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SUMMARY

Over the last two millennia, and at an accelerating pace, the African elephant (Loxodonta spp. Lin.) has been
threatened by human activities across its range.'™” We investigate the correlates of elephant home range
sizes across diverse biomes. Annual and 16-day elliptical time density home ranges® were calculated by us-
ing GPS tracking data collected from 229 African savannah and forest elephants (L. africana and L. cyclotis,
respectively) between 1998 and 2013 at 19 sites representing bushveld, savannah, Sahel, and forest biomes.
Our analysis considered the relationship between home range area and sex, species, vegetation productivity,
tree cover, surface temperature, rainfall, water, slope, aggregate human influence, and protected area use.
Irrespective of these environmental conditions, long-term annual ranges were overwhelmingly affected by
human influence and protected area use. Only over shorter, 16-day periods did environmental factors, partic-
ularly water availability and vegetation productivity, become important in explaining space use. Our work
highlights the degree to which the human footprint and existing protected areas now constrain the distribu-
tion of the world’s largest terrestrial mammal.®'° A habitat suitability model, created by evaluating every
square kilometer of Africa, predicts that 18,169,219 km? would be suitable as elephant habitat—62% of
the continent. The current elephant distribution covers just 17% of this potential range of which 57.4% falls
outside protected areas. To stem the continued extirpation and to secure the elephants’ future, effective and
expanded protected areas and improved capacity for coexistence across unprotected range are essential.

RESULTS

African elephants have suffered major decreases in their
geographic range and numbers across most of the continent
because of continued killing for ivory, habitat loss, and the growth
of human populations and their associated pressures.'™ African
savannah elephants (Loxodonta africana) and African forest ele-
phants (Loxodonta cyclotis) can live in most ecosystems in Africa,
from semi-deserts to tropical swamp forests and from lowlands to
montane habitats. Elephants typically have large ranges that

4')

exceed protected area boundaries.””™'® Many elephant popula-
tions inhabit regions that are undergoing rapid anthropogenic
change, such as increases in logging, roads, agriculture, pasto-
ralism, charcoal extraction, degradation of pristine areas, and
compression of elephants into protected areas. These changes
might often result in increased human-elephant conflict. Under-
standing elephant space use and the drivers of ranging patterns is
critical to future conservation and land use planning efforts.

In this study, we examined the correlates of the home ranges
of 229 individual elephants across Africa. Using data collected at

opcnter Current Biology 317, 2437-2445, June 7, 2021 © 2021 The Authors. Published by Elsevier Inc. 2437
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Updates


mailto:jake@maraelephantproject.org
https://doi.org/10.1016/j.cub.2021.03.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2021.03.042&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

West (Sahel)

19 sites across the 4 primary biomes located in Africa—Sahel
(west), forest (central), savannah (east), and bushveld (south)—
we relate space use to sex, species, and remotely sensed envi-
ronmental and anthropogenic variables. We asked three ques-
tions about continental ranging patterns of African elephants.
Question 1: how do elephant home ranges vary in size across
sexes, species, and biome? Question 2: how influential are (i) in-
dividual (sex and species); (ii) biotic (vegetation productivity
and tree cover); (iii) abiotic (surface temperature, rainfall,
water, and slope); and (iv) anthropogenic (aggregate human in-
fluence and protected area use) factors on elephant range
size? Question 3: how much suitable elephant habitat remains
across Africa and how much of this suitable habitat is currently
occupied?

Elliptical time-density (ETD)® 90" percentile range areas were
calculated at 19 sites, representing the major biomes where Af-
rican elephants are found (Figure 1). The area covered by these
combined individual ranges was 72,113 km?, approximately
2.1% of the current, estimated total continental range of African
elephants (i.e., ‘Known’ + ‘Possible’ = 3,366,405 km?).° A total of
31% (22,289 km?) of measured individual ranges fell outside of
protected areas, primarily in East and West Africa.

