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Abstract 

To conserve biodiversity, it is critical to understand the dynamic landscapes and 

climates through which species move and how the environment influences movement 

choices. In particular, I am interested in how species respond to human modifications to 

landscapes and climates.  Chapter 1 uses datasets on the spatial and temporal coverage 

of remotely sensed land cover datasets to examine gaps in the monitoring of 

environmental priorities. Temporal gaps in Landsat and spatial gaps in commercial high 

resolution satellites such as QuickBird may hinder land cover change monitoring efforts. 

Chapter 2 uses Global Climate Models and museum specimens to projects the 

impact of climate change on the flora of California, a global biodiversity hotspot. With 

anticipated climate change, up to 66% may experience >80% reductions in range size 

within a century. These projections are less severe if plants are able to disperse in time. 

With no constraints on dispersal, plant centroids move an average of up to 150 km. The 

projections identify regions where species undergoing severe range reductions may 

persist. Protecting these potential future refugia and facilitating species dispersal may be 

essential to maintain biodiversity in the face of climate change. 

Chapter 3 analyzes the movements of 73 elephants fitted with GPS collars against 

4 remotely sensed datasets spanning a strong rainfall gradient across 7 southern African 

countries. Movements show strong seasonal and geographic differences across the study 

area. Two major human interventions, artificial water and fences, distort these 

movement patterns by increasing dry season ranging patterns and increasing the 

density of wet season movements. 
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Chapter 4 uses the datasets described in chapter 3 to explore elephant vegetation 

preferences. Elephants consistently prefer greener vegetation throughout the year. 

Vegetation preferences vary seasonally. Elephants prefer less variable vegetation such as 

forests in the dry season and ephemeral vegetation such as grasslands in the wet season. 

Chapter 5 uses telemetry and remotely sensed landcover data to ask how 

climatic factors – snow cover – and land cover – agriculture and roads – influence 

pronghorn movements in South Eastern Alberta. Analysis using a Bayesian movement 

model reveals that each of these features significantly influences pronghorn movement 

choices. 
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Introduction  

Conservation ecology strives to protect biodiversity that is interacting with a 

dynamic environment. Land cover and climates are spatially and temporally 

heterogeneous. As a result, species distributions are not static. They are capable of 

responding to environmental changes by moving. To successfully manage biodiversity, 

an understanding of species movements in response to changing land cover and 

climates is critical. In this dissertation, I explore several aspects of this topic in 5 

chapters. Two of these chapters have been published and three are in preparation. In 

addition, I mention 6 related published studies – and a fifth in revision – that I 

coauthored while completing my dissertation. 

Analyses of species movement rely on land cover and climate data at appropriate 

spatial and temporal scales. Increasingly they are remotely sensed data provided by a 

network of satellites. In chapter 1, I relate work published in Trends in Ecology and 

Evolution [1] in which my co-authors and I explore temporal and spatial coverage of 

several widely used satellites. We ask whether this coverage is sufficient to monitor 

environmental priorities. We published a rebuttal to two responses to our article in the 

same journal [2]. I am a co-author on a related study published in the Proceedings of the 

National Academy of Sciences [3] that uses remotely sensed measurements of forest 

cover to explore tropical deforestation in and around protected areas. 

Human caused greenhouse gas emissions are expected to significantly change 

climate in the next century. How these changes will impact the diversity and 

distributions of species is unclear. In chapter 2, I relate work published in PLoS ONE [4] 

to project the impact of climate change on the flora of California, a global biodiversity 

hotspot. I am a co-author on a book chapter on the California Floristic Provence 

Biodiversity Hotspot [5]. I am also a co-author on a related study published in 
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Conservation Biology on projected bird extinctions from climate change [6] and a study 

in the Proceedings of the National Academy of Sciences on changes in flowering 

phenology in California grasslands from simulated climate change [7]. 

While chapter 2 explored changes in species distributions modelled from 

museum specimens, telemetry data provides information on the movements of 

individual animals. In chapters 3 and 4, I use telemetry data from 73 individual 

elephants from 7 southern African countries fitted with GPS collars to characterize 

elephant ranging patterns – chapter 3 – and vegetation preferences – chapter  4. I ask 

how each is influenced by two major human interventions, artificial water and fences. 

Both of these chapters are in preparation for publication. I am a co-author on a related 

study on bird movements in fragmented tropical landscapes published in Conservation 

Biology [8]. 

 As part of my dissertation, I was involved in a working group striving to 

develop Bayesian models that provide better inference about animal movement choices. 

While learning about these Bayesian approaches, I was senior author on a book chapter 

comparing classical confidence intervals and Bayesian credible intervals around point 

estimates [9]. I am a co-author on a review of animal movement models and novel 

approaches that is in revision for publication. Chapter 5 applies such a movement model 

to pronghorn telemetry data from south-eastern Alberta. I use the model estimates to 

explore how agriculture and roads influence pronghorn movement choices. 
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Chapter 1: Satellites miss environmental priorities  

Sixteen years ago, Pimm [10] caricatured most ecological studies as covering a 

few hectares, spanning a few years, and involving a handful of species. Satellite imagery 

for visualizing and monitoring terrestrial ecosystems began earlier, but only the last 

decade has provided inexpensive, global, remote sensing — and desktop computer 

software for its analysis [11]. Comparisons of ecological patterns and changes over 

decades on huge spatial scales are now routine. Everyone can visualize current study 

sites (and select future ones) on GoogleEarth, increasingly with a spatial resolution that 

shows individual tree canopies. We worry that this revolutionary change in ecology’s 

cosmos may be ephemeral. 

Ecologists require sensors that differ in temporal, spectral, and spatial 

resolutions. Detecting landscape change requires sequences of images. Quantitative 

identification of ecological communities relies on spectral data. High spatial resolution 

helps resolve fine-scale features, calibrate courser data, and coordinate field studies. 

There are sensors to monitor tropical rainfall, fires, and clouds, and specialized sensors, 

such as Lidar and Radar. Space prevents discussion of the fates of all these. However, 

Landsat’s TM (later ETM+) sensor, EOS-MODIS, and recent high spatial resolution 
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sensors are the environmental community’s workhorses. They exemplify the utility of 

[12,13,14], and the problems threatening, remote environmental monitoring. 

From 1972 through 2003, Landsat provided uninterrupted global images with 15-

60m resolution every 16 days or so. NASA built and launched these satellites, but has no 

mandate to support and distribute their products after initial development. Nothing 

replaced Landsat7 after technical problems compromised it in 2003. Landsat5 has far 

outlived its expected lifetime. While the USGS continues to archive images of the United 

States, Landsat5 deletes images from most of the rest of the world before they reach the 

ground. NASA launched the first MODIS sensor in 1999. It has lower spatial resolution 

but makes near daily revisits and boasts more spectral bands. Midway through their 

expected fifteen-year life spans, MODIS sensors have been most successful, but like 

Landsat, may not be supported in the long-term. 

The growing fleet of commercial high spatial resolution satellites exemplifies the 

trend to delegate satellite administration to the private sector.  Five with <5m resolution 

were in orbit by 2004 –QuickBird, IKONOS, Spot5, Orbview3, and EROS A1. Unlike 

courser scale satellites that image continually, these only respond to specific requests. 

Until recently, the price of archived imagery – roughly $1250 for a minimum of 50 km2– 

was prohibitive. Now, GoogleEarth provides ready access to Digital Globe’s archived 

QuickBird imagery. In 2007, GeoEye formed a foundation to distribute archived 

IKONOS and OrbView3 imagery to humanitarian and environmental researchers. 
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Meanwhile, NASA continues to purchase and distribute commercial images through 

their Science Data Purchase project. 

Of course, other, better-funded clients originally commissioned these images. 

Environmental scientists have little influence over which part of the Earth these clients 

select. The private sector has no incentives to represent environmental priorities, 

especially the most biologically diverse parts of the globe [15], the global network of 

protected areas [16], and ecosystems that may rapidly influence (carbon in the Amazon 

[17]) or respond (ice in the Arctic [18]) to climate change.  

Digital Globe and GeoEye report every location IKONOS, OrbView3, and 

QuickBird capture (Figure 1a). Currently, at least one image covers 56% of the land 

surface (Figure 1b solid line). These satellites should sample the entire globe by 2012. If 

they minimized overlap, they would have completely sampled the earth’s land surface 

by 2003 and would now be nearing their third completion (Figure 1b dashed line).  



 

6 

 

Figure 1: The distribution of high-resolution images. (a) Colors indicate the number 
of overlapping images (scale at the left of the map). (b) The percentage of land surface 
imaged (unbroken line) and the amount possible if the same images overlapped 
minimally (broken line). Arrows indicate the history of a satellite. 

 

World Wildlife Fund for Nature’s ecoregions [19] delineate the planet’s major 

ecosystems — tundra, or grasslands, or moist tropical forests, for example. Moist 

tropical forests and the poles have particularly poor satellite coverage – only 31% of the 

surface (Figure 2). These ecosystems are often cloudy [20], of course, but that makes 
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frequent and well-coordinated coverage even more necessary.  Protected areas are 

similarly under represented. Boundaries from the World Database on Protected Areas 

[21] reveal that there are 20% fewer images inside protected areas than we would expect 

from their corresponding area. High-resolution sensors cannot offer global coverage, but 

subsidies that coordinate imaging rather than mine archives could greatly increase 

representation of environmental priorities. 
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Figure 2: (a) The percentage of each ecoregion that one or more high resolution images 
cover. (b) The species richness of each ecoregion (amphibians, reptiles, birds, and 
mammals). 

Simply, Landsat no longer provides global coverage, leaving the environmental 

community blind to the on-going changes in land-use patterns across key ecosystems. 

Commercial coverages under-represent environmental priorities. These facts are part of 

a much larger crisis across all US earth observing initiatives [22] including satellites that 

monitor hurricanes such as the aging QuikSCAT.  Environmental sciences are indebted 
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to innovators like GoogleEarth and private satellite companies for rapidly increasing the 

availability of images. Finding innovative solutions for the long-term support, 

coordination, and distribution of earth-observing products requires government 

leadership. Space exploration must not replace earth observation. We, the environmental 

community, must be more vigorous in urging this leadership. 
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Chapter 2: Climate Change and the future of the 

California Flora 

2.1 Introduction 

The California Floristic Province has over 5500 native plant taxa; 40% of them are 

endemic, that is, their entire native distributions are within the Province [23]. (By taxa, 

we mean distinct species, subspecies, or varieties, and we use “species” hereafter for 

simplicity [24].) Models project that California’s temperature and rainfall will change 

considerably in this century [25]. Here, we use observed data on species’ distributions 

and present-day climate to build multiple bioclimatic models. We then apply these 

models to project changes in endemic species’ range sizes, distribution and diversity 

under future climate scenarios. 

Empirical examples of species’ range shifts resulting from climate change have 

been recorded for numerous taxa [26–27]. Projecting future changes is a crucial step 

towards planning for and mitigating the impacts of climate change on biodiversity [28]. 

Most previous attempts have focused on small subsets of species [29–31] or vegetation 

types [32–33]. They incorporated varying degrees of data on physiology and dispersal. A 

small number of related studies have focused on estimating changes in biodiversity [34–

35]. As we describe in the methods, biodiversity studies must limit themselves to species 

subsets restricted to the region – such as endemics [36]. Sparse flora-wide data on 

physiology and dispersal has meant that studies across floras have included simplified 

treatments of individual species’ biology. 
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A recent study of two California oak species projected significant range 

reductions for both species [29]. In southeastern California, a study of Yucca brevifolia 

that included physiological responses to increased CO2 levels projected a slight decrease 

in range size [37. Analysis of the responses of vegetation types in California to climate 

change projected decreased coniferous forests in the northwestern part of the state and 

increases in broadleaf vegetation [38]. In Eastern North America, models for 80 tree 

species project range expansions for approximately 30 species and an equal number of 

range contractions. In that study, the centroids of nearly half of the species were 

projected to move at least 100 km to the north [39]. 

Outside of North America, regional studies have addressed both range shifts and 

potential levels of extinction in the face of climate change. Studies of the Proteaceae in 

the Cape Floristic Province – another Mediterranean hotspot –– estimate that this group 

may lose up to 20% of the species considered [30, 40–41]. A study of 975 endemic plant 

species in southern Africa projected that the Mediterranean climate portion of the study 

area will lose the highest proportion of species [42], while flora-level studies from 

Europe have projected that as many as half of the species studied will be threatened [34–

35, 43]. 

