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ARTICLE INFO ABSTRACT

Keywords: African savanna elephants (Loxodonta africana) can substantially modify their habitat through their interactions

LiDAR with woody vegetation. Nonetheless, the scale, intensity and characteristics of these relations are not yet fully

Elephams understood. Consequently, it is unclear how vegetation-megafauna interactions can be disrupted by external
enya

Land cover factors, such as land management. This study attempted to quantify and characterize structural changes in

Remote sensing vegetation caused by elephants, from landscape to tree level scales. We applied multi-scale geospatial tools,

QSM including airborne (ALS) and terrestrial laser scanning (TLS), to address the following questions: (1) How do
elephants shape landscape level vegetation structure in conservation areas? (2) Are the impacts of elephants
evident on individual tree architecture? Our study area was located at the Taita Hills Wildlife Sanctuary in South-
eastern Kenya. The occurrence of elephants was estimated using elephant observation records and proximity to
elephant tracks. Landscape level structure was assessed using tree density maps calculated based on individually
detected treetops from ALS data. Next, TLS measurements of 72 trees were processed using quantitative struc-
tural modelling to characterize their architecture. Our results demonstrate a widespread influence of elephants
on both landscape and tree level structural characteristics. This influence was strongly mediated by management,
as we observed differences in vegetation structure inside and outside conservation areas. Tree density was up to
42% lower (5.84 trees/ha) in conservation areas than in non-conservation areas (10.17 trees/ha). Trees were
relatively larger with closer proximity to elephant tracks, while smaller trees were more often observed in areas
further away from elephants. At an architectural level, trees closer to elephant tracks had lower ratio between the
crown length and the tree height, demonstrating a substantial influence of elephants on the morphological
characteristics of trees. Our results highlight the importance of accounting for vegetation fauna interactions
when planning conservation areas in African savannahs.

1. Introduction of the species to alter woody ecosystems towards open grasslands by

consuming and damaging woody vegetation cover (Laws, 1970). Ele-

The largest and heaviest living terrestrial animal, the African phants are proven to be major agents of adult tree mortality (Asner and
savanna elephant (Loxodonta africana), is a renowned “ecosystem en- Levick, 2012; Guldemond and Van Aarde, 2008).

gineer” (Howard, 2017; Jones et al., 1994). The title refers to the ability Contrastingly, elephant behavior can aid the survival of certain plant
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species in their range as they can also shape their surrounding habitats
by being “forest gardeners” dispersing seeds to long distances (Blake
et al., 2009; Bunney et al., 2017; Campos-Arceiz and Blake, 2011;
Cochrane, 2003). The species as a large herbivore may also enhance the
carbon persistence of ecosystems by redistributing aboveground carbon
to soil pools (Kristensen et al., 2022).

The general population of elephants has faced declines, which means
that there is a need for conservation to avoid extinctions (Lemieux and
Clarke, 2009; Thouless et al., 2016). However, elephant populations
have increased in small invariably fenced reserves (Blanc et al., 2007;
Chase et al., 2016; Gaugris and Van Rooyen, 2010; Grobler et al., 2001;
Mackey et al., 2006; Thouless et al., 2016), where they are being pro-
tected from the illegal elephant ivory trade.

The conservation areas provide shelter from poaching and artificial
water sources. This leads to a high reproductive success that can lead to
high elephant population densities within the conservation areas due to
limited dispersal opportunities. The long-term impact of the species on
the surrounding ecosystem has been referred as to the “elephant prob-
lem” in the earlier scientific literature (Caughley, 1976; Glover, 1963),
even though areas are enclosed to protect the species from poaching for
ivory and to mitigate human-elephant conflicts.

Vegetation-elephant interactions are also affected by weather con-
ditions. During droughts, elephants tend to form larger groups (Howes
et al., 2020; Karvonen, 2018; Owen-Smith et al., 2006). The large herds
tend to migrate to woody areas to browse on woody plants due to water
scarcity (Loarie et al., 2009). The impacts of this process can be further
intensified by habitat restriction of the wildlife reserves, presumably
causing the elephants to forage in the same areas season after season,
thus challenging the carrying capacities of their surrounding ecosys-
tems. The outer borders of the conservation areas restrict the movement
of the elephants with electric fences, even though the borders of adja-
cent parks are usually open.

The impacts of elephants on the structural characteristics of vege-
tation can be identified in multiple scales, from a tree level to regional
levels. At regional scales, elephants can affect the structure of the
landscape by modifying the density of trees and the connectivity of
forest fragments, with subsequent effects on vegetation dynamics (Ber-
zaghi et al., 2019). At the individual tree level, on the other hand, ele-
phants can modify the architectural characteristics of trees, that is, the
structure of the aboveground portion of a perennial woody plant, such as
tree height, crown diameter, branching pattern, and branch orientation
(Hollender and Dardick, 2014; Tomlinson, 1983; Valladares and Nii-
nemets, 2007).

The architecture of individual trees determines how individuals
compete for resources and cluster together, which controls the energy,
water, and carbon fluxes at the ecosystem level (Enquist et al., 2009).
Disturbances affect tree productivity directly (Foster et al., 2003; Reyer
et al., 2017). This can happen when the ability of trees to capture re-
sources becomes limited (e.g., due to a lower leaf area) or when the
resource utilization ability decreases (Peters et al., 2013). Broken
branches can make trees more susceptible to further herbivore damage,
wind, and drought, while also reducing the growth rates (Fontes et al.,
2018; Franklin et al., 1987). Since these factors elevate the mortality
risk, alteration by elephants can cause tree mortality. One of the major
causes of tree mortality is ringbarking by elephants, when the bark is
stripped around the entire trunk or stem circumference (Anderson and
Walker, 1974; Boundja and Midgley, 2010, Croze, 1974; O’Connor et al.,
2007).

