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Our study monitored the changes in elephant numbers, distribution, and

Siﬁijsﬁoﬁi‘::ce ecological impacts over a 50-year period. During this period, the free-ranging
Email: vimose@gmail.com intermingled movements of wildlife and traditional subsistence pastoralists

across the Amboseli ecosystem were disrupted by a national park, livestock
Funding information

Liz Claiborne Art Ortenberg Foundation,
Grant/Award Number: ACP2018; Ford compressed into the national park by poaching and settlement turned wood-

ranches, farms, settlements, and changing lifestyles and economies. Elephants

Foundation; Wildlife Conservation Society lands to grassland and shrublands, and swamps into short grazing lawns, caus-
Handling Editor: Alisa Coffin ing a reduction of plant and herbivore diversity and resilience to extreme events.
The results echo the ecological findings of high-density elephant populations in
protected areas across eastern and southern Africa. The impact has led to the
view of elephants in parks as being incompatible with biodiversity and to popu-
lation control measures. In contrast to Amboseli National Park, we found woody
vegetation grew and plant diversity fell in areas abandoned by elephants. We
therefore used naturalistic and exclosure experiments to determine the
density-dependent response of vegetation to elephants. We found plant richness
to peak at the park boundary where elephants and livestock jostled spatially, set-
ting up a creative browsing-grazing tension that caused a patchwork of habitats
and peak of plant richness. Prehistorical and historical literature reviews lend
support to the Amboseli findings that elephants and people, the two dominant
keystone species in the savannas, have been intimately entangled and coexisted
prior to the global ivory trade and colonialism. The findings point to the need to
view specific elephant populations in historical perspective and, as far as possi-
ble, create connectivity beyond protected areas to allow mobility on an ecosys-
tem and landscape scale. The Amboseli study underscores the significance of
space and mobility in the keystone role of elephants, and community-based con-
servation as a way to foster coexistence at an ecosystem and landscape scale.
Space and mobility also alleviate the ecological disruption of compressed
populations, and minimizes population management.
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INTRODUCTION

After decades of physical forces being viewed as bottom-up
drivers of ecosystem processes (Lindeman, 1942; Odum,
1957, Whittaker & Likens, 1975), the role of carnivores
and herbivores in governing community dynamics from
the top-down has been well established in both ecological
theory (Curtin & Allen, 2018; Holt et al., 2010; Oksanen
et al., 1981; Paine, 1969; Schoener & Spiller, 1987) and con-
servation policy and management (Eisenberg, 2013; Seip,
1992; Sinclair & Norton-Griffiths, 1979). The extermina-
tion, reintroduction, displacement, and compression of
keystone large herbivores, and carnivores can all have
long-term repercussions on ecosystems and landscapes
(Bakker et al., 2016; Owen-Smith, 1988).

Given the growing impact humans have on wildlife
(Grooten & Almond, 2018), population disruptions offer
naturalistic experiments for testing the role of mega mam-
mals as keystone species precipitating trophic cascades
through ecosystems (Holt et al., 2010). The impact of mega-
faunal disruptions will, however, differ between biogeo-
graphic regions depending on their histories. The heavily
depleted faunal assemblages of North America during the
Pleistocene period (Grayson, 1989) and Madagascar during
the Holocene (Burney et al.,, 2003), for instance, will
respond differently to disruptions of East Africa megafauna,
which has remained relatively intact since the late
Pleistocene (Reid, 2012; Sinclair & Norton-Griffiths, 1979).
Whereas the reintroduction of the wolf into Yellowstone’s
Pleistocene-depleted predator fauna caused large ripple
effects on the plant and animal communities (Eisenberg,
2013), the recolonization of wild dogs on the Laikipia
Plateau in Kenya (Woodroffe et al., 2005) caused little
change. In Africa, the biotic impact of large herbivores is far
greater than that of carnivores. The large impact of ele-
phants on the structure and dynamics of African forests
and savannas, for example, has been well documented
(Fritz et al., 2002; Guldemond et al., 2017; Laws, 1970;
Toit & Moe, 2015). How much greater then would be
impact of reintroducing megaherbivores, such as elephants
and rhinos, into North America biomes after 11,000 years
of faunal depletion and weakened plant defenses than the
reintroduction of the wolf into Yellowstone?

Most studies of elephants, the world’s largest terrestrial
herbivore, have been conducted in protected areas where
their impact is intensified by compressed populations and
by curtailed seasonal movements. Wall et al. (2021)
showed the distribution of elephants to occupy only 17% of
their potential range due to the level of the human distur-
bance and safety in protected areas. Normalized for rain-
fall, censuses of 34 populations showed elephant densities
in East Africa to be five times higher in protected than
nonprotected areas (Western, 1989).

Discussions on the keystone role of elephants have
centered on their impact on woody vegetation and
whether the findings support equilibrium, nonequilibrium,
or alternative multistate theories of ecosystem dynamics
(Caughley, 1981; Dublin et al., 1990; Walker, 1981). Here
again, the focus on the impact of protected area elephant
populations on woody vegetation and biodiversity has
deflected attention from the larger keystone role they
play when free-ranging at an ecosystem and landscape
level. The lack of studies prior to the establishment of
protected areas masks the complex and shifting inter-
play that likely shaped African ecosystems for millennia
(Laws, 1981).