In answer to question 1 (how do elephant home ranges vary in
size across sexes, species, and biome?), male elephant annual
ranges (median = 189.6 km?, interquartile range (IQR) = 112.5-
288.8 km?) were larger than for females (median = 153.0 km?,
IQR = 108.4-255.1 km?); however, 16-day female ranges
(median = 19.9 km? IQR = 11.7-32.6 km?) were marginally
larger than for males (median = 18.4 km?, IQR = 10.2-34.5 km?).
Between species, savannah elephants had larger annual
(median = 172.9 km?, IQR = 112.8-281.0 km?) ranges than did
forest elephants (median = 64.6 km?, IQR = 25.2-131.3 km?),
and also had larger 16-day ranges (median = 19.3 km?, IQR =
11.0-33.5 km?) than did forest elephants (median = 11.1 km?,
IQR = 6.5-18.7 km?). Across biomes, in order of decreasing
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Figure 1. A habitat suitability model for
elephants

From the range of conditions encountered by the
tracked elephants over 16-day periods, an HSM
was extrapolated to each kilometer square grid of
Africa (shown in green). Currently, 18,169,219 km?
is suitable range for elephants, which is 62% of the
whole continent but for extreme deserts, cities,
and high mountain tops. Of the HSM, 85% falls
outside of protected areas. It was the likely range
of elephants two millennia before the present. The
current elephant range (orange) is 3,132,238 km?,
according to the African Elephant Specialist
Group,” of which 57% falls outside of protected
areas. The combined elliptical time-density 90™
percentile ranges (red), of our sample of 229
collared elephants is 72,113 km?. The protected
area boundaries (black hatched areas on the inset
maps) are from the World Database on Protected
Areas (WDPA).'®

range size, annual ranges followed this
pattern: Sahel (median = 426.8 km?
IQR = 319.1-586.7 km?), bushveld (me-
dian = 231.4 km?, IQR = 157.6-350.6 km?), savannah (median =
125.8 km?, IQR = 84.4-206.9 km?), and then forest (median =
64.6 km?, IQR = 25.2-131.3 km?). Sixteen-day elephant range
sizes followed a similar pattern: Sahel (median = 25.1 kmZ,
IQR) = 14.2-45.4 km?), bushveld (median = 24.6 km?, IQR =
13.6-45.6 km?), savannah (median = 16.4 km? IQR = 9.7-
27.2 km?), and finally forest (median = 11.1 km?, IQR = 6.51-
18.70 km?).

The single largest annual ETD range was 1,130.3 km? (a male in
Kruger, South Africa). The single smallest annual ETD range was
8.4 km? (a female in Loango, Gabon). The single largest 16-day
ETD range was 598 km? (amale in Gourma, Mali); the single small-
est 16-day ETD range was 0.16 km? (a male in Laikipia, Kenya).

Our top models of 16-day and annual ranges, based on the
Corrected Akaike’s Information Criterion (AICc)'®"” weights (Ta-
ble 1), designed to address question 2 (how influential are individ-
ual, biotic, abiotic, and anthropogenic factors on elephant range
size?), demonstrated that factors influencing space-use differed
across these two temporal scales. At annual timescales, only in-
dividual and anthropogenic factors were retained in the final
model (Table 1; Figure 2). The top annual range model had an
AlCc weight of 0.829 compared with that of the next highest
ranked model, which had a weight of 0.124 (Table 1). Range
size decreased with increasing protected area intersection (PAl)
and human footprint index (HFI) (Figure 2). Range sizes of
L. cyclotis were again smaller than those of L. africana and annual
ranges of males were larger than those of females (Table S6).

