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1. Introduction 
 

1.1 African savanna elephant 

The largest and heaviest living terrestrial animal, the African savanna elephant (Loxodonta africana), 

is a renowned “ecosystem engineer” (Howard, 2017; Jones et al., 1994). The title refers to the ability 

of the species to alter wooded ecosystems towards open grasslands by damaging the woody 

vegetation cover (Laws, 1970). Elephants are indeed proven to be major agents of adult tree mortality 

(Asner & Levick, 2012; Guldemond & Van Aarde, 2008).  

Contrastingly, elephant behavior can aid the survival of certain plant 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 & Blake, 2011; Cochrane, 2003). 

The species as a large herbivore may also enhance the carbon persistence of ecosystems by 

redistributing aboveground carbon to persistent soil pools (Kristensen et al., 2022).  

The general population of the species has faced population declines, which means that there 

is a need for the conservancies in order to avoid extinctions (Lemieux & Clarke, 2009; Thouless et 

al., 2016). However, the elephant populations have increased in small invariably fenced reserves 

(Blanc et al., 2007; Chase et al., 2016; Gaugris & Van Rooyen, 2010; Grobler et al., 2001; Mackey 

et al., 2006; Thouless et al., 2016), where they are being protected from the illegal elephant ivory 

trade.  

The protected areas provide protection from poaching and artificial water sources. This leads 

to a high reproductive success that can lead to high elephant densities within the parks due to limited 

dispersal opportunities. The destructive long-term impact of the species on the surrounding ecosystem 

has been referred as the “elephant problem” in scientific literature (Caughley, 1976; Glover, 1963), 

even though humans poaching for ivory and enclosing areas should be considered responsible for the 

issue. 
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1.2 Elephant behavior during dry seasons 

 

The biannual alteration between dry and wet seasons is the major climatic characteristic of savannas 

(Lulla, 1987). Savanna is a biome, a large distinct geographical pattern and biological community 

(Happonen et al., 2012, 48). It is characterized by its continuous grass understory layer, an open 

canopy structure, shrubs, warm temperature, and seasonal rainfall (Solbrig, 1996). Savannas have 

been formed in tropical and subtropical regions typically around equatorial rainforests. They make 

up one-fifth of the global land, while contributing 30% of all terrestrial gross primary productivity 

(Grace et al., 2006; Ma et al., 2020). African savannas can be divided into different types according 

to the length of the dry seasons or according to their arrangement, stature, and canopy cover (Niemelä, 

2011; Smith, 2016).  

 The growth of savanna trees is usually limited by the annual rainfall that constrains the growth 

rates and the tree germination (Bond, 2008; Lehmann et al., 2014). With more rainfall the savanna 

tree cover is suggested to be determined by fire and herbivory that maintain the structure of the 

savanna ecosystem (Bucini & Hanan, 2007; Dublin, 1995; Sankaran et al., 2005). A savanna would 

turn into a forest without the disturbances (Niemelä, 2011) that could be considered natural parts of 

savanna ecosystems. Open grassy savanna biomes have indeed existed long before human-induced 

deforestation (Veldman, et al., 2015).  

The dry seasons of savannas are critical as the most intense elephant damage on the tree cover 

occurs during drought. The social ecology of the species is well-studied, and it is well-known that 

elephants can exist in “fission-fusion societies”, where their herd sizes vary with resource availability 

(Howes et al., 2020; Owen-Smith et al., 2006). During drought, they tend to form larger groups 

(Karvonen, 2018). The large herds tend to migrate to wooded areas to browse on woody plants due 

to water scarcity (Loarie et al., 2009). This impact may 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 ecosystems.  
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While elephants seem to have a significant impact on woody vegetation, there are other herbivore 

species in savannas that consume woody vegetation and can shape the structure of the trees, such as 

giraffes and kudus. It may not be realistic to completely separate their effects from the elephant 

damage in scientific analysis.  

 

1.3 Elephants affecting tree architecture 

 

Elephants consuming woody plants during the dry seasons may affect tree architecture, the complex 

structure of the aboveground portion of a perennial woody plant (Hollender & Dardick, 2014). 