Although the effects of elephants cannot be completely separated
from the effects of other herbivore species in scientific analysis, the
elephant impacts have a greater scale than the impacts of smaller her-
bivores. The presence of smaller herbivores may constrain the recruit-
ment of new trees, which is also affected by elephants that tend to
browse on new trees once they grow into taller height classes, topple
small trees to access foliage, and may consume saplings when large trees
are less available (Caughley, 1976; Dublin et al., 1990; Berzaghi et al.,
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2023). Higher parts of trees can be affected due to their size, allowing
them to forage up to 8 m above the ground (Croze, 1974). Elephants also
have a very high daily food intake about over 60 kg weighed as dry mass
for a fully grown male (Owen-Smith, 1988), explaining their substantial
effect on the vegetation. Elephants may cause death of mature trees by
uprooting, felling, and removing the bark with their tusks (Barnes,
1982), unlike most other herbivore species (Asner and Levick, 2012;
Guldemond and Van Aarde, 2008).

Despite substantial advances in understanding vegetation-elephant
interactions during recent years, the characteristics and magnitude of
structural changes in savannas caused by elephants has not yet been
comprehensively quantified. One of the main reasons behind this
knowledge gap has been the availability of and accessibility to suitable
tools for measuring vegetation structure at multiple scales (Malhi et al.,
2018). This limitation, however, has been largely overcome in recent
years, with the advent of remote sensing methods that combine high
resolution, portability and financial feasibility (Beland et al., 2019;
Muumbe et al., 2021; Viergever et al., 2008).

Airborne laser scanning (ALS), for instance, has been successfully
applied in multiple applications aiming at describing vegetation char-
acteristics over large areas. Studies using ALS on savanna vegetation
often focused on assessing biomass or carbon storage (e.g., Goldbergs
et al., 2018; Pellikka et al., 2018; Wu et al., 2009; Zimbres et al., 2020).
For instance, Davies and Asner (2019) used ALS to investigate the
limiting effects of elephants on aboveground carbon gains in Africa.
Amara et al. (2020) used aboveground biomass (AGB) derived from ALS
data to demonstrate the impacts of fences and land use on landscape
level carbon storage. ALS data have also been used to quantify the loss of
large savanna trees (Levick and Asner, 2013).

Terrestrial laser scanning (TLS) is a ground-based Light Detection
and Ranging (LiDAR) system that produces three-dimensional infor-
mation as point clouds. Studies have demonstrated the large potential of
TLS data for characterising vegetation complexity, as it can provide high
precision measurements of vegetation structural components, including
detailed description of the under canopy structure (Calders, et al., 2015;
Maeda et al., 2022; Malhi et al., 2018; Newnham et al., 2015). TLS has
rarely been used for studying savanna vegetation, as most studies were
conducted in Europe, North America, and China (Muumbe et al., 2021).
TLS data have been used to quantify tree architectural characteristics by
generating quantitative structure models (QSM) of individual trees
segmented from TLS point clouds (Raumonen et al., 2013; Raumonen
et al.,, 2015). QSMs have not yet been extensively applied in savanna
vegetation. To the best of our knowledge, currently there are no pub-
lished studies on the effect of elephants on the architectural attributes of
savanna trees using TLS.

TLS data have been used to quantify tree architectural characteristics
by generating quantitative structure models (QSM) of individual trees
segmented from TLS point clouds (Raumonen et al., 2013; Raumonen
et al., 2015). Computer algorithms for constructing QSMs of individual
trees have been considerably improved in recent years, providing
comprehensive, automatic, and fast solutions (Raumonen et al., 2013;
Raumonen et al., 2015). Nonetheless, QSMs have not yet been exten-
sively applied in savanna vegetation. Previous studies on tree structure
have typically covered tropical forests (e.g., Lau et al., 2019; Martin-
Ducup et al., 2021) and temperate forests (e.g., Akerblom et al., 2017;
Potapov et al., 2017). In Africa, QSMs have been used to study vegeta-
tion in agroforestry areas (Reckziegel et al., 2022). To the best of our
knowledge, currently there are no published studies on the effect of
elephants on the architectural attributes of savanna trees using TLS.

Combining the advantages of ALS and TLS systems can thus provide
detailed information on the characteristics and dynamics of ecosystems.
While ALS systems allow for the assessment of landscape structure
characterization over larger areas, TLS systems can provide high reso-
lution of structural features of individual trees. When placed in the
context of the study of vegetation-megafauna interactions, such infor-
mation has the potential to provide unprecedented insights on the
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Fig. 1. The location of Taita Hills Wildlife Sanctuary and the area scanned with airborne LiDAR (ALS) in southern Kenya in relation to the Taita Hills, Tsavo West

National Park, and LUMO Community Wildlife Conservancy.

impacts of fauna, as well as land management (e.g., protected areas), on
the fate of African savannas.

In this study, we aimed at assessing the influence of elephants on
multi-scale structural woody vegetation features in East African sa-
vannas. We applied multi-scale geospatial tools, including ALS and TLS
measurements, as well as advanced tree structure modelling techniques,
to address the following questions: (1) How do elephants shape land-
scape level vegetation structure inside and outside conservation areas?
(2) Are the impacts of elephants evident at the level of individual tree
architecture?

We expect to find a sparser vegetation structure consisting of mainly
larger trees inside conservation areas compared to the outside areas. We
also expect to see less intact individual trees in areas with higher
elephant densities, near elephant tracks, and closer to the river. We
hypothesize that the elephants could have reduced the canopy volume
by browsing on and breaking the lower branches, therefore affecting the
crown ratio, diameter, volume, and area. Undamaged trees would have
relatively larger crowns compared to damaged trees.

2. Material and methods
2.1. Study area

The study area is the Taita Hills Wildlife Sanctuary (THWS), a small
privately owned game reserve in southern Kenya (Fig. 1) that is a
guarded conservation area for a high diversity of native African wildlife,
including African savanna elephants. THWS is located in the plains
southwest to the Taita Hills and covers an area of about 11,331 ha. It
borders the community owned LUMO Community Wildlife Conservancy
in the east, west and south, through which it is connected to Tsavo West
National Park. THWS belongs to the Tsavo ecosystem, where there are
large wildlife populations of e.g., elephants, lions, giraffes and buffaloes
(Ogutu et al., 2016; Smith and Kasiki, 2000). The animals can migrate
freely between the reserves, as there are no fences separating them.