ELEPHANT-HUMAN
INTERACTIONS

Paleo records and historical accounts point to the ancient
links and changing relationship between hominins and
elephants since the Lower and Middle Stone Ages. In the
Olorgesailie formation in the Rift Valley of Kenya one
million BP, fossilized remains of Elephas recki were
surrounded by discarded stone tools and show multiple
cut marks on the bones (Potts et al., 2018). Whether the
disappearance of E. recki, together with a 75% turnover of
the large mammal fauna between 500,000 and 350,000
BP, was due to climatic changes or human impact, is yet
to be resolved. It does, however, suggestively coincide
with the emergence of sophisticated weaponry and hunt-
ing techniques (Potts et al., 2020).

In historical times, lateen-rigged sailing vessels
transported large quantities of ivory from Africa to the
Arabian Peninsula and India from 500 ap onward. Evidence
points to the depletion of elephant populations across east-
ern and southern Africa by the late 19th century (Coutu
et al.,, 2016; Hakansson, 2004), resulting in the growth of
woody vegetation (Leuthold, 1996).

Historical accounts of Amboseli mirror the continental
picture. The writings of Joseph Thomson and Count von
Hoehnel, the first European explorers to pass through
Amboseli in the 1880s, make no mention of seeing ele-
phants (Thomson, 1887; von Hohnel, 1894). Photographs
by Schillings (1906) in the early 1900s show an abundance
of regenerating fever trees (Acacia xanthophloea) but no
mature woodlands. A repeat photographic survey of
photos taken by Martin and Osa Johnson in 1921
(Johnson, 1935) shows thick, regenerating groves of fever
trees and a dearth of elephant dung or tree damage. In the
years following, the trees matured and elephant damage
intensified, leading to the replacement of woodlands by
grasslands across much of the Amboseli basin from the
1950s onward (Western, 2010).
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Given that elephants have contracted to a fifth of
their available habitat due to human displacement (Wall
et al., 2021), how has displacement and compression of
elephant populations by human activity distorted the eco-
logical impact of elephants on vegetation and large mam-
mal populations? Laws (1970) suggested that elephants,
free to move in response to human activity, created a
large-scale mosaic of habitats due to the differential
impact of browsing and grazing intensity. Western and
Maitumo (2004) similarly hypothesized that free-ranging
elephants and livestock populations shifting in response
to each other set up a creative tension causing a dynamic
mosaic of habitats.

The Amboseli Conservation Program (ACP) was set
up in 1967 to track seasonal and long-term trends in
wildlife and human activity and to monitor the causes
and consequences of change. The ACP program has run
continuously since then. The 55-year study spans the
period of free-ranging movements of elephants in the
1960s, the responses to heavy poaching and the creation

of Amboseli National Park in the 1970s, and, in the
following decades, the spread of farming, sedentism, and
land subdivision among pastoral communities. Our aim
in this paper is to look at the demographic and ranging
responses of elephants to human activity, track the cas-
cading effects on vegetation and large herbivores, and use
naturalistic and exclusion experiments to detect the
impact of intensified browsing. We review the literature
to look at the importance of space and mobility in sus-
taining free-ranging elephant populations, theories of the
keystone role of elephants, and the ecological disruptions
caused by our growing human impact.

STUDY AREA

The 8500 km* Amboseli ecosystem (Figure 1) is defined
by the seasonal movements of the large wild herbivore
and pastoral livestock populations lying in the rain
shadow of Kilimanjaro along the Kenya-Tanzania border.
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FIGURE 1

A map of the study area showing Amboseli National Park, the surrounding group ranches, and the 5 x 5 km grid overlay

used in flying flight lines and spatially plotting wildlife and livestock population estimates.
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The wild herbivore migrants, including elephants, zebra,
wildebeest, hartebeest, eland, and buffalo, move seasonally
between the wet season and the dry season range concen-
trated around the permanent swamps of the Amboseli
basin. The ecosystem has been detailed in several publica-
tions (Moss et al., 2011; Western, 1973, 2007). The vegeta-
tion is dominated by bushed grassland falling within
ecological Zone V of Pratt, Greenway, and Gwynne (Pratt
et al., 1966). Aquifers emanating in the northern forests of
Kilimanjaro drain into the dry Pleistocene lakebed of the
Amboseli basin, creating a series of permanent swamps
and a shallow water table (Figure 1), which support hydro-
philic vegetation dominated by A. xanthophloea wood-
lands. Maximum temperatures range from 26 to 44°C, and
minimum temperatures range from 6 to 14°C. The
twice-yearly rainy seasons fall between October to
December and March to May, averaging 350 mm annually
(Altmann et al., 2002).

In the 1960s, elephants, along with other wildlife and
livestock, migrated seasonally during the rains to the sur-
rounding bushed grasslands and returned to the Amboseli
basin as the dry season progressed (Western, 1975).
Western and Lindsay (1984) documented the subsequent
changes in elephant populations and seasonal movements
in the Amboseli basin from 1973 to 1980. The habitat
changes in Amboseli since the 1950s have been described
in detail (Croze & Lindsay, 2011; Western, 2007). From
1950 to 2017, grassland habitats expanded from 28% to
40% of the basin in inverse proportion to the contraction of
woodlands from 25% to 5%. The major habitat changes
have been shown to correspond to increasing browsing
intensity (Western & Mose, 2021).