Scientific interest in tree architecture has long roots as it dates back to Leonardo da Vinci’s rule about 

cross-sectional area of branches being preserved along branching orders within a tree (Richter, 1970). 

Tree architecture can be considered as the sum of various parameters, such as tree height, canopy 

diameter, branching pattern, and branch orientation. The structural form of a tree is the result of the 

genetic makeup and semi-autonomous adaptive responses to environmental stimuli, such as nutrient 

availability, crowding, and light availability (Tomlinson, 1983; Valladares & Niinemets, 2007).  

Although a somewhat neglected topic in ecology, tree architecture still has a strong ecological 

significance. According to Malhi et al. (2018), the reason behind the neglect has been the difficulty 

of quantifying the structure. This can be solved by applying terrestrial laser scanning. According to 

the same source, tree architecture affects the biomass, shapes the ecosystem structure, and determines 

how the trees compete for resources and cluster together. It also affects how the energy, water, and 

carbon fluxes scale from the tree to the surrounding ecosystem (Enquist et al., 2009).  

The elephants affect certain trees more than others. They tend to try to gain maximum energy 

output from a single source, hence trees with large foliage volumes are usually selected (Boundja and 

Midgley, 2010; Levick and Asner, 2013; Ssali et al., 2012; Staub et al., 2013). According to the same 

sources, the tree architecture (height, width, and DBH) determines the nature and severity of the 

impact. Trees with large DBH are more likely to be debarked, while smaller trees are usually toppled 
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by the elephants (Ihwagi et al., 2009). The preferred tree species have higher concentrations of 

nutrients and proteins (Holdo, 2003; Jachmann, 1989) and less tannin (Cooper & Owen-Smith, 1985).  

The destructive impact can also lead to broken and torn branches. It could be stated that the tree 

architecture both determines 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 elephants uprooting smaller trees. Younger trees not surviving may lead to a complete 

loss of tree cover. In that sort of an extreme case of deforestation, the whole ecosystem would change 

from a savanna to a grassland. The lack of trees would limit the feeding possibilities of elephants 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.  

 

1.4 Previous research  

 

1.4.1 Airborne laser scanning (ALS) 

 

Both airborne and terrestrial laser scanning are remote sensing, obtaining information about physical 

objects and the environment using non-contact sensor systems (Jensen, 2005). Remote sensing can 

be active or passive. Active remote sensing is a system that measures its own electromagnetic energy 

and can be used even without sunlight, while passive remote sensing refers to the measurement of 

electromagnetic energy originating from the sun.  

Airborne laser scanning or LiDAR (Light Detection and Ranging) is an active remote sensing 

system operated from an aerial platform, such as a plane. The LiDAR system sends a pulse of near-

infrared laser light from the sensor towards the target of interest, usually the ground, and calculates 

the round-trip travel time until the returning portion of the laser pulse has returned to the sensor. There 

can be multiple returns from a single pulse, the first return usually coming from a canopy or a rooftop 

and the last coming from the ground. Trees often produce many returns that come from their branches 
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at different heights from the ground. The measured returns form a three-dimensional point cloud. 

Some of the advantages of airborne LiDAR are its quickness, extensive spatial coverage, high 

accuracy, and large point density.  

An airborne LiDAR system is comprised of three components: (1) a laser scanner unit (aka a 

laser range finder unit) that contains a beam deflection device and is based on distance measurement 

techniques, (2) a GPS that provides the absolute position of the platform, and (3) an IMU (Inertial 

Measurement Unit) that records the platform’s angular attitude and enables the generation of the 

absolute position of the aircraft (Jensen, 2005).  

Airborne laser scanning has not been applied a lot for studying savanna vegetation. 

Regardless, Davier and Asner (2019) have studied the limiting effects of elephants on aboveground 

carbon gains.in Africa using ALS data. Also, the results of Amara et al. (2020) highlight the problem 

with enclosing an area for conservation. They have researched the impact of fences and land use on 

aboveground biomass (AGB) using airborne laser scanning (ALS) data. They conclude that 

conservation and fences may lead to reduced AGB stocks. Losses of large savanna trees has been 

quantified by Levick and Asner (2013). Other studies using ALS on savanna vegetation often focus 

on assessing the quality of the results of ALS-derived biomass or carbon (e.g., Golbergs et al., 2018; 

Wu et al., 2009; Zimbres et al., 2020).  