While the THWS is exclusively managed for wildlife conservation
and wildlife-based tourism, areas to the north and east are mixed use
which includes livestock management, firewood collection from Acacia-
Commiphora bushlands, and dryland agriculture. The most common
woody species primarily include trees from the Vachellia-genus (e.g.,

V. tortilis and V. xanthophloea), Acacia-genus (e.g., A. brevispica and
A. elata), the Commiphora-genus (e.g., C. baluensis, C. schimperi, and
C. trothe), (Amara et al., 2020). The most common species of the
grasslands (including most of THWS) is Vachellia tortilis (Amara et al.,
2023). There is a gallery forest around the Bura river in the middle of
THWS, maintained by the high water table level of the riverbed. Besides
the widest part of the river, the Crocodile pond, the rest of the river is dry
most of the year. The gallery forest is characterized by tall Newtonia
hildebrandtii and Vachellia xanthophloea trees (Amara et al., 2020; Amara
et al., 2023).

The soil type of the lowlands surrounding the Taita Hills is typically
red and acidic sandy clay soil, while the elevation ranges between
approximately 600 and 1000 m above sea level (Amara et al., 2020). The
soil is porous, so it is not very fertile. The lowlands experience a bimodal
rainfall pattern that maintains the savanna ecosystem. The seasonal
rains occur twice in a year in THWS from March to May and from
October to December (Pellikka et al., 2013). This means that there are
also two dry seasons each year. The drier conditions shape the envi-
ronment in many ways: the trees shed their leaves, the soil dries out, the
grasses begin to brown, and seasonal fires occur.

The elephant population of the sanctuary tends to come from Tsavo
West National Park and surrounding areas during the dry season to drink
from the artificial waterholes that are replenished from boreholes.
THWS is an important migratory corridor for elephants moving between
the main conservation areas, Tsavo East and Tsavo West national parks,
in the ecosystem. For instance, in 2013 there were 462 elephants
recorded in the sanctuary during the dry season and 17 during the wet
season road census (Muteti and Maloba, 2013). The whole Tsavo
ecosystem has over 12,000 elephants (Ngene et al., 2017), most of which
live within the protected areas (Karvonen, 2018). The protected areas
include Tsavo West and East national parks, LUMO, and THWS. The
sometimes-destructive pattern of the elephant overcrowding on the
woody cover of the study area was already noted in the 1960’s as the
“elephant problem” that ended in 1970’s due to poaching and drought
(Glover, 1963; van Wijngaarden, 1985). The impact of fire also accel-
erated the destruction of the bushland. Examples of changes in the land
cover characteristics arising from the creation of fences and protected
areas are illustrated in Figs. S1-S3 in the supplementary material.

Trees have a key role in an African savanna ecosystem. They provide
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Fig. 2. Elephant density, elephant track proximity, and river proximity. TLS plot locations are displayed in the grayscale dots.

wildlife habitats, food for browsing herbivores, increase the soil nutrient
concentrations, create favourable microenvironments, and provide
shade, increasing the forage quality and grass productivity (Anderson
et al., 2001; Belsky, 1994; Cruz et al., 1999; Ludwig et al., 2004; Ludwig
etal., 2008; Scholes and Archer, 1997; Sebata, 2017). Trees also provide
sustenance for wood-feeding termite species that can further increase
the nutrient availability and forage quality (Grant and Scholes, 2006).
Most of the termite mounds in THWS are abandoned unlike in the non-
conservation areas in its surroundings, possibly due to the decreased tree
cover.

2.2. Elephant activity and river distances

This study used two proxy datasets for elephant activity and one river
distance dataset. The first elephant activity proxy used were geolocated
points of elephant occurrence obtained from the Kenya Wildlife Service
that were produced using elephant census counts from fixed-wing air-
crafts (Ngene et al., 2013). The Tsavo-Mkomazi ecosystem was divided
into counting blocks and each block was surveyed with a specific aircraft
with multiple observers. The data are from four different years: 1999,
2005, 2008, and 2011 total elephant counts conducted in the Tsavo-
Mkomazi ecosystem. The surveys were undertaken in January or
February, depending on the year (Ngene et al., 2013; Ngene et al.,
2017). All sighting points used in our analysis that fell within THWS
were located in same areas near the main water sources. All points were
combined for a large elephant density raster, including the points
outside THWS. The large raster was then clipped using the extent of
THWS.

The second elephant proxy was geolocated elephant tracks (GIS
vector lines), which were produced using field observations and satellite
image interpretation of the paths formed by elephant herds using them
frequently (Bostrom, 2015). The tracks often seem to be the shortest
paths between water holes and the river, meaning that it is likely that
other large mammal species are using them as well. This data still helps
to complement the elephant density data. Additionally, river data were
also included in the study to assess how the distance from the Bura river

correlates with different variables. We also hypothesize that the distance
of water sources could be the reason why the elephants visit certain
areas less frequently, since those areas typically have the desired forage
species, such as Vachellia tortilis.

The geolocated vector datasets were processed in QGIS to obtain
raster maps (Fig. 2) (QGIS Development Team, 2023). The elephant
count data were used for creating a map of elephant density as a heat-
map that shows elephant individuals per 100 km?. The elephant track
and river proximity data were first rasterized. The results were used to
obtain proximity maps as heatmaps.

2.3. Airborne laser scanning and landscape level vegetation structure

The ALS data covering an area of 433 km? were collected during a
rainy season in late March 2014 with a Leica ALS60-sensor that recorded
a maximum of 4 returns per a single laser pulse. The return density per
square meter is 1.04. The data was pre-processed by Ramani Geo-
systems, the Kenyan data vendor, which included ground return
filtering. The data were available for this study as a georeferenced point
cloud in UTM/WGS84 coordinate system (Amara et al., 2020). The data
have been acquired to cover the whole extent of THWS and LUMO
Mramba, and a part of Tsavo West National Park. Additionally, some
agricultural areas across the northern border of the reserves have been
scanned since the differences in the tree cover between the conservation
areas and its surroundings have been of interest. The data has also been
used to assess the amount of aboveground biomass in the area (Amara
et al., 2020).