Currently, there are no published assessments of potential impacts of climate 

change on regional endemic floras for any part of North America. California is 

particularly well suited to such a study, as it has high endemic plant diversity and the 

quality of plant distribution and climate data across the region are excellent. California 

also provides an interesting case study because of its topographic complexity, extensive 

urban and agricultural land use, and Mediterranean climate characterized by distinctive 

rainfall and temperature patterns. 
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We assess 8 different potential scenarios for the future of the California flora in 

the face of climate change. These are the combinations of three pairs of possibilities. 

First, we compared two projections of future emission levels from human activities. One 

is higher, with global CO2 emissions reaching almost 30 GtC per year, or 4 times present-

day levels, by 2100 (SRES A1FI) while the other emission scenario is lower, with CO2 

emissions rising slightly by mid-century before dropping to below present-day levels by 

the end of century (SRES B1) [44]. By 2100, global atmospheric CO2 levels reach 550 and 

970 ppm under the lower and higher emissions scenarios, respectively. Second, we 

compared projections centered 80 years from now (2070–2099) from two global climate 

models with higher and lower sensitivities to atmospheric greenhouse gas levels. The 

U.K. Meteorological Centre’s Hadley Centre Coupled Model version 3 (HadCM3) model 

[45-46] is moderately sensitive to increases in emissions, while the DOE/NCAR Parallel 

Climate Model (PCM) is less sensitive [47]. Third, we explored two distinct and widely 

used dispersal scenarios: one where plants exhibit unrestricted movement to new 

locations, and one with no movement [48, 35, 40]. 

Projecting the impacts of climate change to an entire endemic flora is 

complicated by scarce and variable distribution data. Studies conflict on how many geo-

referenced specimens are necessary to obtain robust species projections [49, 50].  A 

recent study recommends using Maxent and at least 30 non-validation specimens for 

robust species projections [50].  Following these recommendations, we model and 

evaluate the 591 out of 2387 California Floristic Province endemic species that have at 

least 42 specimens using Maxent [51]. Specimen records were obtained from the 

Consortium of California Herbaria, a centralized portal accessing over 959,000 

specimens from 16 herbaria [52].  

To summarize the impacts of climate change on the California flora and to 

compare the projections with other studies, we ask four questions. First, where will 
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endemic species diversity be most influenced by climate change? Second, if species are 

permitted to move, where will they go? Third, how do we project range sizes to change? 

Fourth, where do we expect future refugia — locations where species at risk from 

climate change will persist under future climates? To date no studies have mapped the 

locations of such refugia. 

2.2 Results 

2.2.1 Study area 

The California Floristic Province (Fig. 3A, solid line) occupies approximately 

310,000 km2. It is ecologically and climatically delimited and its flora is both rich and 

well studied [53 – 55]. The six constituent floristic regions — Northwestern California, 

Central Western California, Southwestern California, the Great Central Valley, the 

Cascade Ranges, and the Sierra Nevada — encompass elevations from 200 m below sea 

level to about 4,000 m. The Province includes almost all of California (Fig. 3A, dashed 

line), except its deserts and the northeastern Modoc Plateau, as well as adjacent parts of 

Mexico and Oregon. The study area for this paper includes the entire California Floristic 

Province and a surrounding area of equal size in the form of an approximately 200 km 

wide buffer (Fig. 3A, all colored areas). 
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Figure 3: Study area and Maxent diversity projections of the best known third of the 
flora (A) The province divided into six floristic regions (solid lines): Northwestern 
California (NW), Central Western California (CW), Southwestern California (SW), the 
Cascade Ranges (CaR), the Great Central Valley (GV), and the Sierra Nevada (SN). 
The province includes most of California (dashed line) and portions of Oregon and 
Mexico. We include a surrounding buffer of equal area (colored areas outside solid 
line). Colors represent elevation in meters. (B) Projected present diversity. (C - J) 
Projected diversity 80 years from now modeled with increasingly greater scenarios of 
future climate change: (C - F) Plants cannot disperse. (G - J) Plants can disperse to all 
suitable areas. (C, F, G, H) Simulations based on the lower sensitivity PCM model. (E, 
F, I, J) Simulations based on the higher-sensitivity HadCM3 model. (C, E, G, I) Lower 
emissions scenario (B1). (D, F, H, J) Higher emissions scenario (A1FI). 
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2.2.2 Diversity change 

We created diversity maps by summing modeled species distributions as is 

commonly done in Gap analysis [56] and biodiversity studies [57]. We present Maxent 

projections from the 591 species with the most distribution data. Based on these 591 

species, we project present-day endemic diversity to peak at 340 species per km2, with 

the highest concentrations from southern Northwest California through most of Central 

Western California and in the foothills of the Sierra Nevada (Fig. 1B). These results 

correspond to previous descriptions of patterns endemic diversity in the California 

Floristic Province [58]. 

Our models yield projections of future diversity under a range of climate change 

scenarios (Fig. 3, C through J). We contrast scenarios where species cannot move — and 

so their ranges can only shrink (Fig. 3, C through F) — with those where species are 

allowed unrestricted movement to new areas that satisfy their climatic constraints (Fig. 

3, G through J). 

Under the highest level of climate change examined here (mid-high climate 

sensitivity and higher emissions, as represented by HadCM3 A1FI projections), with the 

assumption of no dispersal, we project peak diversity to drop as low as 247 species per 

km2 (Fig. 3, F). In contrast, under relatively low amounts of climate change (low climate 

sensitivity and lower emissions, as represented by PCM B1 projections), and allowing 

for dispersal (Fig. 3, G and H), diversity increases across extensive areas, particularly the 

northern coasts. As expected, the worst-case scenarios come from the higher sensitivity 

simulations (HadCM3: Fig. 3, E, F, I, J) compared to the lower sensitivity simulations 

(PCM: Fig. 3, C, D, G, H). Similarly, projections based on the higher emissions scenario 

(A1FI: Fig. 3, D, F, H, J) alter diversity more than those based on lower emissions (B1: 
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Fig. 3, C, E, G, I). Dispersal greatly buffers climate impacts on total diversity, as species 

gains may partially or wholly offset losses at a local level (Fig. 3, C-F vs. G-J).  

Across all scenarios, the general trend is that diversity shifts towards the coast 

and northwards. Coastal areas, especially Northwestern California and Central Western 

California, are presently rich in species. Even under significant climate change, they will 

continue to be so. In contrast, the foothills of the northern Sierra Nevada are extremely 

vulnerable to species loss. Under scenarios that allow dispersal, the areas that straddle 

the California-Oregon border also become rich in species — as expected from northward 

dispersal.  

2.2.3 Species movement 

Changes in diversity reflect the overall consequences of local extirpation and 

species dispersal. These patterns do not address the potential fate of individual species. 

For that reason, we also examined individual species fate in terms of projected 

geographic shifts in species’ mean elevation, range centroid, and percent change in 

range size. In high emission scenarios (A1FI) with dispersal, we project species range 

centroids to shift by an average of up to 151 kilometers.  

As one might expect, species tend to move to higher elevations and often 

northward. Interestingly, these trends result in divergent projections for elements of the 

flora. Given California's geography, movement to higher elevations often means taking a 

southward path. Figure 4A illustrates two representative species that presently have 

essentially adjacent ranges. In the future, we project their ranges to be widely separate, 

with one moving south to higher elevation regions of the Sierra Nevada, and the other 

moving north and towards the coast. Figure 4B illustrates the broader consequences, 

based on analysis of the centroids of the species’ ranges. They are ecologically dramatic. 

Within the six major regions, substantial numbers of species move in diametrically 
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opposite directions — typically north of northwest, and south of southeast. In the 

Cascade Ranges and the Sierra Nevada, species at high elevations tend to move south to 

higher elevations. Those at lower elevations, like those in other regions, are a mix of 

species, some of which move south and others that move north. 

The results shown here are for the largest projected changes in temperature 

(HadCM3, A1FI), allowing dispersal. We obtain similar patterns under lower projections 

of climate change and without dispersal (when species ranges can only shrink). In short, 

even relatively moderate projections suggest that climate change has the potential to 

break up local floras, resulting in new species mixes, with consequent novel patterns of 

competition and other biotic interactions. 
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Figure 4: Movement of species geographic centroids based on HadCM3 simulations 
using the A1FI emission scenario 80 years in the future and assuming species can 
move. (A) Two representative species that have adjacent present ranges (lighter 
colors) and are projected to move in opposing directions (arrows and darker colors). 
(B) Projected centroid movements for all species. Individual polar plots group species 
by the floristic region in which their centroid originates. Within each plot, species are 
grouped by the elevation in which their centroids originate. The magnitude of the 
directions represents the percentage of the regional flora moving in each direction. 

2.2.4 Range size change 

As in previous studies in Europe and southern Africa, we project both reductions 

and increases in range sizes, depending on the degree of climate change and the abilities 

of the species to disperse [34–35, 42–43]. Under scenarios without dispersal, we project 

that up to 66% will experience >80% reductions in range size. The magnitude of 



 

19 

variability in range size change forecasts is comparable with a recent study based on 

global vegetation modeling, rather than species-based models [59]. 

Figure 5 shows the geographic patterns of change in range size. Figure 5, A 

through D, maps the geometric mean of the changes in range size for species projected 

to occupy each pixel on the map, for scenarios with dispersal. The minimum mean 

decrease in range size is -58% in Central Western California in the HadCM3, A1FI 

scenario. The maximum mean increase in range size was +35% in the foothills of the 

Great Central Valley in the PCM, A1 scenario. We stretched the colors from -10% to 

+10% in order to show the majority of more moderate range size changes. 

Green areas are dominated by species with expanding ranges. Red areas harbor 

shrinking species; they are climate change refugia for the species that a future generation 

of biodiversity managers may classify as “threatened”. In the future, the lower 

sensitivity simulations (PCM: Fig. 5, A-B) project extensive areas dominated by species 

with expanding ranges, particularly the more Mediterranean PCM, A1FI scenario (Fig. 

5B). In these scenarios the southern Sierra Nevada and the mountains of Northwestern 

California harbor shrinking species. In the higher sensitivity simulations (HadCM3: Fig. 

5, C-D) these areas are joined by the coastal mountains of Northwestern California and 

Central Western California which are dominated by species projected to suffer range 

reductions.  

The red refugia in Figure 5 A-D combine species contracting into their current 

ranges and shrinking species dispersing into new areas. Figure 5 E through H maps out 

the gains (future diversity with dispersal minus future diversity without dispersal) of 

the quarter of the species undergoing the greatest range reductions. The potential for 

these areas to act as refugia depends greatly on whether species are able to disperse into 

them. 
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Figure 5: Future patterns of range size changes across increasing levels of climate 
change in which species can move. (A – D) Percent geometric mean change in range 
size (Future/Present from a <-10% decrease to a >10% increase).  (E – H) Diversity 
(number of species) of species gains for quarter of surviving species suffering the 
largest range contractions. (A, B, E, F) Simulations based on the lower-sensitivity 
PCM model. (C, D, G, H) Simulations based on the higher-sensitivity HadCM3 
model. (A, C, E, F) Lower emissions (B1). (B, D, F, G) Higher emissions (A1FI). 
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2.3 Discussion 

2.3.1 Model projections of diversity, range size, and species 

The projections of diversity change are comparable with other studies from 

Africa and Europe [34–35, 42–43]. As in these studies, model projections depend greatly 

on future climate simulations, emission levels, and dispersal scenarios. As in studies in 

the South African Cape, we found that species losses were disproportionately clustered 

in montane areas as opposed to lowlands [41]. We also project that these montane areas, 

particularly the coastal mountains, are where large number of species will persist. 

The magnitude of our range centroid shifts is similar to those reported for 

Eastern North American trees [39]. Kueppers et al. projected that the range centroids of 

the two California oak species they considered would shift northwards [29]. Likewise, 

Lenihan et al. projected broadleaf forests – which include oak woodlands – to move 

north into what are now chiefly coniferous forests [38]. We projected large numbers of 

species – including these oaks – to behave similarly to these prior projections as they 

expand into Klamath Mountains on the California-Oregon border and recede from the 

center of the state. This similarity is despite our use of climate simulations that project 

greater increases in temperature and decreases in precipitation than those used by 

Kueppers et al. Across the entire flora, however, we project that large numbers of species 

will shift south as they cluster around the coastal mountains of southern California. 