In contrast, the top 16-day range model included all individual,
biotic, abiotic, and anthropogenic factors except sex (Table 1).
This model had an AICc weight of 0.604 compared with 0.221
for the next highest AlICc-ranked model (Table 1), and the only dif-
ference between the top two models being the exclusion of the
sex parameter, demonstrating 16-day ranges were not signifi-
cantly affected by the sex of the animal. Range size increased
with higher values of permanent water intersection (WATER),
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Table 1. Annual and 16-day model selection

Timescale Model name Specification AlCc delta weight

annual m_anthro_indv LOG(RANGE) ~SPECIES + PAIl + HFI + SEX 373.8 0.00 0.829

annual m_anthro LOG(RANGE) ~PAI + HFI 377.6 3.80 0.124

annual m_full LOG(RANGE) ~SPECIES + PAIl + HFI + SEX + 380.5 6.64 0.030
NDWI + TRMM + NDVI + SLOPE + WATER

16-day m_biotic_abiotic_ LOG(RANGE) ~SPECIES + WATER + PAI + 18,662.5 0.00 0.604

anthro_species NDVI + HFI + LST + SLOPE + TRMM + TREE

16-day m_full LOG(RANGE) ~SPECIES + WATER + PAIl + 18,664.5 2.01 0.221
NDVI + HFI + LST + SLOPE + TRMM +SEX + TREE

16-day m_biotic_abiotic_ LOG(RANGE) ~WATER + PAI + NDVI + HFI + 18,665.0 2.49 0.174

anthro_sex

LST + SLOPE + TRMM + TREE + SEX

Model selection table showing the top three models defining competing hypotheses of the relationship between log-transformed annual and 16-day
elephant range areas and environmental, anthropogenic, and endogenous covariates. The top selected annual model (m_anthro_indv) contains only
anthropogenic, sex, and species covariates, whereas the top selected 16-day model (m_biotic_abiotic_anthro_species) contains abiotic, biotic,
anthropogenic, and species covariates (coefficient values presented in Table S6).

normalized difference vegetation index (NDVI), land surface tem-
perature (LST), and tropical rainfall monitoring mission estimated
precipitation rates (TRMM), whereas it decreased with increasing
PAI, HFI, topographic slope (SLOPE), and percent tree cover
(TREE) (Figure 3; Table S6). Model outputs also showed that
range sizes of L. cyclotis were smaller than those of L. africana
(Figure 3; Table S6), as summarized above.

To answer question 3, (how much suitable elephant habitat re-
mains across Africa and how much of this suitable habitat is
currently occupied?), we calculated the min-max range of covar-
iate values encountered by any subject within the 16-day ranges
across the continent (Table S5) and used these as inputs in an
elephant habitat suitability model (HSM) (Figure 1). The HSM pre-
dicts a potential elephant distribution of 18,169,219 km? (i.e.,
62% of the African land mass). The habitats suitable for ele-
phants cover almost the whole of Africa, with the exception of
extreme habitats such as the Sahara, Danakil, Kalahari, and Na-
mib deserts; cities; towns; and high mountain tops. Of the HSM
area, just 17.2% is occupied by the African Elephant Specialist
Group of the International Union for Conservation of Nature’s
(IUCN) map of “known and possible ranges.”

DISCUSSION

Here, we provide a trans-continental comparative analysis of
elephant ranging behavior on the basis of GPS tracking data
across a diversity of habitats, from rainforest to savannahs, and
arid semi-deserts in Africa, covering nearly the full range of condi-
tions experienced by savannah and forest elephants. By assessing
covariates thought to drive movements, across 19 distinct sites
and hundreds of individuals, this study provides a comprehensive
assessment for African elephants of their current space-use. Our
analysis was made possible by the advent of the global scale
remote-sensing Google Earth Engine platform®® combined with
our own custom analysis tools®® (www.movementecology.net) to
calculate elephant ranges over multiple temporal scales and link
each range area with a series of remotely sensed covariates.

Sex, species, and site variation in elephant range size
African elephants show a high-degree of sexual dimorphism
(males 5/3 the size of females) and differing sexually based social

behaviors; females move in family units, focus on rearing young,
and tend to take fewer risks than more solitary males who also
move further during their musth period.>**' These differences
in size and sociality can manifest as markedly different foraging
and spatial strategies,®*** which our analysis shows in sex-
based differences in annual elephant range sizes (Figure 2; Table
S6). However, over shorter 16-day durations, sex differences in
ranging area were not apparent (Figure 3; Table S6).