A digital terrain model (DTM) and a digital surface model (DSM) at 1
m resolution were created based on the LAS-files using lidR package
(Roussel et al., 2020) in R software. Based on their difference, a canopy
height model (CHM) was calculated. Treetops were detected from the
ground normalized CHM using lidR package’s find trees-function. The
function detects trees as the highest points within the moving window.
The diameter of moving window was set to 10 m after comparing
different results visually to the details of the CHM.

The heights of the treetops were extracted from the CHM in QGIS
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software. All trees in the point cloud were included. Points under 2 m
were deleted and separate files were created for short (2-3 m) and tall
(>7 m) trees. The smallest and largest trees were of interest, because the
smallest trees represent the most fragile woody plants most prone to
elephant damage and the largest trees represent the trees that were
scanned with TLS. Mean tree density values were calculated for the
entire area covered by the ALS data. A flowchart with the steps under-
taken during data processing is presented in Fig. S4 of the supplemen-
tary material.

Exploratory analysis of the correlations between the tree densities
and elephant track proximity, river proximity, and elephant density was
done using Spearman’s correlation. Given the high number points
resulting from the rasters, the data were divided into classes and the
distributions within each class assessed using violin plots. Lastly, a
multiple regression model was fitted to evaluate how the elephant ac-
tivity proxies and proximity to river can explain the spatial patterns of
tree density (Fig. S5, Supplementary material).

2.4. Terrestrial laser scanning (TLS) data and tree level structural metrics

2.4.1. Tree species

Two tree species were chosen based on two criteria: 1) their abun-
dance in the park and its surroundings, and 2) them being frequently
consumed by elephants. The species were Umbrella thorn acacia
(Vachellia tortilis) and Lebombo wattle (Newtonia hildebrandtii). The
latter tends to favour proximity to water source. Vachellia tortilis is
evenly distributed across the reserve.

Vachellia tortilis is a deciduous tree widespread in Africa, Israel, and
southern Arabia, according to the Manual on taxonomy of Acacia species
(FAO, 1983). While at times reaching the height of 21 m, the species
usually grows from 1.5 to 18 m high (Brenan, 1959). The bark is
described to be ‘rough and fissured’ (FAO, 1983), which may attract
elephants to scratch themselves against it. In accordance with its com-
mon name “Umbrella thorn acacia”, the shape of the species is cylin-
drical as the crown usually is flat and spreading. The Vachellia tortilis
trees analysed in this study most likely belong to the subsp. spirocarpa.
The species can be considered a primary food source for browsers in
African savannas (Johnson and Ebersole, 2017). There are also multiple
scientific studies concerning the dynamics between the species and el-
ephants (e.g., Gandiwa et al., 2011; MacGregor and O’Connor, 2004;
Pellew, 1983).

Newtonia hildebrandtii is a large deciduous tree native to East Africa
and can reach a height of 25 m (Bingham et al., 2020; Brenan, 1959).
The species was named after a German botanist Johannes Maria Hilde-
brandt (1847-1881), who collected plants in East Africa and
Madagascar (Beetje, 1998; Bingham et al., 2020). The species occurs
often in riverine forests, in areas where the water table is high, and in
bushlands. The bark is usually rough, but it can sometimes be smooth
(Brenan, 1959). The species tends to have a notably more complex trunk
structure than Vachellia tortilis. According to the observations of the park
rangers in THWS, elephants tend to browse on the species frequently.
The preference is also mentioned by Lagendijk et al. (2011).

2.4.2. TLS data acquisition

The TLS data were collected during the first dry season in January
and February of 2020 in Taita Hills Wildlife Sanctuary. In total, 72 trees
were scanned using a RIEGL VZ-400i TLS instrument (Fig. 2 and Fig. S6).
The laser range of this instrument can reach up to 800 m with 5-mm
accuracy. Data can be acquired with up to 500,000 measurements per
second, while the laser pulse repetition rate can go up to 1.2 MHz.
(RIEGL, 2019.)

The sampling areas were determined according to an elephant
occurrence prediction raster, in addition to the local knowledge of the
park rangers. It was concluded that the plains near the Taita Hills Lodge,
the Salt Lick Lodge, and the river had the highest elephant activity,
while areas further from the river had less elephant activity. The

Table 1
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Tree architecture metrics analysed in this study.

Acronym Description Ecological relevance in relation to

elephant density

BRANCHVOL Branch volume. Volume of Elephants consuming the branches
all the branches (L) may decrease the branch volume.

BRANCHAREA  Branch area. Total branch Elephants consuming the branches
surface area (m?) may reduce the surface area of the

branches. If thinner branches are
consumed, there may be a
disproportional reduction in the
branch surface area.

DBH Diameter of the cylinder at (Used in normalizing other metrics.)
1.1-1.5 m (DBH)

AVGDIAM Average crown diameter Damage on the furthest branches
(m) may reduce the average crown

diameter.

MAXDIAM Maximum crown diameter Damage on the furthest branches
(m) may shorten the maximum crown

diameter.

CROWNAREA Crown area. Area of the Elephant damage on the branches
alpha shape of the crown’s may affect the shape of the tree
planar projection (m?) crown, which may affect the crown

area.

CROWNRATIO  Crown ratio. The ratio Elephants consuming the lowest
between the crown length branches may lead to shorter
and the tree length (%) crowns.

CROWNVOL Crown volume. Volume of Elephant damage on the branches
the alpha shape of the may affect the shape of the tree
crown (mz) crown, which may affect the crown

volume.