 Most of the current knowledge on savanna vegetation structure comes from traditional field-

based methods, while the use of remote sensing with only limited fieldwork would be more efficient 

especially in areas that are difficult to access and for consistent analyses at different spatial and 

temporal scales (Muumbe et al., 2021; Viergever et al. 2008). LiDAR systems can be regarded as the 

most recommended tool for retrieving vegetation parameters due to the accurate high-resolution 

three-dimensional point cloud data (Beland et al., 2019). 
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1.4.2 Terrestrial laser scanning (TLS) 

 

Terrestrial laser scanning (TLS) is a ground-based LiDAR system that is usually operated on a tripod. 

Similar to the airborne system, the terrestrial system produces three-dimensional information as a 

point cloud that offers much more detailed results compared to ALS. There are two different types of 

range measurement principles that terrestrial laser scanners can be classified into: (1) phase shift, 

where the shift between the emitted and received pulse is analyzed, and (2) time of flight, where the 

distances are computed based on the differences between the emission and reception of the pulse 

(Muumbe, 2021). It is possible to collect the measurements in only a single scan for reduced field 

work and faster processing, or with multiple scans places at different positions at a site to obtain a 

complete three-dimensional structure of the measured objects (Liang et al., 2016).  

Although not specifically developed for ecological applications (Malhi et al., 2018), terrestrial 

laser scanning (TLS) has a great ability to characterize vegetation architecture with its high precision 

measurements compared to other types of laser scanning (Calders et al., 205; Newnham et al., 2015). 

Airborne laser scanning is limited to provide estimates on the landscape level (Muumbe et al., 2021), 

laser scanners on drones tend to capture trunks poorly (Brede et al., 2019), while mobile laser scanners 

tend to not capture tree canopies well (Bauwens et al., 2016).  

 The applications for TLS are not limited to studies on tree structure. For instance, TLS can be 

used in mapping photosynthetic capacity, water content, and pigment concentration (Beland et al., 

2019). Since it can be used to quantify tree volume, it can also provide AGB estimates with reduced 

uncertainties and improve reliable allometric equations (Calders et al., 2018; De Tanago et al., 2018). 

Regardless, TLS research tends to focus on tree structure algorithm development that provides 

advances in the estimations (Côté et al., 2012; Delangrange et al., 2014; Kankare et al., 2013). 

TLS has rarely been used for studying savanna vegetation as most of TLS research has been 

conducted in Europe, North America, and China, according to a literature review by Muumbe et al. 

(2021). They also state that TLS algorithms and applications may require experimentation, testing, 
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development, and adjustment when studying the complex structure of the savanna ecosystem. They 

also mention there still being great potential to characterize the ecosystems unique dynamics with 

TLS data, especially when using both ALS and TLS data to overcome their limitations.  

There is one study using TLS to study elephant activity in a savanna by Odipo et al. (2016). 

The study assesses aboveground woody biomass dynamics in a South-African savanna, concluding 

that the losses may be attributed to elephants causing trees to fall. The other studies using TLS in 

savannas have covered variability of tree structural allometry (Luck et al., 2020), using long-range 

TLS to assess vegetation structure (Singh et al., 2020), fire-induced change to vegetation biomass and 

physiognomy (Singh et al., 2018), and characterizing termite mounds with both UAV and TLS data 

(D’hont et al., 2021). There seems to be no published research done on the effect of elephants on 

savanna tree structure using TLS.  

 

1.4.3 TreeQSM modelling 

 

TreeQSM is a modelling method developed by Pasi Raumonen from University of Tampere for 

quantifying tree structure by reconstructing quantitative structure models. The models are hierarchical 

collections of cylinders estimating the topological, geometrical, and volumetric details of the woody 

tree structure (Raumonen et al., 2013; Raumonen et al., 2015). 