Kueppers et al. projected the two oak species ranges to contract. As reported by other 

flora wide studies [42–43], our projections of range size change vary greatly based on 

future climate simulations, emission levels, and dispersal scenarios. Under all scenarios 

explored here except the PCM simulation with A1FI emission levels, we also project the 

ranges of these two species of oak will contract. 
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2.3.2 Model uncertainty and performance 

The bioclimatic models implemented in this study make a number of simplifying 

assumptions that may bias the projections [60–61]. The models ignore several factors 

that would exacerbate the projected impacts of climate change. These include 

specialization to restricted soil types [62], the spread of invasive species [63], local 

adaptation of populations within species, and genetic constraints on evolutionary 

response to climate change [64]. On the other hand, resilience of established plants and 

seed banks [65], differing population responses at range margins [66], and adaptive 

evolutionary responses might mitigate the influence of climate change. Effects of 

wildfires, projected to increase in the future [67], are uncertain. Both climate change and 

uncertain changing land-use patterns will impact species distributions [68]. It is 

uncertain what the cumulative effect of these dual threats on species will be [6]. 

Preliminary modeling efforts to incorporate current and future land-use estimates 

showed that reduced habitat from increased urban and agricultural development led to 

further declines in projected diversity, but did not qualitative alter the outcomes 

presented here. 

A key simplifying assumption is the “equilibrium postulate” [69–70] that species’ 

current ranges are in equilibrium with their environment and there are no time lags on 

the influence of past climate on current species distributions [71]. While this may not be 

the case in parts of California where plant ranges are still responding to the post-glacial 

conditions, human induced climate change is projected to be far greater than post-glacial 

change. Thus, it is likely that species responses to human induced climate change will 

far outweigh any post-glacial response. Another concern is that if drivers not considered 

in these models are correlated with the climate data, we may wrongly attribute species 

distributions to climate tolerances. Furthermore, our models ignore the influence of 
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species interactions on plant ranges [72]. Exploring these simplifying assumptions 

represent important avenues for future research. 

 

As described in the materials and methods, we evaluate Maxent projections for 

the current time period using two widely-used statistics calculated from a set of 

evaluation specimens independent from the specimens used to train the models [50, 73, 

74]. While these evaluation methods indicate that the models performed very well, they 

do assume that models that predict current ranges well will also predict future ranges 

well. Recent studies have questioned this assumption [75]. Different models with 

equivalent current projections may project very different future ranges based on how 

those models interpolate new climate combinations not represented in the current 

climate data [76]. Likewise the evaluation procedure does not incorporate uncertainty in 

future climate projections or species dispersal. These sources of uncertainty may be 

significant when, as in the case of rainfall, the climate variables are particularly 

important determinants of plant distributions [77]. 

2.3.3 Management considerations 

These results present a sobering picture of the potential impacts of climate 

change on California's diverse and distinctive flora. The severity of projected impacts is 

closely linked to the magnitude of climate change.  That, in turn, depends crucially on 

human emissions of greenhouse gases over the next few decades. The projected impacts 

are also very sensitive to the potential rate of plant movement, and rapid dispersal could 

mitigate much of the impact on individual species and overall diversity. However, rapid 

movement by natural dispersal is unlikely on a century time-scale, except for weedy 

species with short generation time and highly dispersable propagules. Human assisted 

dispersal must be considered as a critical component of conservation and biodiversity 

management in the next century. 



 

24 

The results of this study present a dilemma for conservation planning in the face 

of climate change. Future diversity will likely peak along the coast and to the north of its 

present concentrations (Fig. 3). These areas are sensible priorities for conservation. Some 

areas of high diversity, however, will be comprised of species expanding their ranges, 

and these species may not represent important targets for conservation efforts. Areas 

that are projected to harbor species with shrinking ranges, on average (Fig. 5, A-D), 

include many mountainous areas scattered across the study area. We identify these 

areas as refugia that may disproportionately contain the most “threatened” species. 

These “future refugia” present valuable opportunities as conservation targets. They may 

protect significant components of biodiversity into the next century. The number of 

species projected to survive in these refugia (Fig. 5, E through H) depends critically on 

the ability to disperse, highlighting the importance of landscape connectivity and 

potential restoration in the face of increasing urbanization, land use change, and 

disturbance. 

2.4 Materials and methods 

2.4.1 Distribution data 

We compiled geo-referenced specimens from the Consortium of California 

Herbaria [52] (accessed April 27, 2008) for the 2068 endemic species with at least two 

specimens. The average number of specimens per species was 37 with a maximum of 

495. Of these 2068 species, 591 had at least 42 specimens (a minimum of 31 for model 

training and 11 for model evaluation).  

 

Additionally, we built range maps for each species from The Jepson Manual, 1st 

edition (TJM1) [23], a flora that provides distribution information for every vascular 

plant species found within the state of California. The Jepson Manual divides the 
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California Floristic Province portion of the state into 28 polygons called subregions. 

Experts recorded each species as present or absent in each subregion. In addition, 

experts assigned lower and upper elevation limits to each species. We hand drew the 

Oregon and Baja California portions of range maps for 508 species that range outside 

state of California with data from the Oregon State University Herbarium [78] and the 

Flora of Baja California [79]. The range maps, which we refer to as TJM1 range maps, are 

the intersection of the elevation limits and the subregion polygon using a widely used 

digital elevation model [80].  

 

2.4.2 Current climate data 

We created four largely independent climate variables to represent present 

climate, derived from average monthly mean temperature and monthly total 

precipitation from the 1 km resolution DAYMET 1980-1998 mean climate database 

(www.daymet.org) [82]. As DAYMET does not cover Mexico, baseline climate data for 

Baja California portions of the study area were derived from an1/8th degree climate 

baseline database. DAYMET and the 1/8th degree climate baseline database are both 

geographic interpolations of climate station data with two principle differences. They 

are interpolated at different spatial resolutions and the network of stations in Mexico is 

generally sparser than in the US. For each dataset, we averaged the same variables – 

monthly mean temperature and monthly total precipitation – across the same time 

period, 1980-1998 [83]. 

 

The four climate variables were the first two axes of two principal components 

analyses (PCA), one based on the 12 monthly mean temperatures and one on the 12 

monthly precipitations, respectively. We used the prcomp function in R to perform the 

PCA. The first two axes comprised 69% and 20% of the variation in monthly 
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temperatures and 48% and 21% of the variation in monthly precipitations. In each case, 

the first PCA axis approximated the magnitude (mean temperature and total 

precipitation) and the second axis the seasonality in temperature and precipitation. For 

each PCA, the two axes are orthogonal by definition. Correlations among axes between 

the two PCAs ranged from -0.53 to 0.40. Orthogonal PCA axes have two principle 

advantages. They optimally summarize month-to-month variation in climate, and they 

eliminate interactions among correlated variables. The disadvantage of PCA axes is that 

they can be difficult to interpret. We selected the two independent PCAs, rather than a 

single PCA across all climate variables, to balance ease of interpretation of temperature 

and precipitation with the statistical advantages of working with largely orthogonal 

variables. 

2.4.3 Maxent models 

For each of the 591 best known species, we used Maxent (version 2.3) [51] to 

model habitat suitability from the four climate variables. We used the default 

convergence threshold (10−5) and maximum number of iterations (500) values. We 

withheld 25% of the specimens for model evaluation. We let Maxent select both suitable 

regularization values and functions of climate variables automatically, which it achieves 

based on considerations of sample size. Maxent outputs a continuous index, ranging 

from 0 to 100, an indicator of relative suitability for the species, based on the principle of 

maximum entropy, as constrained by the input occurrence data. Choosing an 

appropriate threshold must balance errors of commission and errors of omission. We 

used the widely adopted method of thresholding the point on the reciever operating 

characteristic curve where the sum of the sensitivity and specificity is maximized (see 

below). 
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2.4.4 Maxent model evaluation 

We used the test specimens to evaluate the performance of the Maxent 

projections using two widely used statistics that are recommended when evaluation 

absences are unavailable. The first was the area under the receiver operating 

characteristic curve [83] modified for use with a presence only test data [30]. This 

statistic measures model performance by plotting the sensitivity values – the true 

positive fraction of test points –  against 1-specificity – the false-positive fraction for all 

available probability thresholds [72]. The average value of the statistic, which can range 

from 0.5 (random) to 1.0 (perfect discrimination) was 0.95. 

 

The second statistic was prediction success, the percentage of positive evaluation 

occurrences correctly classified as positive [50]. This statistic is threshold dependent and 

uses the binary distributions. The average prediction success was 0.93.  

 

Despite being statistically defensible, the chosen thresholds produced diversity 

maps that exceeded the diversity calculated from the TJM1 range maps. Since range 

maps are known to overestimate range size by over interpolating patchy species 

distributions [57], range map derived diversity should provide an upper-bound on 

diversity estimates. This serves as a reminder that distribution modeling with presence 

only data is inherently qualitative [84-85]. We caution against over interpreting the 

magnitude of the biodiversity projections.  

2.4.5 Future climate data 

The future climate simulations are from the U.K. Meteorological Office Hadley 

Climate Centre Model version 3 (HadCM3) [45-46] and the DOE/NCAR Parallel Climate 

Model (PCM) [25] general circulation models (GCMs). We used these simulations to 
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generate projections of future changes in temperature and precipitation over the region 

of interest. HadCM3 is a mid-high sensitivity model that produces a greater temperature 

response to a given amount of greenhouse gas emissions than does PCM, a low-

sensitivity model. To project future emissions from human activities, we used the SRES 

higher (A1FI) and lower (B1) emissions scenarios that capture to some extent the 

uncertainty in future climate due to human decisions [44], with CO2 emissions ranging 

from slightly less than present-day levels up to four times present-day levels by 2100. 

Our climatological future time period represents 80 years (average of 2070-2099) from 

now.  

The HadCM3 and PCM simulations project increases in mean annual 

temperatures averaged across the state of California of 2.3-2.2oC under B1 and 3.8-5.8oC 

under A1FI by 2070-2099. The models also project increases in the magnitude of seasonal 

temperature differences in most areas. Rainfall predictions are more variable among 

models. Changes range from decreases of 157mm to increases of 38mm of total annual 

precipitation. Within the United States, the global climate outputs were statistically 

downscaled to 1/8th-degree resolution [75]. Slight discontinuities along the US-Mexico 

border result primarily from downscaling discrepancies in precipitation estimates. From 

these data, we obtained four near-term and four long-term future climate scenarios by 

adding the differential between future time periods and the baseline time period for 

each model and emission scenario to each current monthly baseline climate map. Future 

climates were then projected into the two PCA spaces as passive variables to obtain 

future values for the four axes representing temperature and precipitation. 
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Chapter 3: Fences and artificial water distort elephant 

movments across wet and dry savannahs 

3.1 Introduction 

We seek effective conservation and management strategies for the African 

savannah elephant (Loxodonta africana), a species exterminated from much of its large 

geographical range [86], yet paradoxically sometimes considered too abundant 

elsewhere [87]. Across its range, the climate of the African woodlands and savannahs 

varies both geographically and seasonally [88]. Water resources are patchy — both 

spatially and temporally. To survive, elephants must move large distances to specific 

places at specific times [89]. We might expect behavior to vary greatly geographically. 

Here, we explore these interactions using telemetry data from 73 African elephants 

distributed across 7 southern African countries. We use data from four satellite borne 

sensors to remotely sense precipitation, temperature, Enhanced Vegetation Index (a 

measure of green vegetation), and permanent water across this remote and difficult to 

access landscape. We address two sets of issues. First, we attempt to characterize 

elephant movements both seasonally and across the study area. We compare their 

activity, the area they explore, and their density. We ask how movements from the same 
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elephant differ from year-to-year. We characterize within day movements. We consider 

issues of vegetation choices elsewhere (Chapter 4). 

Second, we ask whether the two major human modifications to the landscape — 

artificial water and fences — influence elephant movement and landscape preferences 

and, if there are, what are the consequences.  

3.2 Materials and methods 

3.2.1 Data sources 

We used data from two classes of information: the locations of elephants — 

“fixes” — and remotely sensed data on temperature, rainfall, and landscape greenness. 

Different satellites provided these data every few days, at most, and often daily. In 

addition, we used selected Landsat images with extensive ground-truthing to locate 

fences, agricultural fields, and permanent water.  

3.2.1.1 Elephant collaring 

We placed telemetry collars on elephants from 12 sites across 7 countries. 