Despite the abundance of wildlife, the herbivore bio-
mass is dominated by the cattle, sheep, and goats of the pas-
toral Maasai, who followed the same seasonal migratory
patterns as wildlife until the late 1970s. In 1978, livestock
were excluded from the 388 km> Amboseli National Park to
protect the rich wildlife concentrations of the Amboseli
Basin and secure their late-season forage against settlement
and farming. The Maasai in the surrounding communal
lands were given title deeds to seven group ranches, each
managed separately by elected representatives (Kimani &
Pickard, 1998). The higher rainfall slopes of Kilimanjaro
were divided into small farms that spread downslope
toward the permanent swamps from the 1960s onward.
Beginning in the 1970s, the permanent swamps Namelog
and Kimana lying east of Amboseli National Park were
subdivided into private holdings supporting irrigated farm-
ing. Subdivision of the group ranches, which began in the
northern Kaputei section of eastern Kajiado District in
the 1970s and displaced wildlife, including elephants
(Kimani & Pickard, 1998), is currently underway in the
group ranches surrounding Amboseli National Park.

METHODS
Herbivore monitoring

Counts of the 704 km* dry season concentration area of
the Amboseli basin, which included all herbivores larger
than 25 kg, were conducted using sample aerial counts
between 1967 and 1971 (Pennycuick & Western, 1972;
Western, 1973). From 1975 onward, aerial counts of the
Amboseli basin were flown to give a total count of ele-
phants within a 1km? UTM grid (Western & Lindsay,
1984). From 1974 onward, aerial sample counts of all large
wild and domestic herbivores were flown across the
8500 km? eastern Kajiado County one to several times
most years (Western et al., 2021). The area was divided on
a UTM map projection into 5 x 5km grids (Figure 1).
Flight lines were flown through the center of each grid in
a north-south direction, 90 m above ground. All wildlife
and livestock within a strip width averaging 170-200 m
were counted on either side of the aircraft by two
back-seat observers. Herds too large to count by eye were
photographed and later counted under a binocular micro-
scope. Population estimates (PE) and standard deviations
were derived from the 8% to 10% sample counts using the
Jolly II equation (Jolly, 1969). The global PE and the stan-
dard error (SE) for each species were calculated as follows:

NN =
PE = Ny and SE = /N ="

s, (1)
where N is the number of samples needed to give a com-
plete coverage of the study area, y is the sample mean, n
is the sample size, and S the sample variance.

Elephant carcasses were added to the live animal counts
when a surge in poaching was detected in 1974. Carcasses
counted included freshly killed animals with tusks removed,
skin still intact or bones undispersed. Carcasses in bush
country are likely to be undercounted, but using the narrow
counting strips of the ACP monitoring, carcass-to-live ratios
have been shown to give good minimum estimates of
poaching levels (Douglas-Hamilton & Burrill, 1991). A sum-
mary description of the elephant datasets is provided in
Table 1.

Vegetation measurements

The woodland changes in the Amboseli basin were mea-
sured by tree density in 30 18-ha plots randomly distrib-
uted on aerial photos dated 1950, 1961, 1967, and 1980.
We used the photo set to detect how woodland density
had changed across the length of the Amboseli basin in
response to a protected area in the center of the basin
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TABLE 1 Items descriptions of the elephant and carcass data, as well as the tree and herbaceous biomass data, used in this paper.
Timespan
(sampling/analysis Type Associated
Data item Area sampled Size in km? period) (aerial/ground) Frequency figure/analysis
Elephant no. in Amboseli basin 704 km? 1968 to 2020 Aerial survey Monthly Figures 3 and 4
the Amboseli area.
basin area.
Elephant no. in Amboseli 8500 km* 1974 to 2020 Aerial survey Annually Figure 3
the Amboseli ecosystem.
ecosystem.
Poached no. Amboseli 8500 km> 1974 to 2020 Aerial survey Annually Figure 3
ecosystem.
Elephant density =~ Amboseli basin 704 km? Averages from 1975 Aerial survey N/A Figure 5
from the area experiment to 1988
centre of the conducted in
park. the 1988.
Tree species no. Amboseli basin 704 km? 1988 Ground transects N/A Figure 6
from the area experiment east and west
centre of the conducted in from the centre
park. the 1988. of the park
Elephant and Amboseli basin. 704 km? Data analyzed from Ground herbaceous 1978-1985 Analysis
herbaceous 1978 to 1985 biomass data monthly reported in
biomass at sampled analysis the Results
heightened following
poaching Western et al.
period. (2021).

and pastoral livestock activity in the periphery. For lack
of later aerial photography, we conducted a similar count
of tree density updated to 2020 using 2020 Google Earth
Pro satellite imagery (CNES/Airbus, 2020). The satellite
imagery gave good resolution of mature trees but a mini-
mum estimate in densely packed regenerating groves. We
conducted a separate study in 1988 to determine how tree
density, shrub cover, and herbaceous cover related to ele-
phant density from the centrally protected area of the
Amboseli basin to the peripheral basin areas outside used
by Maasai herders and farmers. Tree cover and bush den-
sity by species were measured by the point-center-quarter
method (Cottam & Curtis, 1956). Herb layer composition
and biomass inside the park were measured by the
slanting pin frame method (Jonasson, 1988; Western
et al., 2021). Sample plots were spaced 0.75 km apart
along the transect. To derive elephant densities along the
transects between 1975 and 1988, the period of maximum
tree loss, we averaged monthly total aerial counts of the
basin area using a 1 km? grid.