 TLS data had been used in modeling detailed trees and canopies without using TreeQSM, but 

the approach typically gives limited results that include only a few attributed from a limited part of 

the tree (e.g., Henning & Radtke, 2006; Moorthy et al., 2008). Nowadays the other methods to 

reconstruct trees still require manual or semimanual tree extraction (Dassot et al., 2012; Hackenberg 

et al., 2014). Raumonen et al. (2013) describe TreeQSM models as comprehensive, precise, compact 

(easy to manage), automatic, and fast, which, according to them, can solve many problems in forest 

research as a new tree structure modelling method.  
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TreeQSM modelling has not yet been applied in savanna vegetation research. Previous TreeQSM 

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., Potapov et al., 2017; Åkerblom et al., 2017). In Africa, 

TreeQSM has been used to study agroforestry (Reckziegel et al., 2022), meaning that a study using 

TLS-derived TreeQSM models to study elephant damage has not yet been published. Quantifying the 

effects based on precise measurements could offer new insights on the phenomenon.   

 

1.5 Objectives and research questions 

 

The objective of this study is to assess the influence of megafauna on multi-scale structural woody 

vegetation features in East African savannas using both terrestrial and airborne laser scanning data. 

The influence of megafauna primarily concerns the effect of the elephants. Regardless, the additional 

influence of other large savanna mammals on woody vegetation cannot be completely separated from 

the analysis.  

There are two research questions in this study. The first research question is: how does tree 

density derived from airborne laser scanning data correlate with elephant density, elephant path 

proximity, and river proximity? The second question is: how do tree architecture metrics (branch 

volume and area, crown volume and area, average and maximum crown diameter, crown ratio, and 

average branching order) derived from terrestrial laser scanning data correlate with elephant density, 

elephant path proximity, and river proximity? 
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2. Materials and methods 

 

2.1 Study area 

 

The study area is Taita Hills Wildlife Sanctuary, a small privately owned game reserve in southeastern 

Kenya (Figure 1) that is a guarded conservation area for a high diversity of native African wildlife, 

including African savanna elephants. It borders LUMO Community Wildlife Sanctuary, through 

which it is connected to Tsavo West National Park. The entire 28 000-acre extent of the reserve falls 

within an area scanned with airborne laser scanning in 2014, making it possible to study the vegetation 

structure in the area at the landscape level (Taita Hills Wildlife Sanctuary, 2020).  

 

Figure 1. The location of Taita Hills Wildlife Sanctuary and the area scanned with airborne LiDAR in 
southeastern Kenya.  
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The elephant population of the park tends to come from Tsavo West National Park during the dry 

season to drink from the Bura river and artificial waterholes. For instance, in 2013 there were 462 

elephants recorded in the park during the dry season census and 17 during the wet season census 

(Muteti & Maloba, 2013). The whole Taita Taveta district has over 12 000 elephants (Ngene et al., 

2017), most of which live within protected areas (Karvonen, 2018). The destructive pattern of the 

elephant overcrowding in the district was already noted in the 1960’s as the “elephant problem” 

(Glover, 1963). The damage occurred at 15-mile radius from water supplies.  

The vegetation of Taita Hills Wildlife Sanctuary has been changing. Although typically a 

landscape of large sparse trees and a continuous grass cover, the semi-arid plains surrounding Taita 

Hills were described to be densely covered in shrubs in 1909 by a Finnish painter Akseli Gallen-

Kallela, who had visited the area (Gallen-Kallela, 2005). The decreasing tree cover still seems to be 

an ongoing trend in the park when comparing satellite imagery from 2001 and 2020 (Figures 2 & 3).  

There was a particularly dry weather in 2013 that intensively decreased the tree cover that 

was observed by the locals and scientists from the University of Helsinki. The observers state that the 

tree cover loss was caused by elephants. This would be in line with typical elephant behavior during 

the dry seasons (Howes et al., 2020; Karvonen 2018; Loarie et al., 2009; Owen-Smith et al., 2006).  

   

Figure 2. a) An enclosed area in Taita Hills Wildlife Sanctuary near Taita Hills Lodge in 2001 (Google Earth, 
2001a). b) The same enclosure in 2020 (Google Earth, 2020a). 
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There have been efforts to regenerate the decreasing tree cover. A successful example of this is a 

biodiversity recovery project that has been taking place since 2009 within an electric fencing of 13 

hectares in the conservancy. There is a clear increase in the vegetation cover within the enclosure 

from 2001 to 2020 (Figure 2), due to tree strategic tree planting, irrigation, and protection from 

wildlife and fire. Also, the biodiversity has improved (Hirvonen, 2019). The vegetation of its 

surrounding area seems to have reduced, especially the smaller trees. This pattern fits into the typical 

elephant damage pattern at a landscape level. Similar phenomenon has taken place in another 

enclosure within the park (Figures 3 & 4), although this enclosure has not been established as a 

biodiversity project. It is an area near the northern border of the reserve separated from the wildlife 

by an electric fence.  