In addition to sexual differences, elephants are highly individ-
ual in their space-use,''** as represented by the high contribu-
tion of the individual ID random effects to the overall variance.
Despite such variation, forest elephants had overall smaller
ranges than savannah elephants. This difference likely reflects
less need to move far in the more productive forest biome. In
addition, frugivory is common and highly nutritious.*>*° Greater
productivity, or more specific knowledge of fruiting tree loca-
tions, and the seasonal nature of fruiting appears to drive more
focused space-use among forest elephants.

Biotic, abiotic, and anthropogenic drivers of range size
We found that two anthropogenic factors—human footprint and
protected area intersection —were dominant in explaining annual
range sizes. These covariates were also instrumental in models
of 16-day range sizes, for which environmental factors were
included in the top model. This demonstrates that the areas
where elephants are located (represented by the annual range
area) are primarily structured by human presence and activity
on the landscape, and it is only within those ranges that other
environmental conditions start to influence elephant spatial
patterns. The dominance of anthropogenic factors in affecting
wildlife movement is increasingly common in species-level
analyses'4,9,11,37—40

Previous work suggests that there might be thresholds of hu-
man density above which elephants and humans cannot
coexist.'* Our analysis identified HFI thresholds above which
no collared elephants ranged (i.e., an HFI of 31.5 was the highest
of any 16-day range value). These thresholds differed by loca-
tion, which we attribute to differences in elephants’ perception
of risk to local human behavior. At different locations, human
land-use and tolerance of elephants vary, as does the degree
of enforcement of legal protection. A high human footprint in
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Figure 2. Annual elliptical time-density (ETD) 90'" percentile range model

Variation in range sizes for both savannah and forest, and male and female elephants in relation to HFI) and PAI. Savannah elephants have larger ranges than
forest elephants, and in both species, males have larger ranges than females. In both species, and for both sexes, range sizes decrease as HFl and PAl increase.
We used the top selected annual range model (Table 1) to predict elephant range sizes (solid lines) across the support of a given continuous covariate (Table S5)

while holding all other continuous covariates at their mean values. Model 95 percentile confidence intervals (dashed lines) were simulated by using random
draws from the model parameter multivariate normal distribution.
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increases in slope (SLOPE),?® the HFI,'®?%27 and the PAI. We used the top selected model (Table 1) to predict elephant range sizes (solid lines) across the support
of each successive continuous covariate (Table S5) while holding all other covariates at their mean values. Model 95" percentile confidence intervals (dashed

lines) were simulated by using random draws from the model parameter multiv

an elephant range also implies that people have easy access to
elephant range, which might facilitate killing for ivory. This human
predation itself might drive changes in elephant behavior; for
example, both forest and savannah elephants become more
nocturnal in response to poaching.*'**?

Our analysis demonstrated that range sizes were smaller for
individuals whose ranges were contained more within protected
areas, at both the annual and the 16-day time scales. Elephants
often choose protected areas on account of the greater safety
therein. In addition, protected areas might often supply undis-
turbed habitat and safe access to water.”®> Some protected
areas also constrain elephant distribution by fences, such as
the Kruger National Park and private conservancies both in
South Africa and Kenya, though we lacked a data layer on fences
to analyze this variable across Africa. Finally, protected areas
can promote a high human footprint along their boundaries,***°
which could also add to compression of elephant ranges within
protected areas.

Within the annual range of the elephants studied, short-term
16-day range use was driven by a diversity of environmental co-
variates in addition to human factors. In contrast with theoretical
models suggesting that movement, and ultimately space-use,
should be lower where forage availability is higher,*® elephants
increased their movement and range sizes with increasing pro-
ductivity over the shorter 16-day periods (although NDVI dropped

ariate normal distribution.