AVGORDER (Average) branching order Elephants breaking the branches

may lead to a lower average
branching order.

elephants were known to be drawn to the water sources near the two
lodges. An enclosed area within the park represented an area with no
elephant activity. The electric enclosure had been established as a
biodiversity recovery project in 2009. Hence, the samples were evenly
distributed in areas with high and low elephant activity.

Each tree was scanned from three perspectives (scan positions).
There were two measurements per position to ensure that the entire tree
was fully measured: first with the scanner positioned vertically and then
horizontally. The scanner was placed a few meters outwards from where
the farthest branches ended. The trunk was marked with a reflective
tape tied around it to make it easy to recognise the correct tree from the
point cloud data.

2.4.3. Data processing

The raw data collected by the TLS were inspected and pre-processed
using the RiSCANPro software. The six scans representing each tree were
co-registered using RiISCANPro automatic registration algorithms, fixing
the placements of the scan perspectives. In cases when the automatic
registration could not register the project completely, manual multi-
station adjustment was used to complete the registration. Once the co-
registration of the six scans was successful, the tree was visually
inspected and then manually separated from the surrounding area. This
was done using RiSCANPro’s Selection mode and Polyline selection.
After the extraction of the tree, the point clouds were exported to LAS
files.

Next, QSMs for each tree were created using the TreeQSM algorithm
(Calders, et al., 2015; Raumonen et al., 2013). However, before the
QSMs were calculated, the point clouds of each tree were filtered for
removing ghost points and for removing leaves. Both filters had several
adjustable parameters. Once the filtering procedures were completed,
the QSMs for each tree were computed and the optimum model was
selected. Each model was visually inspected and compared with the
original point cloud. In cases where the resulted QSM did not provide a
suitable representation of the tree (e.g., missing tree trunks), the script
parameters were iteratively adjusted to enhance the modelling results.
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Fig. 3. (a) Sketches of the tree architecture metrics used in our study. (b) Example of Quantitative Structure Models of a Vachellia tortilis tree.

Since the Newtonia hildebrandtii trees have a rather complex tree struc-
ture and their leaves are blocking visibility, there were sometimes dif-
ficulties in creating intact models. Hence, from the total 63 trees that
were successfully registered, only 53 resulted in good quality QSMs.

Finally, nine structural metrics were extracted from the QSMs
(Table 1). Several other metrics were discarded due to the data of the
furthermost branches being unreliable because of the effect of wind to
the shape of the tree. Sketches demonstrating the physical interpretation
of the metrics are presented in Fig. 3 and a flowchart with the meth-
odological steps undertaken during data processing are presented in
Fig. S9 in the supplementary material.

The elephant track proximity, river proximity, and elephant density
values at the location of each tree were extracted in QGIS, and a table
was created to merge this information with the structural characteristics
of each individual tree.

Most of the metrics were normalized for tree size variability using the
DBH (except crown ratio and average branching order) and their re-
lationships with elephant track and river proximity were estimated
using linear mixed models. Lastly, the metrics that had the most statis-
tically significant relationships with the elephant activity proxies were
further explored to investigate how elephant activities could explain the
changes in these key tree structural metrics.

2.5. Statistical analysis
First an exploratory analysis was conducted to evaluate the corre-

lations between the tree densities and elephant track proximity, river
proximity, and elephant density. The strength of the relationship

between the variables were assessed using Pearson’s correlation index.
Given the high number of points resulting from the rasters, the data were
divided into classes and the distributions within each class was assessed
using violin plots. The distribution of tree density as a function of
different elephant activity proxies were then assessed using the violin
plots displaying the median values and 95% confidence intervals of the
distribution of tree density in relation to elephant density, track prox-
imity, and river proximity. Next, multivariate models were trained to
evaluate how the elephant activity proxies and proximity to river could
explain the spatial patterns of tree density (Fig. S5, Supplementary
material).

The correlation between the tree architecture metrics of the two tree
species were assessed using Pearson’s correlation, after which most of
the metrics were normalized for tree size variability using the DBH
(except crown ratio and average branching order). Lastly, the metrics
that had the highest correlation (based on the Pearson correlation co-
efficient) with the elephant activity proxies were further explored by
creating plots of predicted responses with 95% confidence intervals
based on the linear models to investigate how elephant activities could
explain the changes in these key tree structural metrics.

3. Results
3.1. Landscape vegetation structure inside and outside conservation areas
The tree density based on ALS shows significant differences between

the wildlife reserves located in its extent and the areas outside (Figs. 4-5,
Table 2). The tree density is lower within the reserves, especially when
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considering all trees (—42.6%) and trees under three meters (—30%).
The pattern is less pronounced with trees over seven meters, where areas
of higher altitude in the northern part of the study area and the riverine
forest in Taita Hills Wildlife Sanctuary are of the highest tree density.
There is one exception in the northern part of LUMO Community
Wildlife Sanctuary, where the tree densities of all trees and smaller trees
are as high as in its surrounding areas. This area is used for livestock

management. There is also another cattle grazing area between LUMO
and Tsavo West National Park that does not officially belong to the re-
serves but has a lower tree density.

When inspecting the same results within only THWS (Fig. 6), we
observe that the northern enclosure (i.e., an area within THWS near its
northern border where the entrance of wildlife is restricted from the
south by fence, likely being one of the main causes for the high tree
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Table 2
Mean tree densities outside and inside the protected areas.
Area Mean tree density / ha
Areas outside the protected areas 10.17
Areas inside the protected areas 5.84
Areas outside the protected areas (2-3 m trees) 3.63
Wwildlife parks (2-3 m trees) 2.54
Areas outside the protected areas (>7 m trees) 1.33
Areas inside the protected areas (> 7 m trees) 1.76

density) shows higher tree density than rest of the park, especially when
trees of all sizes are considered. Lower tree density is often observed
closer to the elephant tracks. The areas further from the Bura river,
especially the south-eastern part of the park have denser tree cover than
the areas closer to the river. The area with the least tree cover seems to
align with the south-western cluster of elephant tracks.