    
Figure 3. a) An enclosed area in the northern part of Taita Hills Wildlife Sanctuary in 2001 (Google Earth, 
2001b). b) The same area in 2020 (Google Earth, Google Earth, 2020b). 
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Figure 4. The difference in the tree cover between the northern enclosure and the reserve. Photo: Hanna 
Hirvonen, 2020.  

 

2.2 Elephant and river data 

 

There are two elephant occurrence datasets and one river dataset used in this study. There are two 

elephant datasets since there were only a few elephant points within the study area. The first elephant 

dataset is elephant vector point data from Kenyan Wildlife Service (KWS) that is based on elephant 

census counts from fixed-wing aircrafts (Ngene et al., 2013). The data is from four different years: 

1999, 2005, 2008, and 2011 in Taita Taveta district. The second elephant dataset is elephant track 

data (vector line) based on field and satellite observations (Boström, 2015). Additionally, river data 

(vector line) is also included in the study to assess how the distance from the Bura river correlates 

with different variables. Artificial waterholes were not included since they are not expected to affect 

the tree cover like the river with its surrounding dense riparian forest.   

The vector datasets were processed in QGIS for getting raster maps (Figure 5). The elephant 

count data was used for creating elephant density map as a heatmap that shows elephants per 100 

square kilometers to achieve an intact raster. The enclosed areas have zero density. The elephant track 
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and river proximity data were first rasterized. The results were used to get proximity maps as 

heatmaps. 

 

Figure 5. Elephant density, river proximity, and elephant track proximity. TLS plot locations have also been 
added to the visualizations.  

 

2.3 Airborne laser scanning 

The ALS data covering an area of 433 square kilometers was collected in late March of 2014 with 

Leica ALS60-sensor that recorded a maximum of 4 returns per a single laser pulse. The pulse density 

per square meter is 1.04. The data had been preprocessed by Ramani Geosystems, the data vendor, 

which included ground return filtering. The data was available for this study as a georeferenced point 

cloud in UTM/WGS84 coordinate system. (Amara et al., 2020.) 

The first steps in the ALS data processing can be seen from Figure 6. A terrestrial model 

(DTM) and a surface model (DSM) were created based on the las-file using R software. Based on 

their difference, a canopy height model (CHM) was calculated. Treetops were detected from the 

normalized data using lidR package’s find_trees-function after the most realistic diameter of the 
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moving window was discovered by comparing different results to the details of the canopy height 

model. The optimal value was 10 meters. The function detected the trees as the highest points within 

the moving window. A shapefile was created of the resulting points.  

 

Figure 6. Flowchart of the first steps in the ALS data processing. 

 
Figure 7. Flowchart of the last steps in the ALS data processing. After these steps, correlations between the 
outputs were made. 
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The heights of the treetops were extracted from the canopy height model in QGIS software. Points 

under 2 meters were deleted and separate files were created for short (2-3 m) and tall (>7 m) trees. 

Tree densities were calculated as heatmaps based on the points (Figure 7). Mean tree density values 

were calculated for the ALS area and the different parks.  

Exploratory analysis of the correlations between the tree densities and elephant track 

proximity, river proximity, and elephant density was done using Spearman’s correlation. The number 

of the points was so high that the visualization required creating classes. This was done by creating 

violin plots in R. Lastly, multiple regression analysis was done to assess the strength of the 

correlations. Tree density was the dependent value, while the rest (proximities and elephant density) 

were the independent variables.  