The ACP set up a controlled experiment to determine
the impact on woodland and swamp vegetation of removing
elephant impacts from a 250-ha exclosure (Appendix S1:
Figure S1). Elephants were excluded by two electrified
wires extending 2 m and above from the ground, allowing
smaller herbivores, including buffalo, wildebeest, and

waterbuck, to use the plot (Appendix S1: Figure S1). The
Ilmarishari site selected was, until the late 1960s, an area of
dense woodlands enclosing a small swamp. Heavily
destroyed by elephants in the 1970s and 1980s, the wood-
lands gave way to Suaeda monoica, Salvadora persica, and
Azima tetracantha shrubland by 2000 (Western, 2007). The
swamp, dominated by the 2-3 m sedges Cyperus papyrus
and C. immensus, was gradually grazed down to a short
sward with Cynodon dactylon and Digitaria grasses invad-
ing the edges. The experimental and adjacent unfenced con-
trol plots were monitored for changes in plant biomass and
composition between September 2002 and July 2005
(Sarkar, 2006).

We used other high-level electric fence exclosures to
measure tree recovery with elephant exclusion. These
included two constructed by Kenya Wildlife Service
(KWS) at Simek (~2 ha) and Ol Tukai Orok (~0.5 ha) in
2010, and two outside the park at Soito Nado, constructed
at a Ker and Downey Safaris campsite (each ~0.2 ha)
between 2000 and 2010.

Statistical analysis and modeling

To delineate where elephants spent their time in the
ecosystem in the 1970s, 1980s, 1990s, and 2000s, we used
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a kernel density estimation (Figure 2), and contour
percentages (Gibin et al., 2007) categorizing the band iso-
pleths probability as 50% (core area), 75% (migration
area), and 95% (home range).

We used a lag correlation analysis to compare ele-
phant population numbers to poaching rate measured by
carcass to live ratio (Figure 3). The shifting seasonal ele-
phant population numbers in the Amboseli basin were
compared using the Wilcoxon sign rank test (Rosner
et al., 2006) for the periods 1968-1978, 1980-1983, and
1984-2005, derived from visual inspection of the time
series shown in Figure 4. The association between tree
survivorship and elephant density was tested using the
nonparametric Spearman rank correlation (Astivia &
Zumbo, 2017).

We used both naturalistic and exclusion experiments
to test whether elephant compression was a primary

cause of the habitat and species compositional changes.
In the naturalistic experiment, we used the 1988 com-
bined ground transects running east and west from the
park center to basin periphery (Figure 5) to test whether
grass and shrub biomass increased with declining ele-
phant density along the transects. Here, a multivariate
multiple regression (Nkurunziza & Ejaz Ahmed, 2011)
was used to model the ratio of grasses and shrubs to tree
biomass as a function of distance from the center of
the park.
The model is given by

Yi=Pp+PpX+e s=12 (2)
where Y are the ratios of grass and shrubs to tree bio-

mass, respectively, X is the distance, B, and p;, are model
parameters, and ¢ is the error term.
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FIGURE 2 Kernel Density Distributions of Elephants in Amboseli Ecosystem 1974 to 2016.
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FIGURE 4 Mean annual wet and dry season population counts of the Amboseli basin show a drop in migrations in the late 1970s and
early 1980s in response to a surge in poaching outside the national park, followed by a reversal of migrations through to 2006, when

movements became more erratic in response to wet and dry years.

In a controlled experimental manipulation of
elephant impact using high-wire exclosures in the for-
mer woodland areas (Appendix S1: Figure S1), we
tested whether elephant exclusion would revert the
Suaeda-dominated shrublands to fever tree woodlands.
Model (2) was applied with the independent variable X
taken as time in years.

We used the elephant density gradient from the cen-
ter to periphery of the national park (Figure 6) to test
whether elephant density accounts for the changes in

species richness, including trees, shrubs, herbs, and
grasses. We fitted a power function given by:

D =vE* y>0, a # 0. (3)

The above equation shows that the estimated species
richness D vary with elephant density E (number per
square kilometers).

Calculation of the variance explained (R?) was made
after model linearization (Khalil, 2002).
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FIGURE 5 The density of fever trees was measured along the Amboseli basin on aerial and satellite imagery for the years 1950,
1980, and 2020 (A). Woodland density, fairly uniform along the basin in the 1950s when elephant numbers were low, declined steeply

with the influx of elephants into the national park (shaded region) in the 1970s. Woodland density was found to be a
density-dependent function of elephant density averaged from total counts of the basin between 1975 and 1988 (B). The woodlands
declined in an outward wave from center to periphery of the park, where human activity restricted elephant movements and

protected the remaining groves. The Ilmarishari elephant exclusion plot established in 2001 saw a rapid recovery of fever trees

(Appendix S1: Figure S1) in the center of the park.