Fig. 7 shows the tree density distribution over different ranges of
elephant path proximity, river proximity, and elephant density. All
proxies used to quantify the activity of elephants indicate that tree
density decreases in areas with more elephants. This is the case with
both elephant density and elephant track proximity. In the case of the
median tree density per hectare of all trees and the smallest trees (i.e.,
2-3 m height), with 0-1 elephants per 100 km? it is about 15 but only
about 5 with 8-9 elephants per 100 km?. The difference is smaller with
the taller trees (i.e., >7 m height), where the median tree density with
0-1 elephants per 100 km? is around 15 trees per hectare and about 8
trees per hectare with 8-9 elephants per 100 km?. The tree density has
increased in areas with very low elephant density, but areas with >3
elephants per 100 km? are not much affected. This could mean that a

Trees per hectare

Trees under 3 m per hectare
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higher elephant density may not always lead to more impacts on trees.

In areas from O to 50 m from the elephant tracks, the median tree
density of all trees and the smallest trees (2-3 m) is around 5 trees per
hectare and about 18 trees per hectare in areas that are 500-600 m away
from the tracks. The median taller tree density per hectare is around 8 in
areas 0-50 m from the tracks and around 17 in areas that are 500-600 m
away.

Tree density also increases further from the Bura river. The median
tree density for all trees is around 9 trees/ha, for smaller trees around 8
trees/ha, and for taller trees around 10 trees/ha, where the proximity to
the river is from 0 to 50 m. The median density of all trees and the
smallest trees is about 18 trees/ha in areas from 500 to 550 m away from
the river. The median density is around 16 trees/ha for taller trees in the
same areas.

The results from the multiple regression analysis, presented in
Table 3, show strong statistical significance of the relationship between
tree density and the elephant proxies used in our study (p-values <0.01).
Hence, it can be concluded that a higher elephant density and closer
proximity to the elephant tracks lead to a lower tree density. The esti-
mate is almost twice as high for the smallest trees compared to the larger
trees. The result is twice as high for the taller trees compared to the
smallest trees.

3.2. Tree scale analysis

The correlations between the tree architectural metrics, DBH, river
proximity, and elephant track proximity, for the two species assessed in
this study is presented in Figs. 8 and 9. The results between the two
species differ from each other. Elephant track and river proximities
correlate with each other with a strong statistical significance in the case
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Fig. 6. Tree density in Taita Hills Wildlife Sanctuary.
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Table 3

Multiple regression analysis of the relationship between tree density and
different proxies for elephant activities (observed elephant density, proximity to
elephant tracks and proximity to rivers). *** indicate p-value <0.001.

Regression Regression Regression
coefficient coefficient coefficient
all trees 2-3 m trees >7 m trees
E. density ~ —1.081 *** —0.837 *** —0.440 ***
Trees/ha
Track prox. ~ 0.018 *** 0.017%** 0.019 ***
Trees/ha
River prox. ~ —0.008 *** —0.004 *** —0.008 ***
Trees/ha

of the Vachellia tortilis (Fig. 8) but not in the case of the Newtonia hil-
debrandtii (Fig. 9).

DBH correlates with several tree architectural metrics with both
species, indicating that the metrics are size dependent. Some metrics,
however, such as crown ratio and average branching order do not
correlate with DBH in the case of both species. Also, branch volume
lacks a strong statistical significance in the case of the Newtonias. Based
on the above results, we normalized all the structural metrics, with the
exceptions of crown ratio and average branching order, for tree age
variability using the DBH.

Tables 4 and 5 show the results from the multiple linear regression
analysis. The models were fitted using normalized tree architectural
metrics, elephant density, elephant track proximity, and river proximity.
Although there are similarities between the two tree species, some dif-
ferences can be observed. In the case of both species, branch area (p <
0.05) and crown ratio (p < 0.1) have significant positive relationships
with elephant track proximity. This means that the normalized branch
areas and the crown ratios are larger further away from the tracks.

In the case of Newtonia hildebrandltii, crown ratio also has a significant
positive relationship (p < 0.1) with elephant density, meaning that the
relative lengths of the tree crowns would be larger where the elephant
density is higher. The Vachellia tortilis trees also had a significant posi-
tive relationship with average branching order (p < 0.1), indicating that
there would be smaller branches further from the trunk in areas with
higher elephant density.

The results of the predictions of the best correlating metrics (crown
ratio, branch area, and average branch diameter), based on the multiple
linear regression model, show opposing patterns for the two species
(Fig. 10). While the normalized branch areas of the Vachellia tortilis trees
tend to decrease about 2% per each 100 m away from the tracks, the
opposite occurs with the Newtonia hildebrandtii trees. The normalized
branch areas are predicted to increase around 60% per each 100 m away
from the tracks.

The crown ratio predictions for the two species also differ from each
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other (Fig. 11). While the relative lengths of the crowns of the Vachellias
tend to decrease by about 5% per each 100 m further from the tracks, the
crown ratios of the Newtonias are predicted to increase by about 8% per
each 100 m further from the tracks.

Fig. 12 shows the modelled average branching order for the
Vachellia trees with increasing elephant density, along with the
modelled crown ratio for the Newtonias. The average branching order
decreases with increasing elephant density (around 1.5% per elephant
more per 100 km?). This indicates a lower number of smaller branches
further away from the trunk in areas with high elephant densities. The
crown ratio is predicted to decrease around 2% per elephant more per
100 km?, meaning that the relative length of the tree crowns may be
taller in areas with lower elephant densities.

4. Discussion

Our study applied multi-scale and multi-source remote sensing ap-
proaches to demonstrate a widespread impact of elephants on vegeta-
tion structure. At a regional scale, we identified individual trees from
ALS data that was used to demonstrate how land management, through
the creation of conservation areas, can strongly affect the landscape
vegetation structure. Furthermore, landscape scale analysis showed
strong evidence that elephant activity proxies, such as the tracks used by
elephants in conservation areas, can effectively explain vegetation
structural variability.