out of the top model for annual range). Similar relationships have
been found in other, population-specific studies of elephants,
which is thought to stem from dry season tethering to permanent
water in arid and savannah systems.*’ Relatedly, water availabil-
ity was positively associated with range size, suggesting where
water was largely available, elephants ranged more broadly.
These relationships were weaker in forest sites, where water is
plentiful and not a limiting factor. Increased rainfall at the 16-
day resolution was also associated with larger range sizes, though
the effect was less than that of permanent water availability. Over-
all, this is consistent with results from other studies showing ele-
phants range more broadly when water and food are more widely
available in the rainy season.”®° Interestingly, elephant range
sizes also increased with temperature. We speculate that this
might be related to evapotranspiration, given its correlation with
temperature, which can amplify seasonal contrasts in water avail-
ability and productivity. Sixteen-day range size decreased with
topographic slope, probably reflecting the avoidance of steep
slopes because of the difficulty of moving across steep terrain
and the energy required to do so0.°"

Geographical and historical conditions underpinning
elephant range use

From the 16-day analysis, using the range of covariates under
which the tracked elephants live, we derived a habitat suitability

Current Biology 31, 2437-2445, June 7, 2021 2441
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model by using Google Earth Engine to measure the conditions
in each kilometer square in Africa. It amounted to a potential
elephant range of 18,169,219 km? covering 62% of the entire
continent, excepting extreme habitats such as the Sahara, Ka-
lahari, and Danakil deserts, urban areas, and high mountain-
tops. This represents areas likely occupied historically, high-
lighting that this generalist species can occupy the majority of
ecosystems in Africa. By contrast, the African Elephant
Specialist Group of IUCN’s map of “known and possible
ranges” today shows a range of 3,129,540 km? or 17.2% of
the projected potential range that elephants probably once
occupied. Of the habitat suitability model, 85% falls outside
of protected areas whereas 57.4% of the Specialist Group’s
elephant range map falls outside of protected areas, suggest-
ing elephants need areas larger than currently allocated for
wildlife.

The existence of elephants in North Africa was well-known in
classical times. The Phoenician navigator Hanno (500 BCE)
saw elephants on the Atlantic coast of Africa. Herodotus (484-
413 BCE) wrote of elephants in mountainous and thickly wooded
land to the West of Lake Triton (in present day Tunisia). The re-
cord of extirpation of North African elephants was evident in
the first century AD when Pliny the Elder wrote that “an ample
supply of teeth (ivory) can now scarcely be found outside of In-
dia, the rest in our part of the world (North Africa) yielding to its
appetite for luxury.”" Previously, North African elephants were
found from present day Agadir to Tunis. Our habitat suitability
model indicates that almost exactly the same stretch of the Med-
iterranean littoral where elephants once existed is still suitable
habitat today.

At the other end of the continent, Europeans first settled in the
Cape in the 17" century where elephants abounded. In the next
250 years, hunting for ivory caused their near extinction from the
southern tip of the continent to the Zambezi river.” Our model
shows all of this stretch of Southern Africa, except for the Kala-
hari Desert, remains suitable habitat.

In West Africa, from the genetic analysis of ivory recovered
from a Portuguese shipwreck in the 16" century, there is evi-
dence of a reduction in genetic diversity compared with the
genome of modern elephants,®® and this is attributed to the
excessive killing of West African elephants. Likewise, in East
Africa in the 19" century, large areas were emptied of ele-
phants because of the ivory and slave trade.”® Given the
disparity between suitable elephant range and their actual
range today, our data suggest that habitat incompatibility is un-
likely to have been the cause of the elephant decline. It was
most likely driven historically by human beings through exces-
sive killing for ivory.

Our analysis demonstrates the fundamental role that humans
currently play in shaping African elephant ranges at the conti-
nental scale. The human footprint is increasing at an acceler-
ated rate and expected to double by 2050 (https://population.
un.org/wpp/Publications/), with between 50%-70% of the
planet already experiencing anthropogenic disturbance.'®
Fragmentation of wildlife habitats by humans has resulted in
only 7% of wildlife habitat patches being larger than
100 km.?®® Clearly, if elephants are to persist in Africa, the
spatial infrastructure driving socioeconomic development
(e.g., roads and railways), must be strategically planned and
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implemented.""*® Development scenarios that accommodate
the spatial needs of wildlife leaving large, low-human-impact
areas of intact habitat, and especially formally protected areas,
are urgently needed.”” In the face of increasing human pres-
sures, proactive landscape planning at the local, national, and
continental scales are critical, as well as fostering an ethic of
human-elephant coexistence if the future of elephants is to
be secured. Is that too much to ask, in order to protect and
conserve this signature animal even in a world where human
well-being is paramount?
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(jake@maraelephantproject.org or walljicg@gmail.com).