To test whether pasture abundance, measured by her-
baceous biomass at the height of the poaching period
(1978-1985), influenced the rise in elephant numbers
inside the protected Amboseli National Park, we fitted a

generalized least squares model (Kariya & Kurata, 2004)
to account for possible temporal autocorrelation in the
data. We utilized the nlme package in R for analysis and
modeling (Pinheiro et al., 2018).
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RESULTS

Changes in elephant migrations and
population size

Aerial counts of the ecosystem from 1974 onward
show elephant numbers in the ecosystem fell from
well over 1000 to under 500 between 1974 and 1978
(Figure 3). At the onset of the counts, large numbers
of recently poached elephants with their tusks hacked
out were sited across the ecosystem outside Amboseli
National Park, often in clusters, including youngsters.
The population decline was inversely proportional
to the poaching rate measured by the carcass:live
ratio over the previous year (r=—0.37,p = 0.0453).
Allowing for the undercounting bias, the estimated

536 + 102 carcasses accounted for the losses. A recovery
in the elephant numbers coincides with the remaining
population concentrating within the safety of the
national park (Figure 1) and a cessation of poaching in
the early 1980s (Figure 2). The elephants began to
recolonize their ecosystem range through the 1990s and
2000s when poaching across the region had dropped to
low levels (Figure 4).

We found a statistically significant negative association
between elephant numbers in the protected national
park and herbaceous biomass over the heightened
poaching period of 1978-1985 (t=—2.094, p <0.0396)
after accounting for the temporal correlation present in
the errors of the generalized least squares regression
model relating the two variables. During this period, her-
baceous biomass decreased by 38% for each unit increase
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in elephant population. This shows the elephant
concentration into Amboseli National Park occurred
despite a sharp decline in herbaceous biomass.

The change in numbers and movements of elephants
after the 1970s points to a response to human activity,
namely a population reduction and range contraction
due to poaching, and a concentration in the Amboseli
basin due to the protection afforded by the national park.
With the cessation of poaching and safety in the park,
elephant numbers rose steadily through recruitment
(Moss et al.,, 2011) to over 1200 in the early 2000s
(Figure 3) in line with the increase documented by the
Amboseli Elephant Program (Croze & Lindsay, 2011).

By the 1990s, the herds had resumed seasonal migra-
tions, but in a reversal of the earlier wet season migra-
tions (Figure 4). Whereas wet season counts of the basin
were significantly lower than dry season counts between
1968 and 1978, dry season counts showed no significant
difference between 1980 and 1984 (W=4, p=0.3429).
From 1984 to 2005 the dry season numbers were signifi-
cantly lower than the wet season (W = 42, p <0.0001).
During these two decades, the basin population fell from
a yearly average of 500 to under 300 (Figure 4). A sharp
decline in elephant numbers was recorded in the basin in
the 2009 drought (Figure 4) when over 400 elephants
died (Moss, personal communication) Elephant numbers
in the park subsequently rebounded but became more
erratic (Figure 4).

The dislocation of the elephant migrations in the late
1970s compressed elephant habitat use and had large
knock-on effects on the plant community, which we
explore next.

The impact of elephant compression on the
Amboseli basin

The concentration of elephants in Amboseli National Park
in response to poaching created a knock-on effect along
the plant biomass gradient shown to be used seasonally
(Lindsay, 1982, 1994). The rising numbers initially built up
in the woodlands, then shifted to the swamp habitats
(Mose & Western, 2015). The shifting concentration of use
from woodland to swamps correlates inversely with the
depletion of total woody biomass in the Amboseli basin
between 1975 and 1995 (r = —0.49, p =0.01), pointing to
rising elephant numbers intensifying the herbaceous bio-
mass gradient of seasonal use.

The close correlation between elephant density, tree
damage, and tree death found by Western and Van Praet
(1973) makes the fever tree a useful indicator species for
tracking the ecological impact of elephants in the
Amboseli basin over the last 70 years. The results of the

aerial photo and Google Earth Pro counts (Figure 5)
show fever woodlands in 1950 to be dense and relatively
uniform across the basin. By 1980, tree density had
declined steeply in the national park, corresponding to
the rising elephant numbers in the basin (Figure 4). Tree
survivorship increased with distance from the park center to
periphery (rs = 0.67, p = 0.0064). A repeat measure cor-
relation analysis shows the declining woodland loss from
the park center to basin periphery to correlate significantly
with declining elephant density (r,, = 0.62, p=0.0298),
supporting the density-dependent tree damage findings
of Western and Van Praet (1973).

The results of the combined 1988 vegetation transect run-
ning east and west from the park center to basin periphery
(Figure 5) show grass and shrub biomass to have increased
with declining elephant density (Model 2). We found both
the ratio of grass (y=—0.6x+9.3, R*=0.54, p=0.0061)
and shrubs (y;= —0.28x+ 2.6, R*=0.49, p=0.0118) to
decline along a distance gradient in proportion to tree
biomass density.

We used the results of the experimental removal of
elephants from the Ilmarishari high-wire exclosure
(Appendix S1: Figure S1) to determine if fever tree wood-
lands would recover with the exclusion of elephants and
reverse tree replacement by Suaeda, Salvadora, and Azima
shrubland. By 2015, the fever trees had regenerated and
formed a dense canopy of mature trees. The ratio of both
shrub  (y, = —0.9x, + 1795, R* =0.41, p=0.0341) and
herbaceous biomass (yg = —7.42x,+ 14881, R> = 0.38,
p =0.0158) fell sharply with the regeneration of trees
after the exclusion of elephants (Appendix S1: Figure S1).
The shade-intolerant Suaeda had disappeared from the
maturing woodland plots by 2015.