10

The analysis of high-resolution TLS data provided an unprecedented
insight on the architectural characteristics of savanna trees. Our results
thus showed that the impacts of elephants on vegetation structure can
also be identified at tree level, through the modification of essential tree
architectural metrics, such as crown ration and branch area.

While elephants seem to have a significant impact on woody vege-
tation, there are other herbivore species in savannas that can shape the
architecture of the trees, such as giraffes and kudus. Nonetheless, it may
not be realistic to untangle their effects from the elephant damage in
scientific analysis.

4.1. Landscape scale analysis

The results derived from the ALS data show a general pattern of
lower tree density within the wildlife reserves compared to the rest of
the area scanned with ALS. The findings are in line with the study done
by Amara et al. (2020) that highlighted the reduced biomass within the
wildlife parks. Also, the role of African elephants as “ecosystem engi-
neers” (Howard, 2017; Jones et al., 1994) and major agents of adult tree
mortality (Asner and Levick, 2012; Guldemond and Van Aarde, 2008)
could be argued to be present in the landscape-level patterns of vege-
tation structure, as evident from the conservation areas.

Our results suggest that higher elephant activity (higher elephant
density and closer proximity to elephant tracks) lead to a lower tree
density, indicating that the so-called “elephant problem” discussed in
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scientific literature (Caughley, 1976; Glover, 1963) is still largely
evident. Decreasing woody plant availability and tree recruitment con-
tinues to limit the foraging possibilities of elephants and other browsers,
while also decreasing e.g., the soil nutrient concentrations, favourable
microenvironments, wildlife habitats, forage quality, and grass pro-
ductivity (Anderson et al., 2001; Belsky, 1994; Cruz et al., 1999; Ludwig
et al., 2004; Ludwig et al., 2008; Scholes and Archer, 1997; Sebata,
2017). If the phenomenon leads to total tree cover loss, serious conse-
quences to the survival of browsing herbivores along with the whole
savanna ecosystem may follow.

Satellite images indicate that the tree cover was denser in 2001 than
in 2020 (i.e., Figs. S1 & S2), showing evidence of disturbances leading to
a decrease in woody vegetation. Although it is difficult to separate the
effects of the elephants from the effects of other browser species, cor-
relations between tree density, elephant density, elephant track prox-
imity, and river proximity have high statistical significances.

The changes in tree density patterns observed in our results were
more pronounced with considering only small trees. These results can be
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explained by the fact that elephant activity during dry seasons is often
more detrimental to smaller trees (Thwagi et al., 2009). The extreme dry
weather event occurred in the study area in 2013, causing losses in the
tree cover, underlines the role of the dry season in affecting the tree
cover of the wildlife reserve. The occurred phenomenon may have a
connection with the intensified effect of elephants on the vegetation
during the dry seasons, when the tree cover of their surrounding habitat
is being consumed by large herds of elephants (Howes et al., 2020;
Karvonen, 2018; Loarie et al., 2009; Owen-Smith et al., 2006).

Other factors could also have contributed for the reduced woody
vegetation cover during the past years. It is known that some vegetation
has also been damaged by wildfires. There is also a possibility that some
trees have been cleared by humans around the safari lodges and roads in
this area. Cutting trees near the roads or wildlife lodges is beneficial
from the perspective of tourism, since the safari visitors can have a
better visibility of wild animals, without the obstruction caused by
vegetation. Hence, it is likely that current landscape pattern has
emerged due to the contribution of many factors instead of only
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Table 4
Results from the multiple linear regression for Vachellia tortilis. N = the metric
has been normalized with DBH.

Regression Regression Regression
coefficient (Track coefficient (River coefficient
proximity) proximity) (Elephant
density)
Branch volume —0.001820 0.002665 —0.40912
)
Branch area —0.7151 * 0.2971 —29.1045
™)
Avg crown —0.011749 0.015897 —0.56172
diameter (N)
Max crown —0.01281 0.01734 —0.07828
diameter (N)
Crown area (N) —-0.1111 0.2430 —-3.6123
Crown ratio —0.000302 0.0001335 —0.00257
Crown volume 0.2310 —0.6654 —26.6231
)
Avg branching 0.0005820 —0.00073 —0.06718.
order
Table 5

Results from the multiple linear regression for Newtonia hildebrandtii. N = the
metric has been normalized with DBH.

Regression Regression Regression
coefficient (Track coefficient (River coefficient
proximity) proximity) (Elephant density)
Branch —0.006442 —0.030990 —1.05528
volume (N)
Branch area 2.916 * —1.268 —16.788
)
Avg crown 0.01144 —0.04710 —0.73558
diameter
)
Max crown 0.01488 —0.05230 —1.00288
diameter
™)
Crown area 0.4398 —0.7829 —6.4799
)
Crown ratio 0.0008143 * —0.0007779 —0.02441 **
Crownvolume  3.614 —5.378 —56.014
)
Avgbranching ~ —0.002861 0.003890 —0.01082
order
a . e
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elephant damage.

The relationship between the river proximity and tree density seems
to have conflicting results, most probably since there is a dense riverine
forest around the river that affects the tree density results. Regardless,
our results show tree density increasing further from the river, which
can indicate that the plains next to the riverine forest have faced more
disturbance than the areas closer to the borders of the park with less
water available, since more vegetation could be expected in areas with
more water availability. If this pattern of degraded vegetation is in fact
caused by high elephant activity, the results would be in line with the
observation by Glover (1963), who reported that elephants tend to
destroy the vegetation near water sources in the area.

4.2. Tree scale analysis

Elephants tend to try to gain maximum energy output from a single
source, hence trees with large foliage volumes are usually selected for
consumption (Boundja and Midgley, 2010; Levick and Asner, 2013; Ssali
et al., 2012; Staub et al., 2013). The nature and severity of the impacts
caused on the trees are often reflected in the tree structural character-
istic (height, width, and DBH). Trees with large DBH are more likely to
be debarked, while smaller trees are usually toppled by the elephants
(Thwagi et al., 2009). In some cases, trees will suffer from broken and
torn branches. The preferred tree species have higher concentrations of
nutrients and proteins (Holdo, 2003; Jachmann, 1989) and less tannin
(Cooper and Owen-Smith, 1985). Therefore, tree architecture both de-
termines the elephant impact and is further shaped by it.