 

2.4 Terrestrial laser scanning 

2.4.1 Tree species 

 

Two tree species were chosen based on two factors: 1) their abundance in the park and its 

surroundings, and 2) them being frequently consumed by elephants. The species are Umbrella thorn 

acacia (Vachellia tortilis) and Lebombo wattle (Newtonia hildebrandtii). The latter tends to favor 

proximity to waterbodies as can be seen from the locations of the scanned trees (Figure 8). Vachellia 

tortilis occurs comparably evenly in the game reserve.  
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Figure 8. Species of the scanned trees in Taita Hills Wildlife Sanctuary. It is apparent that the scanned 
Newtonia hildebrandtii trees tend to grow near the river, whereas the Vachellia tortilis trees are located all 
around 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). It has four subspecies: heteracantha, 

raddiana, spirocarpa, and tortilis, from which spirocarpa is known to grow widely in Kenya. The 

manual describes the species commonly occurring as a tree and sometimes as a shrub or a bush. While 

at times reaching the height of 21 meters, the species usually grows 1.5 to 18 meters high. According 

to Brenan (1959), the species is described to be 4 to 21 meters high. The bark is described to be ‘rough 

and fissured’ (FAO, 1983). In accordance with its common name “Umbrella thorn acacia”, the shape 

of the species is cylindrical as the crown usually is flat and spreading.  
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Figure 9. Approximate distribution of V. tortilis subspecies in Africa and Middle East (FAO, 1983).  

The Vachellia tortilis trees analyzed in this study most likely belong to the subsp. spirocarpa, 

according to the approximate Vachellia tortilis subspecies distribution map (Figure 9) from the 

manual by FAO (1983). According to the manual, the occurrence of the subsp. raddiana in Kenya is 

not certain. Raddiana is also mentioned as being known for the distinct round shape of its canopy, 

while subsp. spirocarpa has a flattened canopy like the trees in this study (Figure 10). 

 

Figure 10. a) Two Vachellia tortilis in Mashoti. These trees were not scanned since their canopies were 
intertwined. b) Vachellia tortilis with a distinctively wide canopy in Mashoti. (Photos: Hanna Hirvonen, 
2020.) 
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Newtonia hildebrandtii (Figure 11) is a large deciduous tree that grows in East Africa and can reach 

a height of 25 meters (Bingham et al., 2020; Brenan, 1959). The species was named after a German 

botanist Johannes Maria Hildebrandt (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.  

 

Figure 11. a) Newtonia hildebrandtii near the Salt Lick Lodge. b) Newtonia hildebrandtii with a particularly 
complex trunk structure in the plains near the Taita Hills Lodge. (Photos: Hanna Hirvonen, 2020.) 

 

 

2.4.2 Fieldwork 

The terrestrial laser scanning data was collected in January and February of 2020 in Taita Hills 

Wildlife Sanctuary. The fieldwork took six days from the 30th of January to the 4th of February. 

Seventy-two trees were scanned, three of which were decided to be left out from the analysis, as there 

were no large enough trees in an enclosed area in the northern part of the park. According to the park 

rangers, the locals had cut the trees for charcoal.  

The scanner used in the field was RIEGL VZ-400i (Figure 12). It has a color display, a touch 

screen, one terabyte of storage space, cloud connectivity via Wi-Fi, and 3G/4G LTE-modem. The 

measured range can go up to 800 meters with 5-millimetre accuracy. Data can be acquired with up to 
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500 000 measurements per second, while the laser pulse repetition rate can go up to 1.2 megahertz. 

(RIEGL, 2019.) 

 

Figure 12. RIEGL VZ-400i in the field. Photo: Hanna Hirvonen, 2020. 

The areas were determined according to an elephant prediction raster (Figure 13) that was confirmed 

by the park rangers. The prediction rasters were done using the mean value from several species 

distribution modelling (SDM) techniques: generalized linear models, generalized additive models, 

generalized boosting models, classification tree analysis, artificial neural networks, multiple adaptive 

regression splines, and Breiman’s and Cutler’s random forest for classification and regression. The 

data was not used in the analysis as the resolution was 2 kilometers. The prediction rasters were 

created by Siljander (2019). It was concluded that the plains near the lodges and the river had the 

most elephant activity, while areas further from the river had less elephant activity (Figures 13 & 14). 

The biodiversity project enclosure represented an area with no elephant activity.  