Telonics (Mesa, Arizona, USA) built the first 9 collars we used and employed the Argos 

system to obtain fixes and offload data. The Maputuland elephants carried these pilot 

collars. The remaining collars were GPS collars build by Africa Wildlife Tracking 

(Pretoria, South Africa) that uploaded the location data to geostationary satellites 
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approximately daily. All elephant handling operations were conducted under permit 

from the relevant conservation organization and the animal ethics committee of the 

University of Pretoria (permit number AUCC-040611-013). 

All fixes from the Argos collars with location errors greater than 350m were 

excluded. The standard deviation of the fixes from the GPS collars was 50 meters. This 

error is small in comparison to the average distance between adjacent points and the 

250-meter pixel size of most of the remotely sensed imagery. 

3.2.1.2 Remotely sensed data 

 (1) Landsat. Landsat 7’s sensor, the Enhanced Thematic Mapper (ETM+) supplied 

cloud-free images of our study area from the year 2000 (plus or minus a few years [90]. 

We downloaded these images from the Global Land Cover Facility 

(glcf.umiacs.umd.edu). The spatial resolution of these images is 15 m for panchromatic 

and 30 m for colour. 

We used these images to locate fences, fields, and permanent water. Over the 

years of this study, we visited each site several times to geo-reference examples of these 

features.  

(2) MODIS Vegetation Index. The Moderate Resolution Imaging Spectrometer 

(MODIS) provides a 16-day summary of an Enhanced Vegetation Index, EVI, a measure 

of the greenness of the landscape [91]. Studies suggest EVI discriminates high biomass 
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habitats (such as the woodland of our study areas) better than does the related 

Normalized Difference Vegetation Index (NDVI) [92]. The spatial resolution of these 

images is 250m. We compiled 158 of these images from February 2000 to January 2007. 

For each year, there are 23 composite images.  

Each image has an associated mapping of data quality that, inter alia, indicates 

when clouds degrade the EVI quality. When each pixel has the maximum data quality 

— the great majority of the pixels in each image on any given date — we use its EVI. 

When the data quality falls below this, we weight each pixel with a weighted average for 

that pixel on that date in the other 6 years of the study. For a pixel with very poor 

quality, the value used would be close to the long-term weighted average.  

(3) MODIS temperature. MODIS also provides a Land Surface Temperature and 

Emmisivity 8-day composite. It provides two measurements — the 8-day averages of 

temperature at approximately 10am and midnight. These maps also provide measures 

of data quality and we processed them in exactly the same way as for EVI. 

(4) TRMM Rainfall. Tropical Rainfall Monitoring Mission (TRMM) measures 

tropical rainfall every three hours on a scale of 0.5 degree spatial resolution, (~55 km, for 

the areas we consider) [93]. We sum these data to provide daily rainfall totals.  
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3.2.2 Within-day movements 

To calculate the distance moved per hour, we required two observations within a 

short interval [94]. A small subset of the fixes had times between 15 minutes to 105 

minutes apart (one hour ± 45 minutes). Such frequent sampling was deliberate, 

constrained by battery life, and done to assess within day habitat choices of ambient 

temperatures for selected locations and seasons [95] . For an elephant to qualify for our 

within-day analyses, it had to have a minimum of five such pairs of fixes for each, and 

every one, of the 24 one-hour intervals in a day. Some 31 elephants met this criterion, 

and the average number of fixes for each hour was 18. 

By design, these fixes were concentrated in October and November in Khaudom, 

Kafue, and particularly Ngamiland — at the end of the dry season at these relatively dry 

sites — and in December at South Luangwa, North Luangwa, Kasungu, and Vwaza, the 

wet season at relatively wet sites.  

3.2.3 Movements over longer times 

We used four statistics to summarise elephant movements of a day or more. (1) 

We call the distance moved between fixes 24 ±2 hours apart, “displacement.” (2) “Area” 

is the root-mean square displacement of all points in overlapping 45-day windows from 

their centroid — essentially the radius of movement. The interval is arbitrary, balancing 

the need to a sufficient sample of days and the need to follow seasonal changes. The 
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units, in meters, are comparable with the previous measure. (3) We measure “fidelity” as 

distance from the centroid of elephant fixes over a 10-day interval to the centroid of 

elephant fixes over a 10 day interval a year later. Again, 10 days is arbitrary, but a small 

interval is required to avoid confounding with potential long distance movements over 

the long-term. (4) We measure “density” as how often elephants visit an area of fixed 

size within a season. All these measures are closely correlated, though individually they 

provide somewhat different perspectives into elephant movements. 

3.2.4 Statistical issues 

A singular feature of our analysis is its geographical extent. Our objective is not 

to draw inferences about elephant movements at a particular location, but across many. 

We have the large sample sizes to allow this. For example, one might conclude that an 

elephant at one site moved more day-to-day in the dry season than in the wet season. 

Such inferences require a statistical model of that single elephant’s movements, which is 

not a trivial task [96]. In our case, we want to know about the typical behaviour of (say) 

68 elephants. If suffices to know — simply! — whether each elephant moved more or 

less in the wet than in the dry season. Then, we employ a sign test. That is, we calculate 

the binomial probability (to anticipate our first result) of 53 elephants moving less in the 

dry season and 15 moving more, given the null expectation of equality. By analogy, we 

ask what would be the probability of getting 53 or more heads and 15 or fewer heads 
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from tossing 68 coins. In this case, the excess of elephants moving less in the dry season 

is significantly different (p < 0.0001) from the expectation of the numbers being equal.  

In other analyses, we likewise use the measure of an individual elephant as the 

basic datum and draw conclusions about ensemble patterns across elephants, not on 

individual elephants themselves.   

Throughout, we repeated all analyses excluding the small number of bulls. None 

of the results were significantly different, as is obvious from inspecting our figures. We 

caution that the small number of bulls prevents a formal comparison — only that 

including bulls does not alter our results.  

3.3 Results 

3.3.1 Results 1: Study sites 

Figure 1 shows the spatial extent of the study. It is a large “T” stretching 2500 km 

across southern Africa eastward from the hot, arid deserts of Namibia, over the Zambezi 

watershed, and into the cool moist mountains of Malawi. The bottom of the “T” grades 

into the sand forests of South Africa and Mozambique poised on the edge of the Indian 

Ocean. The background of figure 6 is a TRMM composite of total annual precipitation. 

The reddest areas receive <5 cm rain annually, while the bluest areas receive nearly 2 

meters annually.  
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Figure 6: The spatial extent of the study area. Black points indicate individual 
elephant fixes. Gray polygons represent selected protected areas. The background is 
remotely sensed total annual precipitation ranging from low (red) to high (blue). 

For simplicity, we call this collection of ecosystems “savannahs,” except when 

we need to distinguish particular habitats. We note that they range from dry forests, 

with a closed canopy and some trees losing their leaves seasonally, through seasonal 

woodlands (with open canopies), to areas that bushes dominate, to open habitats with 

few trees at all. Of course, we will notice differences in rainfall, and refer to “dry” and 

“wet” savannas, as do Sankaran et al. [88]. 
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Each panel of figure 7 summarizes data from a single site. The red band 

encompasses daily temperature fluctuations. The top of the band is the 10 am 

temperature averaged across all the pixels with one or more elephant fixes. The bottom 

of the band is the corresponding midnight temperature. Using only pixels with elephant 

fixes excludes lakes, steep slopes, large open pans (such as that at Etosha National Park) 

where temperatures may be exceptional. Rainfall events are in blue and the green lines 

show EVI; both again reflect only locations with elephant fixes.  

 

Figure 7: Temporal trends in temperature, rainfall, and greenness across the study 
sites. The top graph of each panel has three features, temperature range (red band), 
EVI (green line), and rainfall (blue points). The green and orange rectangles delineate 
wet and dry seasons. The bottom graph of each panel shows the elephant fixes at each 
site where each row represents an elephant. 
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The pale green vertical rectangles represent the extent of the wet season, which 

we define as the period in which 95% of annual precipitation occurs. Most of the sites 

have a long dry season. In Etosha, for example, most of the rain falls in only four months 

of the year. In contrast, the two sites influenced by the Indian Ocean (Limpopo and 

Maputuland) have only a couple of months without rain.  

In figure 6, the black points are 71370 individual elephant fixes from 73 elephants 

collared in 12 sites. We collared from 2 elephants in the Nyika Plateau to 10 in 

Ngamiland and Kafue National Park (Fig.6). Most of the collared elephants were cows 

and their spatial activities are proxies for those of the breeding herds to which they were 

members. We collared 14 bulls.  

In figure 7, the black vertical lines near the bottom of each panel show the dates 

of each elephant fix at each site. Each row represents an individual elephant. We tracked 

each elephant for an average of 654 days and 978 fixes. We excluded five elephants that 

had fewer than 250 fixes or were tracked for fewer than 250 days. The majority of fixes 

were separated by 8 hours followed by separations of 24 hours. The mean separation 

was 15 hours with a few larger intervals up to 685 hours. By the end of the study, 16 

collars were still providing data.  
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3.3.2 Results 2: Inter-annual, seasonal, and within-day movements 

3.3.2.1 The basic representation of movement 

The basic representation of elephant movements consists of connecting fixes 

mapped onto a background of relevant ecological variables. To do this, we often colour-

code the lines formed using the “colour” — EVI value — of the landscape over the 

interval on which the satellite measured it. We calculated those EVI values only across 

those pixels that have one or more elephant fixes.  

Figure 8 shows two examples of the paths of elephants from Ngamiland, 

Botswana – a relatively arid landscape — and Kasungu National Park, Malawi — a 

relatively moist landscape. For comparison, we chose only three exemplars of the 10 

collared elephants Ngamiland.  

The paths connect fixes separated by approximately 24 hours (±2 hours). The 

colour of the movement path reflects the average EVI of the background at that point in 

time, as explained above. Thus, green lines indicate that those movements occurred 

during the wet season, and orange lines indicate that the movement occurred during the 

dry season.  
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Figure 8: The movement paths of three elephants (one male and two females) at each 
of two sites. The map on the left is Ngamiland, Botswana. The map on the right is 
Kasungu National Park, Malawi. The color of the path indicates the average EVI of 
the background through time. Blue, pink, and red features are permanent water, 
agricultural fields, and fences respectively. The grayscale background is average EVI. 

At Ngamiland, elephants have a distinct migration. During the dry season, 

elephant fixes are within 20 km of the water the Okavango River provides. We know 

from limited data involving hourly elephant fixes (see below) that the elephants drink 

near midnight at the river then walk inland to feed. Elephant densities are relatively 

high here — we completed an elephant survey by helicopter in the dry season of 2004 

and counted 1500 elephants over 300 km2 [97]. Likely, these elephants must travel well 

away from the water each day for food. When rains begin, the elephants move well 

away from the river and some approach the fence that prevents their crossing into 
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Namibia in the north and a game fence that prevents their moving further to the east. 

The transition from dry to wet season is abrupt, and elephants move away from the 

river as soon as good rains begin. From wet to dry season the vegetation changes appear 

more gradual. The elephant changes are even more marked than with the onset of rains. 

Elephants return to the river from areas almost 100 km away within two days. This is 

likely a response to the drying of seasonal water sources far from the river.  

Movements at Kasungu are also seasonal, but not so obviously, and on a very 

much smaller scale.  

3.3.2.2 Summaries of overall movement patterns 

Figure 9a shows mean displacements for 68 elephants plotted against total 

annual precipitation. Elephants in drier places move more on average than those in 

wetter ones (p <0.001).  

Elephant movement also varies seasonally. Figure 9b plots dry season against 

wet season mean displacements for 68 elephants for which we have both wet and dry 

season data. Some 53 elephants fall above the 1:1 line (green half), that is, they move 

more in the wet season compared to 15 that do not (sign test p < 0.0001).  

The difference between wet and dry season displacements did not vary with 

annual precipitation. (p = 0.925). 



 

42 

 

Figure 9: The mean annual displacement for the 68 elephants with sufficient data 
plotted against total annual precipitation. (b) Wet season mean annual displacement 
plotted against dry season mean annual displacement. The 53 elephants with larger 
wet season displacements are in black, the 15 with larger dry season displacements 
are in red. Triangles indicate bull elephants. 

The second measure estimates the “area”  traversed in a 45-day period. Figure 5 

shows an example from Kafue National Park — a single elephant. To show the 

calculation, figure 10a plots two 45-day windows one in the dry season (orange) and one 

in the wet (green). For each window, we calculate the centroid — the mean coordinate 

(shown as orange and green points in figure 5a). We then calculate the root mean square 

of the distances between each of the fixes and this centroid. One can image this as the 

radius of a circle equivalent to the area explored over the 45-day period. Gaps in the 

data can erroneously decrease the root mean square displacement. We excluded all 

windows with gaps of 5 days or more.  