Consequently, only some larger trees tend to remain standing in
areas with intense elephant activity due to the uprooting of smaller
trees. Younger trees not surviving lead to a reduction of canopy cover. In
these extreme cases, entire areas can be changed from a savanna to a
grassland. The lack of trees then limits the feeding possibilities of ele-
phants and other species living in the reserve especially during the dry
seasons when the woody plant availability is of importance. This could
then be fatal to the fauna within the reserve.

In our results, we observed opposing differences between the two
tree species, Vachellia tortilis and Newtonia hildebrandtii. For instance, the
relationships between the elephant density and elephant track proximity
were opposite to each other when comparing the results from the two
species. While the branch areas and crown ratios of the Vachellia tortilis
were larger in areas closer to elephant tracks, the case was the opposite
with Newtonia hildebrandtii. Sometimes the conflicting results were
within one species, where elephant density and elephant track proximity
would differ from each other in their relationship to one variable, such

Newtonia hildebrandtii
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Fig. 10. Normalized branch area of (a) Vachellia tortilis and (b) Newtonia hildebrandtii with increasing elephant track proximity. The grey area shows the 95%

confidence interval.
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Fig. 11. a) Crown ratio of Vachellia tortilis with increasing elephant track proximity and b) crown ratio of Newtonia hildebrandtii with increasing elephant track
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Fig. 12. a) Average branching order of Vachellia tortilis with increasing elephant density. b) Crown ratio of Newtonia hildebrandtii with increasing elephant density.

The grey area shows the 95% confidence interval.

as in the relationship with the crown ratio of Newtonia hildebrandii.

Some of the differences between the species may be caused by their
differing structures and growing locations. Newtonia hildebrandtii, as a
complex-structured riparian tree, seems to differ from the more simple-
structured Vachellia tortilis that grows widely in the study area.
Regardless, some tree structure metrics showed clear correlation with
the elephant track proximity and elephant density. These metrics were
surprisingly similar with each other between the tree species.

The metrics that had the most significant relationships with elephant
density and elephant track proximity were crown ratio, branch area, and
average branching order. The coefficients of the models were in some
cases opposite to each other. It is possible that the difference between
the two species in this analysis is caused by the unique morphological
characteristics of each species. It could be argued that the different tree
species have different relationships with the proximity to higher
elephant activity in this wildlife reserve. The Newtonias are certainly
shaped by being a riverine species in the area. Larger crown ratios
associated with more intense elephant activity would have a
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relationship that are in line with results presented by Ihwagi et al.
(2019), who reported that elephants tend to destroy younger trees.

For both species, crown size increase as trees get older (Figs. 10 &
11), particularly Vachellia tortilis. Hence, although age contributes to
growth in crown height and leads to high volume branches, wildlife
consumption of the lowest branches is a possible cause for the changes in
crown ratios when trees grow. As trees grow taller, more branches are
growing further away from the reach of the large wildlife, making the
crown relatively taller than younger trees.

The number of the measured and analysed trees was limited to 53,
and they were all confined in a single wildlife reserve. Furthermore, the
number of the analysed metrics was limited by the effect of the wind
during the field work that distorted the furthermost branches in the
point cloud. This made it difficult to analyse metrics that were strongly
connected to that part of the point cloud, reducing the architectural
details that this study can cover reliably.

The number of trees in the analysis was reduced by about 31% from
the original number that was meant to be analysed. Namely, 16 out of 69
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trees were not included in the analysis due to difficulties in recon-
structing proper QSM models of those trees. Newtonia hildebrandtii trees
were particularly difficult to model with TreeQSM, since the method has
been developed for deciduous temperate trees that tend to be structur-
ally very different from the complexly formed Newtonias. Especially
their stems can be quite complex. This means that the cross-sections are
often not circular; in which case the cylinder may not well approximate
the true diameter and volume. The leaves of the Newtonias also made it
challenging to model. Also, wind affected the quality of the point cloud
at the furthermost branches of both tree species. Modelling the complex
savanna tree architecture required a lot of adjustment of parameters,
continuous experimentation, and testing, as described in previous
studies (Muumbe et al., 2021).

5. Conclusions

This study investigated the impacts of elephants on the structural
characteristics of vegetation in Eastern African Savannahs. We made use
of advanced geospatial technology, including airborne and terrestrial
laser scanning, to unveil how elephants affect vegetation at multiple
scales, ranging from general landscape to individual tree levels. Our
results provide robust evidence that the impacts of elephants on vege-
tation permeates throughout different spatial scales, affecting landscape
composition at a regional level and tree architecture at a local level.

We demonstrate an overall decrease in woody vegetation density in
areas with high elephant activity. The observed patterns reinforce con-
cerns that poorly planned conservation areas may lead to abrupt de-
clines in the integrity of vegetation over savannas. Our results indicate
that younger woody plants are less likely to survive in areas of wildlife
reserves intensively visited by elephants.

The structural characteristics of individual trees were also affected.
Vachellia tortilis trees tend to have larger canopies near areas with high
elephant activity, while the case is generally the opposite for Newtonia
hildebrandtii. Hence, our results demonstrate that the structure of
different species may respond differently to interactions with elephants.
Even though the cause for these differences could not be clarified in our
study, the structural and locational differences between the two species
could be considered as a possible explanation.

Changes in the structure of vegetation, at landscape or individual
levels, have profound impacts on ecosystem processes, surface energy
balance, and carbon storage. Therefore, the results of this study high-
light the importance of accounting for vegetation-fauna interactions
when planning and executing wildlife conservation areas in African
savannas. Our study contributes to a better understanding of these in-
teractions, offering new tools and methods for delineating strategies that
can conciliate wildlife protection with the maintenance of basic
ecosystem services provided by the vegetation.
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