Before starting to scan, a mount needed to be placed onto a tripod. The scanner was then 

placed on top of the mount and screwed into the tripod through the mount. The power was then turned 

on and a new project was created for one tree. Each tree was scanned from three perspectives. There 

were two scans per perspective to cover the whole tree: first with the scanner positioned vertically 
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and then horizontally. The scanning device 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 

recognize the correct tree from the point cloud data. The diameter at breast height (DBH) was 

measured as well as reference data. 

 

 

Figure 13. Probability of elephant occurrence in Taita Hills Wildlife Sanctuary. The raster map has been 
created by calculating the mean of several species distribution modelling techniques. The predictions are 
made based on the KWS elephant observation points from the years 1999, 2005, 2008, and 2011. (Siljander, 
2019). 
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Figure 14. The terrestrial laser scanning plot locations in Taita Hills Wildlife Sanctuary. The plots within the 
biodiversity enclosure represent an area without any ongoing elephant activity, whereas the plots in 
Mashoti and Kudu represent areas with only low predicted elephant activity. The plots near the two lodges 
(Taita Hills and Salt Lick) represent areas with high predicted elephant activity. 

 

2.4.3 Data processing 

 

The steps of the TLS data processing can be seen as a flowchart from Figure 15. Each project was 

opened in RiSCANPro software. It is RIEGL’s own software for inspecting and pre-processing the 

scans produced by their terrestrial laser scanners. First a project file (PROJ) was imported to the 

software, creating a RiSCAN-file. The file consisted of six three-dimensional point clouds that did 

not yet form an intact tree, since the view at this point was very disorganized. Then an automatic 

registration (Automatic Registration 2) was run for the file, fixing the placements of the scan 

perspectives. The automatic registration did not register the project completely as the different scans 
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did not yet form an intact point cloud. 

Multistation Adjustment was used to complete the registration. Applying automatic 

registration before this step was important, since the Multistation Adjustment seemed to work best 

for minor adjustments. Before using the feature, polydata was prepared based on each scan. The 

adjustment was then done selecting a scanning position to adjust and freezing the rest. Scans could 

be plotted to the screen at the same time, making it possible to see how the tool was affecting the 

scan. A parameter called Search radius (m) was adjusted little by little by reducing the value (usually 

starting from one meter) to reduce the StdDev error (m) to be less than one centimeter. In a couple 

cases there were not enough plane patches to finish the process, but in general this procedure resulted 

in intact point clouds. 

When the whole tree seemed visually intact, it was manually extracted from the rest of the 

data. This was done using RiSCANPro’s Selection mode and Polyline selection. The scanning had a 

systematic error that had produced random points all around the air, including in between the 

branches, making it sometimes difficult to extract only the points that belonged to the tree. After the 

extraction, a point cloud file (las) was created. Additionally, the locations of the scans were exported 

as kml-files. Using Google Earth Pro, the locations of the trees were determined based on the 

surrounding six scan locations and shapefile points were created. 



 

23 

 

 

Figure 15. Flowchart of the TLS data processing steps. Correlations were done for the resulting R dataframe 
after these steps. 

TreeQSM modelling script was written and run for each las file using MATLAB software and 

TreeQSM script files. The modelling script contained a filter for removing ghost points and a filter 

for removing leaves. Both filters had several adjustable parameters. The script created and compared 

desired number of models of the same tree and selected the optimum model. The outputs of the script 

were some plotted figures to check the quality of the models and the data (the tree architecture 

metrics) in a mat-file.  

Sometimes the QSM reconstruction parameters needed to be adjusted to enhance the 

modelling results, especially the trunks. Since the Newtonia hildebrandtii trees have a rather complex 

tree structure and TreeQSM has been developed for Finnish trees, there were sometimes difficulties 

in creating intact models. Although 69 trees were expected to be in the analysis, only with 53 it was 

possible to make good models with the time limitations of a master’s thesis. Only 16 of those trees 

were Newtonias.  

The resulting mat-file from the TreeQSM modelling contained the different metrics, nine of 

which were decided to be used in this study (Table 1). Several metrics were disqualified due to the 

data of the furthermost branches being unreliable because of wind or the metrics being irrelevant for 

the study. Sketches of the meanings of the metrics can be found in Figure 16.  
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Table 1. Selected TreeQSM metrics used in this study. 