We used the same exclosure to determine if the
grazed-down swamp in the center of the plot would
reestablish the former tall sedges which had been grazed
to a short sward by elephants (Appendix S1: Figure S1).
Despite no recovery in the control swamp, the residual
Cyperus papyrus and Cyperus immensus sedges in the
experimental exclosure showed strong recovery within a
year (Sarkar, 2006). The visual evidence in Appendix S1:
Figure S1 shows a full recovery of 3-m-tall sedges within
five years of elephant exclusion.

Finally, we used the 1988 transects from the center to
periphery of the national park to determine whether
plant species richness, including trees, shrubs, herbs, and
grasses, changed along the elephant density gradient. The
results show a density-dependent correspondence in
which species richness increased inversely with elephant
density from the park center to a peak at the park bound-
ary before declining sharply with increasing distances
beyond the park boundary. The parameter estimates from
model (3) were highly significant (y=17.75, p <0.0001)
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and (x=-—0.36, p<0.0034), showing that elephant
density accounts for 53% of the decline in species richness.

DISCUSSION
The Amboseli ecological changes

The year-round concentration of elephants in the basin is
best explained by the combination of poaching outside
and the safety of herds inside the national park, where
tourist vehicles and ranger forces offered protection
(Moss et al., 2011). The safety factor was also evident in
the relaxed behavior of herds in the park, their clumped
and agitated formations outside the park (Western &
Lindsay, 1984), and their flight into the park when dis-
turbed (Kangwana, 1993). Most movements out of the
park were under the safety of night, a pattern common to
other protected area populations in response to human
threats (Wall et al., 2021).

The greatest impact of the elephant range compres-
sion was on the woodlands. We have shown the loss of
woodlands to be a density-dependent function of ele-
phant numbers and distribution across the Amboseli
basin. The experimental removal of elephants using
high-level electric fences showed woodlands to recover
when the browsing pressure is removed. Fifteen other
exclosures across basin established by KWS and tourist
lodges since 1990 show strong tree regrowth against the
continuing loss of woodlands and woody vegetation in
the park. The recovery of woodlands in the exclosures
reinforces the findings of a 20-year exclusion experi-
ment showing elephant browsing pressure to be the
main cause of woodland loss (Western &
Maitumo, 2004).

The results of our study are consistent with the
changes in vegetation previously described due to intensi-
fied elephant browsing with range compression (Sarkar,
2006; Western, 2007). The changes include a contraction
of woodland and bushland habitats, a proliferation of
Suaeda, Azima, and Salvadora shrubland, and an expan-
sion of swamp-edge and swamp habitats. The most signif-
icant ecological changes are a reduction in habitat
diversity, convergence in plant species composition
among habitats, species downsizing, a sharp decline in
vegetation biomass, increased turnover rate, and a greater
dominance of herbivore-resilient species of shrubs and
grasses (Western & Mose, 2021).

The heterogeneity in woodland structure and species
composition converged over the period from the 1970s to
2017, due largely to woody mass declining across the
Amboseli basin from 600 to 200 g m~> (Western et al.,
2021). The permanent swamps increased by twofold,

switching from tall to short sedges and banks of floating
weed and large stretches of open water (Sarkar, 2006).

Changes in the vegetation and large herbivore com-
munity in Amboseli over the last five decades show the
ecological role of elephants to be heavily determined by
their interactions with humans. The interaction can
cause positive or negative cascading changes depending
on whether elephant populations are compressed or
move freely in response to shifting human activity.

We attribute the compressed elephant populations in
the Amboseli basin to heavy poaching in the 1970s. The
exclusion of livestock in 1978 following the creation of
Amboseli National Park may have temporarily contrib-
uted to the influx of elephants (Croze & Lindsay, 2011),
but considering herders resumed using the park within
three years, this would not explain the continuing con-
centration of elephants (Figure 4). The compression into
a tenth of the elephant’s 1960s range transformed wood-
lands into shrublands and expanded the area of grasslands
and swamps. The collapse of the migrations and compres-
sion of elephants following heavy poaching caused a cas-
cade of vegetation changes, including a convergence in
composition typified by smaller browse-tolerant species,
reduced primary production, an accelerated turnover rate,
and reduced resilience (Western & Mose, 2021).

Changes in the swamp vegetation, in contrast, high-
light the role of elephants as ecological engineers in
opening up wetlands to a range of smaller herbivores.
The effects of elephant trampling, fecal deposits, water
aeration, and sediment churning on swamp vegetation
provide a good example extensively documented by
Sarkar (2006). The post-1980s decline in the basin ele-
phant population is explained by the depletion of forage,
culminating in the heavy elephant and ungulate mortal-
ity in the 2009 drought (Western et al., 2021). The impact
of elephants on the Amboseli swamps mirrors the
account of the grazing succession in Lake Rukwa in
southern Tanzania (Vesey-FitzGerald, 1960). Here, ele-
phants trample and graze down tall sedges, creating a
succession of smaller herbivores onto the newly created
grazing lawns as the dry season progresses.