Materials availability
This study did not generate any materials.

Data and code availability

Given the sensitive nature of the location of elephants due to the ongoing illegal killing of elephants for ivory, tracking data will be
made available upon written request to the lead author rather than made public. Analysis code used in this study is available at:
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METHOD DETAILS

GPS collar data

Tracking data were collected from elephants inhabiting 19 distinct geographic sites from six elephant range states (Figure 1,
Table S1, Data S1). The sites studied cover four African biomes: Savannah (East Africa), Forest (Central Africa), Sahel (West Africa),
and Bushveld (South Africa). Individual elephants were fitted with GPS radio collars (Tables S1 and S2).

GPS collar deployment was focused on elephants inhabiting IUCN category | and Il protected areas in each site, generally thought
to represent better protected populations. Immobilization and collar fitting followed national procedures established by the national
veterinary services in each country. During capture, the gender of each elephant was recorded, and ages were estimated where
possible based on body size and molar progression®® although ages were not used in the analysis. Collated datasets we believe
represented the full range of each explanatory variable (Tables S5).

18 different types of GPS radio collars were used. Collars transmitted data remotely through satellite or local mobile phone net-
works or were manually downloaded and processed. Different duty cycles were used because of limitations of collar battery life rela-
tive to data collection objectives in the different study systems and ranged from 15 to 2,400-min intervals, with most animal locations
sampled every 60-min (Table S2).

Intotal, 254 individual adult elephants were tracked: 120 females and 134 males; 220 savannah and 34 forest elephants, resulting in
3,219,375 positions recorded between 1998 and 2013. Collar datasets had a median of 7,417 positions and Interquartile Range (IQR)
of between 2,245 and 19,173 positions per individual. Average tracking duration was 590 days per individual, with 171 (68%) indi-
viduals having greater than one year of data and 109 having multi-year datasets. Prior to analysis, these data were filtered keeping
only those datasets with a minimum of 12 h sampling (i.e., no separation in successive data points greater than 12 h) resulting in
2,947,767 analyzed locations representing 108 females and 121 males included in analyses (Table S1, Data S1).

Study sites

The six sites in Central Africa were in predominantly high canopy tropical forest with on average > 1,400 mm of rainfall annually. West
Africa was represented by one site the Gourma in Mali-ranging from Sahelian (110 mm annual rainfall) to Sudano-savannah vege-
tation (600 mm annual rainfall). East African savannah systems with annual rainfall varying between 200 to 800 mm per year were
represented by nine sites. South African bushveld, with annual rainfall averaging 600 mm, was represented by three sites.

Elliptical time-density ranges

We calculated range areas at two temporal scales: sequential 16-day periods and sequential annual periods, resulting in 10,319 (16-
day) and 302 (annual) Elliptical Time-Density (ETD) range areas. The ETD method accounts for the time between fixes and the overall
speed-distribution of the animal to generate an estimated spatial utilization distribution,® from which we calculated the area where the
animal spent 90% of its time during the tracking period. This range estimator adheres closely to the observed locations (occurrence
estimation), where smoothing around the observed locations represents plausible areas of occurrence within the time interval of
observed locations. We used this method to ensure our regression analysis of covariates in an elephant’s range represented the
area the animal likely occurred rather than potentially could have used (as represented by other range methods with more liberal
smoothing algorithms such as Bivariate Gaussian Kernel Density estimation). Second, this method adjusts interpolation between
fixes based on the sampling resolution and biologically derived movement parameters, ensuring comparable representation across
tracking records with different sampling regimes and error rates. Speed distributions for each animal were parameterized using a
two-parameter Weibull distribution fit using maximum likelihood methods. The 90" percentile speed-distribution value was used
as the upper speed cut-off.?