Figure 10b shows these “areas” over time. The overlapping 45-day windows are 

in grey and the dry season and wet season example windows in orange and green 
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respectively. In the dry season, this elephant explored an area equivalent to one with a 

radius of 12 km, whereas in the web season it was nearly twice that radius (and so 

nearly four times the area).  

Figure 10c shows that like displacement, mean area decreased as precipitation 

increased. Importantly, the seasonality of the areas (mean wet season minus mean dry 

season) decreases significantly with precipitation (Fig. 10d). The slope in the linear 

model is significant at p<0.01. The slope is still significant even with the removal of the 

most extreme point (p<0.05). 
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Figure 10: Estimates of area traversed by an elephant. (a) The path of a single female 
elephant from Kafue National Park. The orange lines converge from all points in a 45-
day window during the dry season on their centroid. The green lines converge from 
all points in a 45-day wet season window. (b) The y-axis is the root mean square 
distance of all points in a 45-day window or the “area”. The windows are plotted in 
gray. The black line is a moving average. The dry and wet season example from the 
previous graph are shown in orange and green respectively. (c) The log “area” plotted 
against average total annual precipitation for each elephant. (d) Seasonality in “area” 
(wet season minus dry season) plotted against precipitation. Triangles indicate bull 
elephants. 

We have a caveat. Fences and water holes limit he distances moved by elephants 

and the areas they cover— as we shall show presently. We return to discuss whether 

these factors alter the conclusions we have just made in the Discussion.  
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Figure 11 deals with year-to-year fidelity. Figure 11a shows two elephant paths 

averaged over 10 day windows from two years (2005 and 2006) for a single individual 

elephant, in Lower Zambezi National Park in Zambia. Each path comprises arrows 

representing 10-day windows. Both paths start on Jan 5 (Jan 1 – Jan 10) and end on Aug 

2 (Jul 28 – Aug 7). We have data for the last months of 2005, but not 2006, so we use 

these dates to make the results comparable. The wet season windows are coloured green 

and the dry season windows are coloured orange. The mean distance from identical 

windows across years – for example Jan 5, ‘05 and Jan 5, ’06 – is the Inter-annual 

displacement. Small inter-annual displacements mean an elephant is more faithful to a 

given location among years. 

This figure 11b shows the results for all elephants. The x and y axes show dry 

season and wet season average inter-annual displacements respectively. Some 42 out of 

54 elephants have larger average inter-annual displacements in the wet season. That is, 

an elephant is typically more faithful to its dry season range than its wet season range. 

The binomial probability of this occurring by chance is small (p<0.0001). Figure 11c plots 

these inter-annual displacements against mean annual precipitation. Inter-annual 

displacements are smaller in sites with higher rainfall. Displacements decrease as 

precipitation increases. 
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Figure 11: A simplified path from a female elephant from Lower Zambezi National 
Park from January 5th to August 2nd for 2005 and 2006. The path is smoothed by ten-
day averages. (b) The average inter-annual displacement among years in the dry 
season plotted against the wet season for 54 elephants. A significant number of 
elephants have larger interannual displacements in the wet season (c) Inter-annual 
displacement separated by season plotted against mean annual precipitation. 
Triangles indicate bull elephants. Green and orange represent wet and dry seasons 
respectively. 



 

47 

3.3.2.3 Within-day movements 

The within-day movements from 20 of the elephants took place under relatively 

dry conditions (<5 mm/day). Movements from the remaining 11 elephants occurred 

under considerably wetter conditions (>5 mm/day). The differences are partly between 

wet and dry sites, but time of year also played a role – the movements from wetter sites 

also occurred at wetter times of years. 

Figure 12a shows the average displacement (meters per hour) calculated from 

hourly-movements grouped by the 20 dry condition elephants (orange line) and the 11 

wet condition elephants (green line). Figure 12b shows the average temperatures for the 

2 groups. Bars are ± one standard error. 
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Figure 12: (a) Within-day displacements by hour grouped by dry condition elephants 
(orange line) and wet condition elephants (green line). (b) Temperature by hour 
grouped by dry condition elephants (orange line) and wet condition elephants (green 
line). Bars indicate ± 1 standard error. 

Elephants are consistently least active during the middle of the day and night 

and peak in activity at dusk and dawn. Elephants under dry conditions are considerably 

more active at night and but considerably less so during the middle of the day when 

temperature peaks. Their dusk activity peak is also delayed and tapers into the night. 

Because an elephant path is not straight, the total distances elephants travel 

accumulate faster than their displacement. Figure 13a shows hourly-movement data for 

a typical elephant path from Kafue National Park. The path lasts five days. The colour of 
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the line indicates the time of day that the movement occurred. The looping behaviour 

shown here is typical. It results from a relatively straight path from noon (pink) to 

midnight (light blue), then a sharp turn, and a relatively straight path back.  

There are 271 elephant uninterrupted 24-hour long elephant paths beginning at 

noon from 31 elephants. Figure 13b shows the average cumulative distance travelled 

from these paths (dashed line). The solid line is the displacement from the first fix of the 

path (noon). Unlike distance travelled, the displacement is variable. Its pattern results 

from the looping behaviour described above. Displacement peaks at night (blue 

rectangle) and then stays relatively constant as the elephant turns and heads in a new 

direction. Figure 13c groups the elephant paths by wet (orange line) and dry (green line) 

conditions as described above. Under dry conditions, elephants travel more overall, but 

the shapes of the curves are similar.  
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Figure 13: (a) A five-day long path of hourly movement data from a single elephant in 
Kafue National Park. Arrows indicate the direction of the path; color indicates time of 
day. The black areas are a lake, the darker grey areas are a dambo, while the lighter 
gray areas are woodlands (b) The average cumulative distance traveled (dashed line) 
and displacement (solid line) for 271 paths beginning at noon and lasting 24 hours for 
31 elephants. The blue rectangle indicates night. (c) The average cumulative distance 
traveled (dashed line) and displacement (solid line) grouped by dry (orange line) and 
wet (green line) conditions respectively. Bars indicate ± 1 standard error. 
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3.3.3 Results 3: Human impacts 

3.3.3.1 The effects of natural and artificial water  

Figure 14a shows the movement paths of all ten elephants from Ngamiland. 

(Figure 8 showed only three exemplars.) Figure 14b shows the average distance the 

elephants are from permanent water over time. During the dry season, elephants are 

tethered to the permanent water of the Okavango River. At the driest periods, their daily 

average is less than 10km from the river. (In the wet season, they average 30 to 50 km 

from the river. The occasional wet season trips to the river are in May, when the maize 

crop is ready for harvest, and may be associated with crop raiding  

Figure 14c shows hourly-movement data from Ngamiland during the dry 

season. The elephants are closer to water at night (light blue lines). Indeed, they are 

closest of all at midnight. They are furthest near the middle of the day, roughly 20km 

from water — meaning a 40km round trip daily. Obviously, selected daily observations 

at random times would suggest the average of 10km from water that we have already 

noticed.  
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Figure 14: (a) Movement paths of 10 elephants at Ngamiland. The color of the path 
indicates the mean EVI when the movement occurred. The dark blue represents 
permanent water. (b) Distance from permanent water averaged across all the 
Ngamiland elephants plotted over time. The color of the line is the mean EVI. The 
vertical rectangles delineate the wet and dry seasons. (c) Hourly-movement data from 
6 elephants in Ngamiland. Color indicates time of day. Nighttime fixes — light blue 
lines — are concentrated near water. 
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Figure 15 shows the mean distance from permanent water for all fixes. In 

general, elephants are much nearer the water at night in the dry season. (Note, that we 

have hourly data for only a few sites and for few months at those sites: see Methods.) In 

the wet season, the pattern is a much weaker one and, in any case, shows the distance to 

known permanent water sources. The elephants are likely even closer to seasonal 

sources that we cannot detect.  

 

Figure 15: Mean distance from permanent water by hours of a day across all elephant 
fixes within 20-km of permanent water grouped by dry (orange) and wet (green) 
conditions. Blue bars indicated night. 

Figure 16 shows elephant movement in Khaudom Game Reserve. The only 

natural year-round water is at north of the reserve. Even this source often dries out, 

forcing the elephants to dig with their trunk to extract water.  
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From the Ngamiland results, one might expect the Khaudom elephants to be 

restricted to within 10km of this ephemeral source. If so, the addition of artificial 

waterholes has greatly increased the dry season range of elephants in this reserve.  

 

Figure 16: Movement paths from 6 elephants at Khaudum Game Reserve. The blue 
broken line indicates a semi-permanent stream. The blue points indicate artificial 
water boreholes. Red lines are fences and pink features are agricultural fields. 
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The pattern of being close to water is general. Across all sites, of more than 

34,000 dry season elephant fixes, 71% are within 5km of a known water source, and 93% 

within 15 km. The only other site with extensive waterholes is Etosha National Park, 

where the patterns are similar. 

3.3.3.2 Density and the role of fences  

Fences are often the other major factor constraining elephant movement [98]. In 

figure 16, the Botswana Namibia border fence at the eastern edge of the area appears to 

strongly limit the eastward movements of elephants. Do fences influence elephant 

densities across a landscape? 

Figure 17a shows a single elephant movement path from Etosha National Park. 

The red line is a fence that encloses the park. As before, the colour of the line indicates 

the greenness of the landscape – green lines represent wet season movements, orange 

lines represent dry season movements. The blue points are water holes while and the 

red line is a fence. Figure 17b plots the distance to the fence over time. During the wet 

season, the elephant movements concentrate near the fence.  
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Figure 17: (a) The path of a female elephant from Etosha National Park. The color of 
the line indicates the mean EVI of the landscape when the movement occurred (see 
figure 3.) The red line is the Etosha National Park boundary fence. (b) The path of the 
same elephant over time. The y-axis is distance from the fence. The red bar indicates 
distances <15 km the blue bar indicates distances >=15 km. (c) A plot of the 1 to 2 
count ratio for wet season (green) and dry season (orange) for each elephant (see text 
for details). Densities are greater when the ratio is higher (slope is steeper). (d) The 1 
to 2 count ratio for <15 km from a fence (red) and >=15 km from a fence (blue) for each 
elephant during the wet season. Triangles indicate bull elephants. 

Does density change as elephants approach fences? We quantify densities across 

a landscape and first ask whether they differ seasonally, for we know that elephant 
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movements different markedly between wet and dry seasons. Then, for the wet season, 

we can ask whether the proximity to fences modifies density. (In the dry season, 

elephants are closer to permanent water, which in our study sites are more than 15 km 

from fences.)  

To calculate elephant density, we created a 1 km2 grid over each site. Within each 

grid cell, we counted the number of elephant fixes that occurred in a 45-day long 

window. Frequent fixes would inflate density estimates, so we used fixes separated by a 

minimum of 22 hours, i.e. just less than a day. Conversely, gaps in the data artificially 

decrease the density, so we excluded all windows with gaps of five days or longer.  

The distribution of elephant fixes within grid cells is likely to be a standard, 

sampling distribution, of which the Poisson process is the simplest. The Poisson has a 

single parameter, λ, that is normally estimated by the mean of all the outcomes — 0, 1, 2, 

etc elephant fixes per grid cell, in our case. The problem is that the observed 0 outcomes 

are seriously inflated by cells where elephants are never likely to visit because of 

unsuitable habitat. An alternative estimate of λ comes from noticing that the expected 

number of observations of one per cell divided by two per cell is 2λ. Put simply, the 1-

to-2 count ratio gives an estimate of density (twice λ) using only observed cells.  

We calculated the 1-to-2 count ratio separately from the average of dry season 

and wet seasons. Figure 17c plots these ratios for each elephant. The slope is indeed 



 

58 

significantly steeper (p<0.0001 ANCOVA) for the dry season points indicating that the 

elephant movements are denser during the dry season. These results are consistent with 

displacement and area results, which are correlated with density (see figures 4 and 5). 

Figure 17d tests whether elephant movements become denser when closer to 

fences. Here, we compute the 1-to-2 count ratio separately for fixes >=15 km from a fence 

and those <15 km from a fence. For each elephant, the red points are counts near fences 

and the blue points are counts far from fences. The slope is significantly steeper 

(p<0.0001 ANCOVA) for the points closer to the fences indicating that elephant’s wet 

season movements become denser when they are close to fences. 

