

and it is unclear at what rate the elephant population is changing. Smart land-use 

planning is a strong avenue for conservation and management in order to address the 

overlapping space and resource needs for people and elephants. However, even the best 

land-use strategies will be unable to reduce conflict to zero. Even if crop-raiding and 

direct damages are eliminated, there will be contrasting perceptions, opinions, and 

experiences among people about elephants that influence tolerance (Kansky, Kidd, and 

Knight 2016; Dickman 2010). These aspects demand a rigorous social science approach, 

as well as efforts that includes local knowledge and stakeholders. Overall, it is a holistic 
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and multidisciplinary approach, embodied by the Applied Biodiversity Science Program 

and written into the foundation of the Ecoexist Project, which will provide the tools 

necessary to address the conservation challenge of human-wildlife conflict.  
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APPENDIX 

LEK SURVEY AND PARTICIPATORY RANKING TOOLS

Write down time start: Write down time end: 

First, I’d like to ask you a few questions about yourself. 

1. What is your name?

2. How old are you/which year were you born?

3. What is your tribe/ethnicity?

4. What religion do practice/which church do you belong to?

5. What is (or was) your main livelihood?

6. A. How long have you lived in this village? B. Which ward/area do you live in?

7. If you’ve lived other places, where?

8. What experience do you have that lets you know or learn about elephants?

I’d also like to ask about what elephants seem to like, or what they don’t like.

9. Which wild plants/trees do elephants prefer to eat?

10. List of all tree species in veg classification. With help from visual aids:

SPECIES SORTING ACTIVITY 

A. Rank the ones you are familiar with, by how much elephants like them.

11. Now, what about habitat type?

HABITAT RANKING ACTIVITY 

B. Rank the ones you are familiar with, by likelihood of elephant presence.

12. Now I’d like to ask about landscape types.

LANDSCAPE FEATURE RANKING ACTIVITY. 

A. Pick the ones you are familiar with and rank them according to elephant

presence.

13. Where do elephants get water?

14. What months of the year or seasons are they usually at these places?

15. Do elephants come into the village? If yes, what season/time of day does it happen?

16. Where around your village is there the most trouble related to elephants? For

example crop raiding. Based on ward, physical description of the place: north, south,

east, west, veld side, river side, etc.

I’d also like to ask about what things are barriers to elephant movements between 

the dryland and the floodplain.  

As elephants from the dryland move toward the floodplain, what sorts of things might 

block their movement or cause them to change their path? 

As elephants from the floodplain move toward the dryland, what sorts of things might 

block their movement or cause them to change their path? 

Do fences block elephants from moving through an area? Veterinary, border fences, 

electric fences, bush fences, wire fences. 

What areas do elephants avoid? 

Do hills affect where elephants move? Do they go over hillslopes or around them? 

Do you have anything else you would like to share? 

Thank you for your participation.  
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Figure A-1. Participatory ranking activity card used to gather data about elephants’ use/preference 

of plant species in the local ecological knowledge interviews. 

Table A-1. Participatory ranking activity choices of plant species used in the local ecological 

knowledge interviews. 

Plants 

Grasses and reeds 

Burkea africana 

Grewia spp. 

Dichrostachys cinerea 

Baphia massaiensis 

Diospyros mespiliformis 

Bauhinia petersiana 

Lonchocarpus nelsii 

Colophospermum mopane (short) 

Colophospermum mopane (tall) 

Combretum spp. 

Baikiaea plurijuga 

Terminalia sericea 

Senegalia mellifera 

Vachellia erioloba 

Vachellia luederitzii 

Senegalia nigrescens 

Vachellia tortilis 

other Vachellia and Senegalia spp. 
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Figure A-2. Participatory ranking activity card used to gather data about elephants’ use/preference 

of habitats in the local ecological knowledge interviews. 

Table A-2. Participatory ranking activity choices of habitats used in the local ecological knowledge 

interviews. 

Habitat 

Bare ground with shrubs  

Shrubs with some grass 

Shrubs with some trees 

Dense shrubs with some trees 

Dense shrub thicket 

Low woodland, trees with some shrubs 

Tall woodland, trees with some shrubs 

Open grasslands 

Open grassland with some sage brush 

Open grassland with some shrubs and 

trees 

Plowed fields 

Unplowed/overgrown fields 
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Figure A-3. Participatory ranking activity card used to gather data about elephants’ use/preference 

of landscape features in the local ecological knowledge interviews. 

Table A-3. Participatory ranking activity choices of landscape features used in the local ecological 

knowledge interviews. 

Landscape features 

hillslope/side of dune 

top of hill/dune 

valley between hills/dunes 

flat land 

dry floodplains 

wet floodplains 

islands 

old dry river valleys, fossil riverbed 

permanent river channels 

around the edges of the river channels 

seasonal river channels 