Changes in Amboseli large herbivore community over
the last half century track the changing habitat and spe-
cies composition. The changes in the composition and
structure of the herbivore community have been moni-
tored since the late 1960s using both the surface bone
assemblage and live counts across the Amboseli basin.
The results show the composition of the fifteen large her-
bivore species to track habitat changes, with the relative
abundance of grazers growing and browsers declining
with the loss of woodland and expansion of grasslands
and swamp-edge vegetation (Western et al., 2021;
Western & Behrensmeyer, 2009).
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General discussion

A review of 238 studies and a meta-analysis of 21 research
sites across Africa (Guldemond & Van Aarde, 2008)
found high densities, amplified by low rainfall and fenc-
ing, to reduce woody vegetation. The compressed ele-
phant population in Amboseli National Park has also
caused a heavy loss of woody vegetation across the eco-
system, but this paints a more nuanced picture. Transects
across the Amboseli park boundary show a loss of plant
species richness at low as well as high elephant densities
due to dense woodland cover suppressing understory
plants. Poulsen et al. (2017) also found elephant extirpa-
tion to result in plant species loss and ecosystem simplifi-
cation in African forests. Based on the density-dependent
responses of plant species richness (Figure 6), we deduce
that protected area populations mask the larger shifting
patchwork effect of elephants as landscape agents
(Davies et al., 2018).

Although Guldemond et al. (2017) and Cook and
Henley (2019) found that high-density elephant
populations generally cause tree loss and habitat simplifi-
cation, we suggest that elephants can promote habitat and
species diversity when free to move, and play an ecological
engineering role in denser habitats and wetlands by facili-
tating grazing successions. Skarpe and Ringrose (2014), for
example, in a multispecies study of Chobe National Park
in Botswana, showed elephants to cause a wide range of
cascade effects as a function of distance from water. Heavy
concentrations of elephants along water courses and
waterholes caused an expansion of grasslands and increase
in meso-herbivores, large carnivores, small mammals, and
gallinaceous birds. Lower elephant densities farther from
water resulted in heavy bush and woodland cover. Their
study also found elephant impact to be moderated by
bottom-up geomorphology, soils, and hydrology.

Fritz et al. (2002) in investigating the impact of
megaherbivores on the guild structure across 31 African eco-
systems found elephants to compete with meso-browsers
and mixed feeders but not grazers, a finding echoed in our
study. In a yet broader review of the role of megaherbivores,
Bakker et al. (2016) combined paleo-data and exclosure stud-
ies to show that megaherbivore extinctions and exclusions
can cause large ecological cascades no less than high-density
populations, in this case through an expansion of woodlands
and an increase in species dominance.

The focus on protected areas and a lack of studies on
free-ranging populations interacting with humans at a
landscape scale have fostered a view of park elephants as
being incompatible with biodiversity conservation and
the need for elephant reduction programs to alleviate the
biotic impact. Hoare and Du Toit (1999), in contrast,
found elephants and humans to coexist across a wide

range of settings below a threshold of disturbance. They
noted the lack of studies on the ecological interaction of
elephants and people moving freely in response to each
other. Their findings, along with those from Amboseli,
signal the need for context-specific studies to decipher
the ecological role of unrestricted elephant populations.

Elephants, we suggest, need large spaces and the crea-
tive tension of human disturbances lacking in parks to
play a positive keystone role in African savannas and for-
ests. Contemporary elephant populations studies tell us
little about the ecological role of free-ranging elephants
prior to colonialism, parks, and the rapid human popula-
tion growth in Africa over the last -century
(Caughley, 1988; Laws, 1981). The Amboseli study sup-
ports the suggestion that elephants in precolonial days
shifted with the loci of human activity, creating a
large-scale mosaic of habitats with local differentiation
due to browsing, grazing, and human activity
(Laws, 1981). The findings also support the hypothesis
based on the multivariate 20-year elephant exclusion
study in Amboseli that elephants and livestock interac-
tions can, through a creative tension, cause a shifting
mosaic of habitats (Western & Maitumo, 2004). We sug-
gest that the continuous “jostling” of livestock and ele-
phants at the park boundary in Amboseli explains the
peak of plant species richness (Figure 6). The hump-back
curve of species richness along the Amboseli elephant
density gradient fits the Intermediate Disturbance
Hypothesis (Roxburgh et al., 2004), as modified by the
Milchunas-Sala-Lauenroth (MSL) models (Gao &
Carmel, 2020) looking at the impact of disturbance along
a productivity gradient.

The context-specific impact of elephants points to the
futility of separating the ecological role of elephants from
people, treating parks as natural ecological systems, and
ignoring the importance of mobility and scale in ecological
cascades (Curtin & Allen, 2018; Holt et al., 2010). The million
years or more of human-elephant coevolution have shaped
ecological, behavioral, and cultural adaptations in elephants
and people in relation to each other. Elephants readily distin-
guish human responses by, for example, foraging beyond
park boundaries at night to avoid people (Wall et al., 2021),
yet acting benignly around safari vehicles, lodges, and camp-
sites in parks (Moss et al., 2011).