3.4 Discussion  

Elephant movements are known to be complex and seasonally variable [89-100]. 

Nonetheless, we find consistent patterns across a large gradient of environmental 

parameters. Elephants consistently move more (Fig. 9) and cover more area (Fig. 10) in 

the wet season than the dry season. From year-to-year they are more faithful to their dry 

season ranges than their wet season ranges (Fig. 11). Elephant activity is primarily 

crepuscular (Fig. 12). In the dry season they move more at night than midday. The 

converse is true in the wet season. 

There is a large precipitation gradient across this study from the arid west to the 

wetter east. In both seasons, elephants from drier savannahs move more and cover 
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larger areas than individuals from wetter areas (Fig. 9). In wetter sites, the seasonal 

differences in area covered decrease (Fig.10). 

Human actions modify these general patterns. Artificial water holes act by 

increasing the dry season range available to an elephant (Fig. 16).  

The erection of fences acts on wet season range in two ways. First, fences act as 

barriers to movement and so might shrink wet season ranges. Whether they do so 

remains unclear in the absence of carefully controlled experiments. Second, elephants 

are denser during the dry season than the wet season. Importantly, their wet season 

ranges are denser near fences than away from them. Fences increase the local density of 

an elephant’s wet season range (Fig. 17). 

3.4.1 Ranging patterns 

Elephant movements reflect southern Africa’s highly seasonal climate. During 

the dry season, elephants are tethered to permanent water supplies [101-102]. The 

distribution of this water varies, but in wet savannahs it can be extensive. In dry 

savannahs, it is generally more concentrated. Addition of artificial water supplies can 

change that, of course. With the onset of summer rains, ephemeral water supplies 

appear across the landscapes allowing elephants to venture out in search of food [103]. 

Other studies have noted that the formation of large herds often occurs during the wet 

season [104-105]. But interestingly, individual ranging patterns are decidedly more 
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nomadic during this season and less consistent from year-to-year than dry season 

ranging patterns around permanent water. 

This picture is consistent throughout the study area, but changes along the 

strong dry-to-wet gradient. Elephants from drier landscapes move more on average and 

in each season, when compared to those in wetter landscapes. Presumably, it is the 

higher density of elephants in drier areas compounded with sparser vegetation that 

compels these elephants to move more. We notice that during the dry season, elephants 

in dry savannahs move more than do those in wet savannahs. This is despite their need 

to be close to permanent water. The necessity to stay close to water is compromised by 

their search for scarce vegetation [106-107]. 

Importantly, the relative differences in ranging patterns in wet and dry seasons 

decreases in wetter savannahs. In dry savannahs, the areas covered by movements in the 

wet, summer months are far greater than those in the dry season. In wetter savannahs, 

the areas covered are more similar across the seasons. 

Interestingly, the relative differences in wet and dry season displacements do not 

change along the rainfall gradient. Across the study areas, elephants are always more 

active during the summer months. This is likely because the necessity for dry savannah 

elephants to stay close to water during the dry season while searching for scarce 

vegetation inflates their activity without increasing the area they cover. In fact, when 
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water is scarce, elephants spend much of their time travelling large distances between 

water and vegetation. In contrast to other studies, we did not find any significant 

differences in the ranging patterns of male and female elephants [107-109].  

3.4.2 Artificial water 

The influence of artificial water holes on dry season ranging patterns is profound 

[103,110-111] and effects their vulnerability to predation and diseases [112-115]. 

Khaudom Game Reserve in Namibia probably originally lacked enough permanent 

water to support elephants during the dry season [116]. Elephants would have 

wandered into Khaudom during the wet season or, during wet years, occasionally over 

wintered on the Ncamasere and Cwiba rivers. Since then, artificial water holes have 

made extensive dry season ranging possible. Because elephants are more faithful to their 

dry season range than their wet season range, this dry season presence has a more 

consistent footprint on the land than the more nomadic wet season footprint does. 

Together, artificial water and fences decrease the differences between dry and 

wet season ranging patterns. They do this by increasing area of dry season ranges and 

increasing the density of wet season ranges — at least along fences — respectively. 

Because these human modifications are more prevalent in the drier landscapes explored 

here — both artificial water holes and veterinary fences — elephant behaviour in these 
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dry landscapes is becoming increasingly similar to the behaviour of wet savannah 

elephants.  

A caveat: we used the same data to determine elephant movements across these 

landscapes — a process that assumes those movements are natural — as we did to 

examine the influence of artificial water and fences. Does this involve some kind of 

circularity? Notice, that the gradient in movement patterns across the landscape persists 

despite the present degree of modification, we can only assume that the gradient was 

stronger in a more natural state. 

We have characterized movements in wet and dry seasons and how artificial 

interventions of water holes and fences modify these movements.  It remains to ask how 

these movements relate to the choice of vegetation between seasons and between 

locations and how those interventions might change the choices.  We defer such 

considerations to the following chapter. 
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Chapter 4: Elephant seasonal vegetation preferences 

across dry and wet savannahs  

4.1 Introduction 

Elephant movements unfold across very large spatial and temporal scales 

(chapter 3). Their movements vary both seasonally and geographically. In dry 

savannahs, elephant movements are constrained for much of the dry season. Human 

modifications such as artificial water holes and fences can disrupt these movements.  

As elephants move through the landscape, they feed on vegetation. Here, we 

attempt to characterize how elephants seasonally exploit vegetation across these large 

spatial scales. We compare 73 elephants across a broad precipitation gradient stretching 

across 7 countries. Specifically, we compare the landscapes elephants occupy in terms of 

their bi-monthly Enhanced Vegetation Index, their long-term average greenness, 

seasonal variability, and type of vegetation.  

We wish to understand what sorts of vegetation elephants select and whether 

these preferences vary seasonally and geographically. To do so, we ask three questions. 

First, do elephants select vegetation when it is green? Second, what types of vegetation, 

as characterized by mean annual greenness and variability, do elephants select? Third, 



 

64 

does characterizing vegetation based on greenness and variability provide insight into 

the vegetation’s structure as measured on the ground? 

Human modifications to the landscape, artificial water and fences, constrain 

elephant movements also wish to know whether human manipulations to the 

environment that constrain elephant movement such as artificial water holes and fences 

influence the vegetation selected by elephants.  

4.2 Materials and methods 

4.2.1 Elephant telemetry data 

The elephant telemetry dataset is described in detail elsewhere (chapter 3). In 

brief, we compiled 71370 elephant locations – “fixes” – from 73 collared elephants in 12 

sites across seven countries. We collared an average of 6 elephants at each site with a 

high of 10 and a low of 2. 14 of the elephants were bulls. 

The elephant collars were all GPS units except for 9 Argos units in the 

Maputuland site. All fixes from the Argos collars with location errors greater than 350m 

were excluded. The standard deviation of the fixes from the GPS collars was 50 meters. 

This error is small in comparison to the average distance between adjacent points and 

the 250-meter pixel size of the remotely sensed imagery. We tracked each elephant for 

an average of 654 days and 978 fixes. We excluded five elephants that had fewer than 

250 fixes or were tracked for fewer than 250 days. The majority of fixes were separated 
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by 8 hours followed by separations of 24 hours. The mean separation was 15 hours with 

a few larger intervals up to 685 hours. 

4.2.2 MODIS Vegetation Index 

The Moderate Resolution Imaging Spectrometer (MODIS) provides a 16-day 

summary of an Enhanced Vegetation Index, EVI, a measure of the greenness of the 

landscape [91]. Studies suggest EVI discriminates high biomass habitats (such as the 

woodland of our study areas) better than does the related Normalized Difference 

Vegetation Index (NDVI) [92]. The spatial resolution of these images is 250m. We 

compiled 158 of these images from February 2000 to January 2007. For each year, there 

are 23 composite images.  

Each image has an associated mapping of data quality that, inter alia, indicates 

when clouds degrade the EVI quality. When each pixel has the maximum data quality 

— the great majority of the pixels in each image on any given date — we use its EVI. 

When the data quality falls below this, we weight each pixel with a weighted average for 

that pixel on that date in the other 6 years of the study. For a pixel with very poor 

quality, the value used would be close to the long-term weighted average.  

These time series of EVI data allow us to calculate the EVI of each pixel when the 

elephants visited them. Additionally, we computed two long-term statistics that 
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characterize the landscape. They were “greenness”, the mean annual EVI computed 

from the 158 images, and “variability”, the coefficient of variation of the 158 images. 

To connect these long-term statistics with vegetation types, we used existing 

landscape maps for 9 of our 12 sites. Details of the methods used to derive these maps 

are described elsewhere [117, 96]. In brief, they are supervised classifications of Landsat 

ETM+ images trained and evaluated with independent sets geo-located vegetation 

measurements made from the ground. They were evaluated using a kappa statistic 

ranging from 0 to 100% that accounts for errors of omission and commission in each 

vegetation class [118]. The kappa values for these maps had a mean of 72% and ranged 

from 51% to 82%. We grouped the 23 vegetation types originally used to produce these 

maps into eight categories: Shrubland, Open Woodland, Grassland and Dambo, 

Miombo, Closed Woodland, Forest, and Other. In these landscapes, woody cover 

increases with precipitation. Herbivory and fire are necessary to maintain grasslands 

when precipitation reaches about 65 cm annually [88]. For simplicity, we follow these 

authors and call this collection of ecosystems “savannahs,” except when we need to 

distinguish particular habitats.  

We note that they range from dry forests, with a closed canopy and some trees 

losing their leaves seasonally, through seasonal woodlands (with open canopies), to 

areas that bushes dominate, to open habitats with few trees at all. Of course, we will 
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notice differences in rainfall, and refer to “dry” and “wet” savannahs, as do Sankaran et 

al. [88]. 

4.2.3 Statistical Analysis 

Animal resource selection theory assumes that an animal’s visits to resources are 

related the animals preferences [119]. By comparing the vegetation of the elephant 

locations we can explore elephant preferences. We are interested in two comparisons: (1) 

the vegetation the same elephant selects at different times of the year, and (2) the 

vegetation an elephant selects with vegetation not selected. We describe how we 

designate the area not selected presently (see “Ghost” elephants). 

Regardless of comparison type 1 or 2, we employ the same statistical test – a 

“sign test”. Using the results from figure 1 as a general example of the test, we wish to 

compare the EVI of the landscape occupied by an elephant the EVI it occupies at other 

times of years. This is a comparison of type 1. First, we calculate the difference between 

the EVI of each location during the occupied time, t, and the EVI of all other locations 

occupied by the elephant at times other than t. We group these deviations by elephant 

and take their averages. The average deviation for each elephant is, thus, derived from 

large sample sizes. We then calculate the binomial probability of the signs of the average 

deviations against the null hypothesis that the probability is 0.5. In figure 1, the 
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deviation was positive for 60 of 68 elephants. If the probability was 0.5, the probability 

of obtaining this ratio by chance is small (p<0.0001). 

4.2.4 “Ghost” elephants 

Time separates the choices in comparisons of type (1). In contrast, comparisons of 

type (2) must ensure that choices being compared are equally available [20]. We do so by 

calculating a nearby location to each fix at each point in time where the elephant was not 

— but could be. We calculate these hypothetical locations by selecting all pair of fixes 24 

(± 2) hours apart. For each interval, if at time t+1 an elephant, say, has displaced 5 

kilometers due west from the starting location at time t, we marked an unoccupied 

location at time t+1 5 kilometers due east of the same starting location at time t. We call 

these unoccupied locations called “ghost” locations, and we imagine that there is a ghost 

elephant that moving locally to the actual elephant but always one-day of travel away. 

In some instances, ghost elephants landed on obvious features such as water bodies or 

mountains, which real elephants very rarely did. We excluded such locations.  

Throughout, we repeated all analyses excluding the small number of bulls. None 

of the results were significantly different, as is obvious from inspecting our figures. We 

caution that the small number of bulls prevents a formal comparison — only that 

including bulls does not alter our results. 
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4.3 Results  

4.3.1 Daily choices and the short-term greenness of the landscape 

To what extent does the greenness of the landscape influence elephant 

movements? Figure 18a shows the path of a female elephant in Etosha National Park. 

The color of the line indicates the 16-day average EVI of the landscape used by the 

elephant over that interval. The colored line of figure 18b is the same line, except over 

time, not space. The black solid line of figure 18b is the average EVI of all the locations 

that the particular elephant visited during the study. 