For comparison of the ETD areal estimates with traditional methods (more commonly found in the published literature) we also
calculated 90" percentile Kernel Density Estimate (KDE)*° and Minimum Convex Polygon (MCP)®° range areas (Table S3). Compar-
ison of ETD with other utilization distribution estimators found the ETD method had lower overall error in representing space-use at
the 90th percentile range area.®

Covariates

For each ETD range polygon and its associated time span, we extracted a series of covariate information derived from satellite im-
agery and other spatial datasets (Table S4). Raster calculations were made using the Google Earth Engine (GEE) remote sensing plat-
form?® at a resolution of 0.25 km?. We averaged across time and space the values of raster pixels to obtain a single mean value for
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each covariate for each ETD range for each time span. Specifically, we extracted information on vegetative properties of the land-
scape using the Moderate-resolution Imaging Spectro-radiometer (MODIS) Normalized Difference Vegetation Index (NDVI),'81°
Normalized Difference Water Index (NDWI),°":%> Enhanced Vegetation Index (EVI),'®°® and percent tree cover (TREE).>*>** Abiotic
features, namely slope derived from NASA’s Shuttle Radar Topography Mission (SLOPE),?® land surface temperature (LST),? rainfall
(TRMM),?" and permanent water availability (WATER)?° were also extracted in GEE. Finally, we extracted information on the overlap
between range and protected area boundaries (PAI) (as defined by the World Database on Protected Areas (WDPA)'®) and the Human
Footprint Index (HFI),?®” an index of the aggregate influence of human population density, built-up areas, night-time lights, land use,
coastlines, roads, railroads, and navigable rivers. See Table S4 for further details on model covariates.

Data were categorized according to species (Savanah elephants L. africana or Forest elephants L. cyclotis), sex (Male or Female),
the site where an animal was collared (Table S1), and the individual animal identifier.

Given the scale of this analysis, we relied on coupling movement data with relatively high resolution, standardized global datasets
facilitated by the Google Earth Engine analytical environment.?® While these data offer powerful, standardized information enabling
such a broad, continental scale analysis, we were still missing some finer resolution layers on different anthropogenic and environ-
mental variables that could not be compiled systematically across the diversity of ecosystems in this study. In particular, we were not
able to assemble comprehensive spatial metrics of risk to elephants. As discussed in relation to variable range sizes found in areas of
high human impact, understanding the tolerance of local people to elephants is critical to understanding ranging behavior, but such
spatially explicit information on human perception is rare.®* While several systems in this study have fenced boundaries, a factor
known to restrict normative elephant movement behavior and space use, we lacked systematic information on fences across all stud-
ied populations. We also lacked high quality layers on the vegetation community, including tree fruiting phenology, relying on a coarse
tree cover layer, which we found had a positive impact on range size. The spatial configuration of the vegetation community is widely
recognized as influential on range geometry and size.®>°® While we incorporated permanent water in our analysis, seasonal or
ephemeral water sources are more difficult to characterize, limiting inference on some of the more dynamic aspects of this important
abiotic correlate of movement.

Given the dominant influence of land use change on habitat and species loss, the projected human population growth and land use
plans in Africa will be the critical challenge for wildlife conservation in the future. Increasing the resolution, availability, and accuracy of
global landscape layers will facilitate assessment of the impacts of human population expansion on wildlife, as well as identifying
approaches to mediate such impacts by identifying those areas with the greatest long-term conservation viability.

QUANTIFICATION AND STATISTICAL ANALYSIS

We developed sets of linear mixed-effects models, with individual id as a random effect, at both the 16-day and annual timescales
relating the effects of covariates to range area to answer Question 1 (How do elephant home ranges vary in size across sexes, spe-
cies, and biome?), and Question 2 (How influential are individual, biotic, abiotic and anthropogenic factors on elephant range size?).
Models were classified according to: i) indv — models containing individual factors of sex or species, ii) anthro — models containing
anthropogenic factors of protected area use and the human footprint, iii) biotic — models containing variables related to the biotic
environment including vegetation indices and tree cover, iv) abiotic — models containing variables related to the abiotic environment
including slope, temperature, rainfall and water, v) full - models containing all model variables, or; vi) mixed - models that contained
variables from a combination of driver categories.