Other factors bearing on how elephants and people
shape ecosystems include physical factors such as rainfall
(Fritz et al., 2002), landscape heterogeneity (du Toit, 2003),
the size of parks, distance from water (Skarpe &
Ringrose, 2014), rainfall seasonality, and the scale and
pattern of migrations.

The loss of elephant mobility and range and the rising
conflict with people have reduced the scope for coexistence.
The loss of coexistence has shifted the human-elephant
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interactions from increasing both plant and large herbivore
diversity to greater ecological disruption and uniformity.
Caughley (1988), in reviewing the causes and consequences
of local overabundance in mammals, further suggested that
the exceptions to the reversion of vegetation from temporary
overabundance are due to the loss of mobility in livestock
and elephants. O’Connor et al. (2007) go further in
suggesting elephants are predominantly grazers based on
their digestive physiology but increasingly become browsers
when compressed into protected areas.

We propose that prior to the ivory trade, the creative
tension of free-ranging elephants in response to humans
created a patchwork of habitats and a shifting mosaic of
vegetation consistent with the view of elephants as a key-
stone species and ecosystem engineer. The impact of the
ivory trade over the last few centuries (Coutu et al., 2016;
Hékansson, 2004), a breakdown in traditional lifestyles
and cultures, the growth and expansion of human activi-
ties, and protected areas, have since compressed elephant
ranges and caused a growing ecological dislocation by
disrupting the interactions of the two keystone species
(Power et al., 1996).

The widening ambit of conservation in the last few
decades has begun to scale up space for large mammals
through community-based conservation and other land
management initiatives (Anderson & Grove, 1987; Western &
Wright, 1994). Examples include the cross-border Kruger
link between South Africa and Mozambique (Mabunda
et al., 2003), the greater Amboseli ecosystem in Kenya
(KWS, 2020), and the Greater Yellowstone Coalition in the
United States (Keiter, 2020). Yet wider regional linkages
include the Paseo Pantera landscape in Central and South
America (Lambert & Carr, 1998), the Yellowstone-to-Yukon
landscape across the US-Canadian border (Chester, 2015),
and the four-border Kavanga-Zambezi (KAZA) landscape in
southern Africa (Stoldt et al., 2020). The theoretical frame-
work for widening conservation from protected areas to
regional and continental levels in the face of human impact
and climate change has been highlighted by Soulé¢ and
Terborgh (1999), Allen and Singh (2016), and Curtin (2015).
Such examples hold out hope of finding the space and mobil-
ity elephants and other large herbivores and carnivores need
to play as keystone species in sustaining biodiversity in an
increasingly human-dominated world, in alleviating the
ecological disruption of compressed populations in parks,
and in minimizing the need for intense species population
management.

CONCLUSIONS

Our study tracked a half century of change in elephant num-
bers, distribution, and a cascade of ecological impacts in

response to human activity, including poaching, the creation
of a national park, and settlement across the Amboseli
ecosystem.

Elephants compressed into the national park turned
woodlands to grasslands and shrublands and swamps
into short grazing lawns, causing a sharp increase in the
proportion of large herbivore grazers relative to browsers.
The results match the findings of high-density elephant
populations in protected areas across Africa. In contrast,
biodiversity fell as woody vegetation came to dominate
grasslands in areas abandoned by elephants in Amboseli.
We used naturalistic and exclosure experiments to show
plant richness peaks where elephants and livestock
overlapped and jostled spatially, setting up a creative ten-
sion that caused a patchwork of habitats and a peak in
species richness.

A literature review adds to the Amboseli findings that
the interactions of elephants and people, the two domi-
nant keystone species in the savannas, created a shifting
patchwork of habitats prior to the global ivory trade and
colonialism. The shifting mosaic has since been disrupted
by growing human activity and land fragmentation.

The Amboseli study points to the importance of space
and mobility in enabling the interacting keystone roles of
elephants and people to create and sustain habitat het-
erogeneity at an ecosystem and landscape scale. Space,
mobility, and coexistence, rather than fragmentation and
insularization of elephant populations, alleviate the eco-
logical disruption of compressed population and mini-
mizes the need for population management.
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in the Supporting Information section at the end of this
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Fig S1: A high-wire electric fence set up in 2001 at Ilmarishari exclosure (A) to test the impact of
elephant removal on woodland recovery. By 2008 the regenerating fever trees had shaded out the
Suaeda-dominated shrublands which supplanted the woodlands destroyed by elephants in the
1970s. The aerial view of the exclosure in 2005 (B) showing extensive fever tree regeneration and
regrowth in the swamps relative to the control open-water in the foreground. By 2018 the fever

trees formed a dense canopy closing out Suaeda shrub (C).
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Model details:

Model [2] results show that the ratio of grass to tree biomass density () reduced by 0.6 for every
additional kilometer (x) away from the centre of the park, (y = —0.6x + 9.3, R? = 0.54, P =
0.0061) . For shrubs, the ratio (y;) reduced by 0.28 with a unit increase in distance (y; =
—0.28x + 2.6, R? =0.49, P = 0.0118). In the controlled experimental manipulation of
elephant impact, the ratio of grass to tree biomass density (yg) reduced by 7.42 over the years (x,)
, (Ve = —7.42x, + 14881, R? = 0.38, P = 0.0158) . That of shrubs (y;) reduced by 0.9 (y, =

—0.9x, + 1795, R? = 0.41, P = 0.0341).
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