The colored line is nearly always above the black line, conjuring up a “Lake 

Wobegon” effect. (In this fictional area of the USA, all the children are, famously, above 

average.) In the elephant case, this can only occur if at one time area X is greener than 

area Y, at another time Y is greener than X, and the elephants chose X and Y accordingly.  

These results are consistent across elephants. Figure 18c plots the deviation of the 

landscapes selected at a given time minus the average of all the landscapes they visited 

during the study over the same interval. The deviations are positive for 60 out of 68 

elephants. The binomial probability of this occurring by chance is small (p<0.0001). This 

result does not vary seasonally. Grouping by seasons, a significant number of elephants 

have positive deviations for both the wet (p<0.05) and dry seasons (p<0.0001). Likewise, 

there is no correlation between the deviations and precipitation.   
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Figure 18: (a) A single elephant path from Etosha National Park. The color of 
the path indicates the mean EVI of the landscape when the movement occurred. (b) 
The black line is the mean EVI of the background landscape changing over time. The 
colored line is the EVI the elephant selected. (c) The mean deviation from the 
background for all elephants. The binomial probability of 60 of 68 elephants (black 
points) selecting higher EVI values than the average is very small. Triangles indicate 
bull elephants. 
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4.3.2 Elephants and “ghost elephants” 

Water availability is known to strongly constrain elephant movements for much 

of the dry season (chapter 3). Is the greenness tracking behavior described above merely 

a result of tracking water? For example, elephants may be in greener than average 

habitats in the dry season simply because such habitats are close to water.  

These constraints could confound our efforts to draw conclusions about elephant 

movement based on EVI alone. To isolate the influence of EVI from such constraints, we 

compared elephant locations nearby locations occupied by a hypothetical “ghost 

elephant” that moves the same distance as a real elephant each day, but in the 

diametrically opposite direction (see methods). 

Figure 19a shows dry season locations from six elephants in Etosha National 

Park. Figure 19b shows the location of the ghost elephants. They necessarily remain near 

the actual elephant throughout the year but occupy locations not explored by the real 

elephant. Figure 19c shows the average deviation of the EVI under the elephants from 

the EVI under the ghost elephants from the actual elephants over time. On average, a 

significant number —62 out of 68— of elephants occupy greener landscapes than do 

their ghosts (sign test, p<0.0001). Again, this result does not vary seasonally and there is 

no correlation between the average deviations and precipitation. 
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Figure 19: (a) Dry season locations separated by 24-hour intervals for a single 
elephant in Etosha National Park. The inset shows 8 locations connected in time. (b) 
Analogous “ghost” locations calculated by reflecting each location at time t+1about 
the location at time t. The inset shows this algorithm on 8 locations. (c) The average 
deviation of the elephant observations minus the ghost observations over time. 

 

4.3.3 Long-term landscape characteristics: greenness, variability 

Elephants select green vegetation when it is green, but what types of vegetation 

is this and does it vary seasonally or geographically? The EVI of landscapes change 

seasonally and from year-to-year, reflecting the different vegetation types. We 

characterized landscapes by their 6-year mean EVI (greenness) and their 6-year EVI 
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coefficient of variation, variability — which combines seasonality with year-to-year 

variation. Figure 20 shows locations three elephant from North Luangwa over maps of 

greenness (Fig. 20a) and variability (Fig. 20b). The points are colored by wet (green 

points) and dry (orange points) seasons. The wet season locations are on landscapes 

with higher greenness and lower variability than the dry season locations. 

Figures 20c and 20d plot wet season and dry season averages for greenness and 

variability. If the deviations of wet season minus dry season averages were all zero, the 

points would lay on the 1 to 1 line. In fact, the deviations are significantly negative for 

greenness and significantly positive for variability (p<0.05 and p<0.001 respectively 

using sign tests). These results indicate that elephants consistently select greener, less 

variable vegetation in the wet season and less green, more variable vegetation in the dry 

season. There is no correlation between these deviations and precipitation. 
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Figure 20: (a) Locations from three elephant from North Luangwa grouped by wet 
(green) and dry (orange) season. The background EVI mean averaged across 6-years 
(Greenness). (b) The same points are displayed on a background of the coefficient of 
variation across EVI for 6-years. These elephants are on Greener vegetation in the dry 
season and more variable vegetation in the wet season. (c) The Greenness of wet 
season and dry season points averaged for each elephant. The Greenness is higher 
during the dry season for a significantly large number of elephants (p<0.05). (d) The 
Variability of wet season and dry season points averaged for each elephant. The 
Variability is higher during the wet season for a significantly large number of 
elephants (p<0.001). Triangles indicate bull elephants. 

The above results compares landscapes selected during the dry and wet seasons. 

But, again, elephants are seasonally constrained by water. Comparing the elephants to 

local choices occupied by the ghost elephants controls for these constraints. Figure 21 

plot the deviation in elephant locations minus ghost locations for vegetation greenness 

and variability grouped by season. Elephants select locally greener vegetation during 



 

75 

both the wet (sign test, p<0.01) and dry seasons (sign test, p<0.001) than do their ghosts. 

Elephants select more seasonal vegetation (sign test, p<0.05) than do their ghosts in the 

wet season. Figure 22 plots these deviations against precipitation. There is no indication 

that these deviations vary with precipitation. 

 

Figure 21: (a, b) Average Greenness and Variability of deviations in elephant 
locations minus ghost locations for (a) wet season and (b) dry season. In each 
quadrant, numbers indicate the number of elephants in each quadrant. Significant 
numbers of elephants are on vegetation greener (p<0.01) and more variable (p<0.05) 
than do their ghosts in the wet season. Significant numbers of elephants are on 
greener vegetation (p<0.001) than are their ghosts in the dry season. Triangles indicate 
bull elephants. 
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Figure 22: Average deviation of elephant locations minus ghost locations for 
greenness (a, d) and variability (b, c) grouped by wet (a, b) and dry (d, c) seasons. 
Triangles represent bull elephants. 

4.3.3 Long-term landscape characteristics and vegetation type 

Figure 23 plots the Greeness and Variability of 9000 ground verified samples of 

six vegetation types for 8 of the 12 sites. They are Etosha, Kafue, Zambezi, South and 

North Luangwa, Kasungu, Vwaza , Nyika, and Maputu. Etosha (dotted lines) stands out 

as being the most arid site and having very low greenness values. Across the other eight 

sites, there is much overlap, but nonetheless a clear trend from forest and closed 

woodland, with high average greenness and low variability across and within years, to 
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vegetation that is less green and shows greater variability — shrublands, dambos and 

grasslands.  

 

Figure 23: Greeness and variability of vegetation types. Points represent 9000 samples 
from 9 of 12 sites. Lines encompass 50 percent of all points from each vegetation type. 
Solid lines group all sites except Etosha National Park (dotted lines). 
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4.4 Discussion  

4.4.1 Elephant vegetation preferences 

Throughout the year, elephants track landscapes with higher EVI (Fig. 18-19). 

They do this by tracking different types of vegetation at different times of year. There is 

no indication that this behavior varies seasonally or across the rainfall gradient. It is 

perhaps not surprising that elephants seek green landscapes. Green landscapes likely 

have more standing biomass and nitrogen [121] and may be nutritionally superior. 

Wittemyer et al. linked the greenness of available vegetation to elephant conception 

probabilities [122]. That this greenness tracking behavior is consistent across such a large 

rainfall gradient is remarkable. 

From season to season and across the rainfall gradient, elephants consistently 

prefer landscapes with a high average greenness to local alternatives (Fig. 21-22). But in 

the wet season, elephants seek out more variable landscapes (Fig. 21-22) even if these 

landscapes are in regions that are less green than those utilized in the dry season (Fig. 

20). This seasonal discrepancy in preferred landscapes contrasts with Verlinden et al. 

who found no seasonal differences [123].  

Forests and closed woodlands have the highest mean greenness. Shrublands and 

grasslands are more variable vegetation despite being less green on average (Figure 23). 

In the dry season, these variable landscapes have very little palatable vegetation 
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interspersed with bare ground 124. But in the wet season they are covered with lush 

grass.  Elephants select these variable, grassy landscapes in the wet season overlaps 

when they are primarily grazers [125-126].  

4.4.2 Artificial water holes 

In the wet season, elephant movements are unconstrained by abundant seasonal 

water supplies (chapter 3). During this season, elephants are less interested in forested 

landscapes and select seasonal vegetation such as grasslands. In the dry season, browse 

is an important part of elephant’s diet [125], and they select the greenest vegetation on 

the landscape – forests and closed woodlands. But because their movements are 

constrained to be near permanent water, many forested landscapes are out of reach.  

There has been much recent discussion of elephant impacts on vegetation and 

biodiversity [127-129]. Whether these impacts are natural consequences of the recovery 

of elephant populations or detrimental consequences of an unbalanced system is 

controversial [130-132]. Mature riparian forests, such as those declining along the Chobe 

River in Chobe National Park, may have never been common and may rather be the 

result of low elephant numbers from hunting and rinderpest during the first half of this 

century [130]. Because elephants have access to these landscapes in the dry season, 

riparian forests are vulnerable to elephant browsing. 
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Networks of artificial waterholes can drastically increase elephant dry season 

ranging patterns. They may enable elephants to reach browsing habitats that were out of 

reach in the dry season and passed over in favor of grasslands and shrublands in the wet 

season. 

4.4.3 Fences as barriers to elephant movement 

Our results suggest that elephants prefer green stable landscapes in the dry 

season before moving onto more variable landscapes in the wet season. Fences may act 

as barriers to these seasonal movements forcing elephants to utilize the same landscape 

year-round. The continual presence of elephants present in both the wet and dry seasons 

may be detrimental to vegetation. 

4.4.4 Conclusions 

In this paper, we have characterized elephant vegetation preferences as 

characterized by the remotely sensed landscape greenness both seasonally across a large 

geographic gradient. Elephants seek out green vegetation across the gradient year-

round. They do so, however, by selecting different types of vegetation at different times 

of year. Human modifications to the landscape may alter these patterns. Artificial water 

holes increase may give elephants access to forests and woodlands when elephants 

prefer browsing to grazing. Moreover, fences may prevent elephants form segregating 

their dry season and wet season landscape preferences.  
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Chapter 5: Roads and agriculture influence pronghorn 

movements 

5.1 Introduction 

American pronghorn were once widely distributed across North America [133]. 

After being extirpated from much of their range in the early 1900s, remaining pronghorn 

populations persist in an increasingly fragmented landscape [134]. Encroaching 

intensive agricultural lands and roads are increasingly prevalent landscape features. 

How do roads and intensive agriculture influence pronghorn movements? How do 

natural landscape features such as rivers and snow cover compare with these artificial 

features? 

To answer these questions, we combine two datasets. The first is telemetry data 

from 41 female pronghorn tracked between 2004 and 2007. American pronghorn have a 

regimented seasonal phenology [135]. In the early summer, pronghorn doe’s give birth, 

by late summer they are ready to mate again.  In fall, many – but not all – pronghorn 

move up to 300 kilometers from a summer range to a winter range. Globally, longer 

recorded migrations have been observed for only five terrestrial mammals. In North 

America pronghorn are surpassed only by wolves and caribou [136]. By spring, the 

migratory pronghorn move back onto their summer range and the cycle continues. 
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Movement choices during this migratory period are complex. They are likely in 

response to local resources as well as persistent movements to seasonally occupied 

ranges.  

For each of the 41 pronghorn, we analyzed two months of data: July and the 

subsequent January. By avoiding the migratory period, we minimize the influence of 

persistent directional movements and focus on comparing movements from two 

resident periods in pronghorn life histories when the landscapes are very different. 

Though peppered with gaps from missing locations, each pronghorn is 

represented by two month-long movement time-series with locations every four hours. 

In total, the time-series amount to 13,727 discrete movements. The second dataset 

consists of remotely sensed data from three satellites that detect greenness every month, 

snow every day, and a static picture of roads and rivers. By mapping these 

environmental covariates to a grid of 261,252 1km2 pixels, we model the suitability of 

each pixel. We then model each movement as a discrete multinomial choice determined 

by the relative suitability of each pixel. We simultaneously estimate parameters that 

govern suitability from the environmental covariates and 85 missing locations. 