Model specification
Range areas were log-transformed to account for their exponential distribution and non-negative values.®”-°® We used a nested var-
Ident variance structure®®"° to allow for heterogeneous spread in the residuals associated with individuals nested within sites. The
random-effects structure of the models (individuals nested within sites) and the heterogeneous variance structure (variance allowed
. . . . . . , X —
to vary per site) helped to account for the sampling biases across sites. All continuous covariates were standardized —2““”
UX

tested for pairwise correlations (Figure S1, Figure S2) before model fitting. Because of a high degree of correlation (> 0.7) between
NDVI, EVI, and NDWI at the 16-day scale, we first tested three models with each of these covariates individually, based on the Cor-
rected Akaike’s Information Criterion (AICc),'®'” and dropped EVI and NDWI from further analysis (Figure S1). At annual scales, there
was a high degree of correlation (> 0.7) between NDVI, EVI, LST, and TREE covariates. Model selection favored NDVI for the full
model specification (Figure S2). All other covariates had less than 0.7 pairwise correlation and were included in the same models.

The full model specification for the 16-day model, in terms of a single observation of range area for animal i nested within site j at
time t, was:

I0g(AREA;) ~ ; + o +SEXjt + SPECIES;; + NDVl; + TREEj¢ + LST;¢ + TRMM; + WATER;; + SLOPE; + HFlj1 + PAlj¢ + € ¢

and

while the full model specification for the annual model was:
log(AREA:) ~ v; + o+ SEXjt + SPECIES;t + NDVlj: + NDWIlj: + TRMM + WATER;: + SLOPE j; + HFlj; + PAlj; + €
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where a random intercept «jis specified for each individual, and a random intercept v; is specified for each local site, the within-
animal residuals are given by ej:. The parameters a;, v; and e were assumed to follow normal distributions.

An exponential decay in covariance between sequential observations of each individual animal was modeled with an absolute
difference in time (i.e., autocorrelation structure of order 1 with a continuous time covariate that allows for the exponential decay
of correlation with temporal distance (CorCAR1).”" The residual covariance matrix was modeled as a block diagonal with zeros
on non-diagonal entries indicating independence of inter-animal within site errors.

Random effects were used in both the annual and 16-day models to account for individual random variability nested within site-
based random variability, and both were highly significant (Table S6). The total explained variance (conditional) of the 16-day model
was 44.80% and 81.3% for the annual model (Table S6). The temporal correlation CorCAR1 parameter f (calculated based on years
from the start of a dataset) was also significant in both the 16-day (f = 1.71E-6) and annual models (f = 0.35) indicating temporal auto-
correlation was significant and needed to be accounted for in our modeling approach (Table S6).

Model selection

The Corrected Akaike’s Information Criterion (AICc was used to select between our competing movement hypotheses (models)
at both the 16-day and annual time frames. Final models were re-fit using restricted maximum likelihood (REML) to provide reliable
estimates for regression parameters.’? Model fit was also assessed using graphical methods.®® Statistical modeling was performed
using R software.”®

)16,17

Habitat suitability model

To answer Question 3, (how much suitable elephant habitat remains across Africa and how much of this suitable habitat is currently
occupied?), we calculated a habitat suitability model (HSM) to be any geographical location with conditions that fell within the range
of mean values encountered by an elephants’ 16-day ETD range (i.e., every 1.0 km? location within the African continent was as-
sessed by whether or not the values of the covariates NDVI, SLOPE, LST etc. intersected the range of conditions recorded by
any elephant’s 16-day ETD range within our study). The HSM was generated using Google Earth Engine. Further details and code
for our modeling procedure can be found in the analysis_worksheet.ipynb jupyter notebook available at: https://github.com/
walljcg/panafel.
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