We use these parameter estimates to ask how natural – snow and rivers – and 

artificial – roads and agriculture – landscape features influence pronghorn movement 

choices in two different seasons. 
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5.2 Materials and methods 

5.2.1 Telemetry data 

We collared 63 female pronghorn in south-eastern Alberta with GPS telemetry 

collars the winters of 2004, 2005, and 2006. The collars obtained locations every four 

hours and lasted an average of 308 days. We selected the subset of 41 pronghorn with 

locations for both the month of July and the following January. Each pronghorn had two 

monthly path was a time-series of as many as 186 and as few as 18 known locations. The 

paths had a mean of 172.78 known locations in July and 164.02 known locations in 

January. We estimate 85 missing locations. These are all gaps of fewer than 10 missing 

locations bounded by known locations. We chose not to estimate locations from three 

gaps made up of 10 or more missing locations since such estimates would be very 

uncertain. 

Figure 24 shows the January (red lines) and July (dark blue lines) paths for all 41 

individuals. January and July paths from the same individuals are variably overlapping 

and separated by up to 210 kilometers. The paths are mapped to the grid of 261,252 1km2 

pixels. 
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Figure 24: Two months of telemetry data from the same 41 individual pronghorn. 
Paths from July are in red. Paths from the following January for the same individuals 
are in dark blue. The background is a grid of 1 km2 pixels. Each pixel contains data on 
Enhanced Vegetation Index, a measure of greenness ranging from 0 (brown) to 412 
(green). White lines indicate the 100 day per year and 150 day per year snow cover 
contour lines. Gray lines indicate roads. Light blue lines indicate rivers. The black 
lines are political boundaries 
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5.2.2 Environmental covariate data 

Each pixel has environmental covariate data on vegetation greenness, snow, 

roads, and rivers. 

Greenness - The Moderate Resolution Imaging Spectrometer (MODIS) sensor 

measures Enhanced Vegetation Index (EVI), a measure of vegetation greenness. We 

used three years of monthly EVI summaries (January 2004 – January 2007) at 1km2 

resolution to make a map of mean annual EVI. EVI ranges from -1 to 1. We multiplied 

the index by 1000 to produce a an index called greenness with values ranging from 0 

(Figure 24, brown colors) to 412 (Figure 24, green colors). The greenest land cover types 

were intensive, irrigated agriculture followed by mountain coniferous forests. 

Snow - The NOAA satellite produces 4 km2 resolution maps of binary snow cover 

each day. We used these data to produce two environmental covariates. First, we 

calculated the percentage of the year each pixel is covered with snow, snow-cover, from 

three years of data (January 2004 – January 2007). The while lines in Figure 24 show 100 

day per year and 150 day per year snow cover contour lines in white. Second, we 

minimized missing data by averaging the map at time t with the map at time t-1 and 

time t+1. From these data we produced a time series of estimated daily snow (bare 

ground or snow) for each pixel. 

Roads and Rivers- We obtained a map of roads from Canadian National Parks. We 

excluded smaller roads, keeping only roads classified as Arterial and 
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Expressways/Highways (Figure 24, gray lines). Canadian National Parks also supplied a 

map of rivers (Figure 24, light blue lines).  

5.2.3 Discrete choice model 

Discrete choice models have emerged as a powerful tool for estimating how 

resources influence animal choices. These models assume that habitat characteristics 

where an animal is observed influenced the decision to visit that habitat. Following 

Manly et al. [119], Barmi and Pontius [137], and Thomas et al. [138],  we model 

movements as multinomial choices from a discrete choice set. Each member of the choice 

set is a 1km2 pixel with relative suitability θit that changes with time, t, and is relative to 

the position of each pronghorn, i, at time t-1. Specifically, we model the probability that 

an animals chooses its new location, xt+1, within pixel i subject to the condition that the 

animals previous location, xt, was in pixel j. Such a model can be written 

∑
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where logit(θit) = zitβ and zi is a k-dimensional vector of environmental covariates 

characterizing grid cell i and β is a k-dimensional vector of parameters that govern pixel 

suitability, θit. We use a logistic link so that p can assume unimodal relationships with 

certain environmental covariates. This makes ecological sense for certain covariates like 

temperature with which all organisms have unimodal tolerances bounded by extremes 

that are too cold and too hot. 
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The largest observed displacement in a 4 hour interval was 10886 meters. Since 

choices this far are very rare, we narrowed our choice set to all pixels less than 11km 

away from the animal time t (~450 pixels) to aid computation. Figure 25 shows a 

monthly movement path for a single individual in January starting at xt=1 with locations 

every 4 hours through xt=186. The position of the animal at time t=100, xt=100 , is pixel j. The 

choice set includes all the pixels outlined in gray and white. At time t=101, the animal 

moves to pixel i. We use this single choice to explain the structure of the model. 
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Figure 25: A movement path for a single pronghorn in January. The path begins at t=1 
and ends at t=186. Each location is 4 hours apart. The red areas are estimates of 3 
missing locations. The arrow from t=100 to t=101 illustrates a single choice. The choice 
set for this choice includes the 445 pixels outlined in gray. The background shows 
greenness and a river. 

Following Eq.1, the choice to move to pixel i has relative suitability θit=100 where 

logit(θit=100) = zit=100β. zit=100 includes 10 columns of environmental covariates in January 

and 9 in July. The discrepancy comes from a column for whether daily snow, sit, is 

present at pixel i at time t=100. Daily snow is only present in the January model. 
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The remaining 9 columns are identical for the January and July models. The first 

two columns are linear and quadratic greenness, gi. The next two are linear and 

quadratic snow-cover, ci. The last 7 columns are all conditioned on the position of the 

animal xt=100 = j. They are the distance to pixel i, di, whether pixel i lies near or straddles a 

river, vi, and whether pixel i lies near or straddles a road, ri. 

We use a Bayesian approach to estimate the posterior joint probabilities for β and 

the missing data, xt. For n animals and τ time steps, the posterior probability for the β, 

parameters and missing data xt is 
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where pit is as written in Eq.2 and priors are prior probabilities for the β parameters. To 

tailor Eq.2 for July, we would remove daily snow, sit. 

The Bayesian approach allows us to simultaneously estimate missing locations 

and place prior probabilities on the β parameters. It also enables the use of truncated 

priors for the βs to constrain the linear terms for greenness and snow-cover to be 

positive and the quadratic terms for greenness and snow-cover to be negative. This 

guarantees uni-modal responses which are ecologically sensible given continuous 

variables. 

We estimated the parameters using a Gibbs sampler. We used a Metropolis step 

to sample the β parameters and directly sampled the missing data from the Multinomial 
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posterior probability. Our estimates are from 100000 iterations with a 60000 iteration 

burn-in. 

5.3 Results 

Figure 26a shows a single pronghorn in the western portion of the study area. 

The background is mean annual EVI. Irrigated agricultural are outlined in green and are 

characterized by high mean annual EVI. Choices near rivers and roads are blue and gray 

respectively. Daily snow for a particular January day is shown in white. Snow cover – 

the proportion of the year the landscape is covered with snow – is not shown but 

increases towards the north. Figure 3b-g shows model predictions of landscape choices 

in January and July and how irrigated, intensive agricultural fields and roads influence 

these choices. 

Figure 26b maps relative movement choices (normalized to one) for a landscape 

without agricultural fields or roads based on the mean fitted model parameters for 

January. The choices are based on rivers, daily snow, and snow cover. The choices are 

conditioned on a mean annual EVI of 198, the average value of the non-irrigated 

landscape. For clarity, the choices are not influenced by distance traveled and rather 

conditioned on a distance of 2 kilometers. Less favorable choices are in blue, such as 

those across the river, near the river, and on the daily snow. Choices become more 

favorable, redder, towards the south as snow cover decreases. Figure 26c is analogous to 

Figure 26b except mean fitted model parameters for July are used. In July, there is no 



 

91 

daily snow. The July influence of crossing rivers and snow cover on choices is similar to 

January. 

Figure 26d-e maps January and July choices with the addition of irrigated 

agricultural fields (outlined in green) and their characteristic high mean annual EVI. 

Choices on these fields are less favored than non-irrigated landscapes in both January 

and July. The maps in figure 26f-g include both irrigated fields and roads. In January 

choices near roads are less favored than those far from roads. In July, choices across 

roads are much less favored, but those near roads are not. 

 

 

Figure 26: (A) Estimates of the influence of daily snow on the relative marginal 
probability of choices from 41 pronghorn in the during the month of January. The 
marginal probability of moving onto snow (right side of the figure) is smaller relative 
bare ground. Black bands encompass the 95% credible intervals. (B) Estimates of the 
influence of distance, rivers, and roads on pronghorn choices for January. (C) 
Estimates of the influence of distance, rivers, and roads on pronghorn choices for July. 

 



 

92 

While figure 26 mapped the mean model estimates, figure 27 shows the 

uncertainty in each of these estimates. Figure 4a shows the two relative choices 

normalized to one identical except that the one on the left is on bare ground and the one 

on the right is covered with daily snow. Both are conditioned on the same suite of 

landscape conditions. The choices both have the average landscape mean annual EVI 

and snow cover. They are both far from and on the same side of roads and rivers as the 

pronghorn. They are both 2 kilometers away. The black band shows the mean January 

model estimates including the 95% credible intervals. Pronghorn find landscapes 

covered with daily snow less favorable than those bare ground. 

Figures 27b-c show January and July estimates and credible intervals for the 

influence of distance, being near rivers, crossing rivers, being near roads and crossing 

roads on landscape choices. The relative choices are and are conditioned as before. 

During both seasons, choices are less favorable if they are further they are away and if 

they are near or across rivers. Choices near roads are less favored in January and choices 

across roads are less favored in July. 
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Figure 27: (A) Estimates of the influence of daily snow on the relative marginal 
probability of choices from 41 pronghorn in the during the month of January. The 
marginal probability of moving onto snow (right side of the figure) is smaller relative 
bare ground. Black bands encompass the 95% credible intervals. (B) Estimates of the 
influence of distance, rivers, and roads on pronghorn choices for January. (C) 
Estimates of the influence of distance, rivers, and roads on pronghorn choices for July. 

5.4 Discussion 

There are two types of features that influence pixel suitability, natural features – 

such as distance, snow cover, daily snow, and rivers – and unnatural features – such as 

roads and intensive agriculture.  Since irrigated, intensive agriculture make up the 

greenest landscape types, greenness is a good proxy for intensive agriculture. 

5.4.1 Influence of natural features on movement choices 

While pronghorn are known for their great speed and the dataset contained 

movements greater than 10 km in four hours, the vast majority of movements during 
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both seasons were under 1 km. During both seasons, pronghorn prefer landscapes with 

less snow-cover. These preferences keep the pronghorn from moving into mountainous 

areas and deter movements to the north. In January, pronghorn prefer landscapes with 

bare ground to those covered with daily snow. During both seasons, pronghorn avoid 

crossing rivers and, to a lesser extent, moving near them. 

It is perhaps surprising that pronghorn choices with respect to natural features 

are so similar from January and July. In both seasons, the pronghorn move very little, 

avoid crossing rivers, and avoid areas characterized by high snow-cover such as 

mountains. 

5.4.2 Influence of artificial features on movement choices 

In both seasons, pronghorn avoid moving onto very green landscapes such as 

intensive, irrigated agricultural fields about as much as they avoid moving onto 

landscapes with daily snow. 

The influence of roads differed greatly from July to January. In January, 

pronghorn avoid being near roads but were not deterred from crossing them. In July, 

pronghorn did not avoid moving near roads but avoided crossing them. Perhaps this is 

because the fawns that accompanied most pronghorn in July made the pronghorn more 

suspicious of road crossing. 
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5.4.3 Conclusions 

Snowy areas and rivers are natural obstacles to pronghorn movements. New 

artificial obstacles – intensive, irrigated agriculture and roads – are becoming 

increasingly prevalent. Intensive agriculture is spreading in the lower elevations and 

latitudes. These are places without high snow cover that are preferred pronghorn 

habitat. In July, pronghorn avoid crossing roads about as much as they avoid daily snow 

in January. But unlike daily snow, pronghorn encounter roads at times when they have 

fawns with them. While roads are not avoided as much as rivers, roads are 21 times as 

prevalent as rivers across the study area and continue to spread. 

The results of this study suggest that roads and intensive agriculture have 

significant influences on pronghorn movement choices. The influence of these artificial 

features rival natural features such as rivers and snow but are distributed differently 

across the landscape. High oil prices are expected to increase the number of natural gas 

access roads and biofuel crops across the region. The designation of extensive protected 

areas buffered against roads or intensive agriculture might protect and restore natural 

pronghorn movement behavior.  
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