ACRONYM DESCRIPTION ECOLOGICAL INTERPRETATION 

BranchVolume Volume of all the branches (L) Elephants consuming the branches may 

decrease the branch volume. 

BranchArea Total branch surface area (m²) Elephants consuming the branches may 

reduce the surface area of the branches. 

DBHcyl Diameter at 1.1-1.5 m of the 

cylinder 

(Used in normalizing other metrics.) 

CrownDiamAve Average crown diameter (m) Damage on the furthest branches may 

reduce the average crown diameter. 

CrownDiamMax Maximum crown diameter (m) Damage on the furthest branches may 

shorten the maximum crown diameter. 

CrownAreaAlpha Area of the alpha shape of the 

crown’s planar projection (m²)  

Elephant damage on the branches may 

affect the shape of the tree crown, 

reducing the crown area. 

CrownRatio The ratio between the crown 

length and the tree length (%) 

Elephants consuming the lowest 

branches may lead to shorter crowns. 

CrownVolumeAlpha Volume of the alpha shape of the 

crown (m²) 

Elephant damage on the branches may 

affect the shape of the tree crown, 

reducing the crown volume. 

BranchOrder Average branching order Elephants breaking the branches may 

lead to a lower average branching order.  
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Figure 16. Sketches of the selected tree architecture metrics. 

 

A data frame of the trees and their architectural metrics was created in R. The elephant track 

proximity, river proximity, and elephant density values from the TLS tree locations were extracted in 

QGIS and the resulting table was merged with the data frame in R. Exploratory analysis was made 

separately for the two tree species of the correlations between the tree architecture metrics, elephant 

density, tree density, river proximity, and elephant track proximity using Pearson’s correlation.  

Most of the metrics were normalized with DBH (except crown ratio and average branching 

order) and their correlations with elephant density, elephant track proximity, and river proximity were 

estimated using multiple linear regression in R. Lastly, the metrics that correlated the best with 

elephant track proximity or elephant density were further explored by examining the actual real-life 

meaning of the results – how much it can be predicted to change when moving e.g., 0 to 100 meters 

away from the elephant tracks. This was done by running the predict-function based on the multiple 

linear regression models in R with the other two predictors being a certain constant value. River and 

elephant path proximities were set to 10 meters if they were not used as predictors, while elephant 

density was set to 5 elephants per 100 km2. 
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3. Results 
 

3.1 Landscape scale analysis 

3.1.1 Landscape vegetation structure inside and outside conservation areas 

 

The tree density values covering the whole area scanned with ALS show some clear differences in 

tree cover between the wildlife reserves and the areas outside (Figures 17 & 18, Table 2). The tree 

density is lower within the parks, especially when considering all trees (-33.6%) and trees under three 

meters (-30%). The pattern is weaker with trees over seven meters, where areas of higher altitude in 

the top of the map and the riverine forest in Taita Hills Wildlife Sanctuary are of the highest tree 

density. There is one clear exception in the northern part of LUMO Community Wildlife Sanctuary, 

where the tree densities of all trees and smaller trees seems to be as high as in its surrounding areas. 

This area is for livestock management. There is also another cattle grazing area between LUMO and 

Tsavo West National Park that does not officially belong to the reserves but has a lower tree density.  

 

 

Figure 17. Tree density in the area scanned with airborne LiDAR.  
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In every case except with the northern part of LUMO the tree densities of the parks are lower (-33.6%) 

than in the whole ALS area. Taita Hills Wildlife Sanctuary has roughly 50% lower tree density (4.41 

trees/ha) than in the ALS area (8.8 trees/ha). In the case of the smallest trees, the sanctuary has 38.3% 

less trees (2.24 trees/ha) than in the ALS area (3.63 trees/ha). The difference is not as drastic with the 

taller trees as the sanctuary has only about 3.8% less trees (1.28 trees/ha) than the ALS area (1.33 

trees/ha).  

Table 2. Mean tree densities in the area scanned with ALS, wildlife parks within the scanned area, Taita Hills 
Wildlife Sanctuary (THWS), LUMO Community Wildlife Sanctuary (parts within the ALS area), and Tsavo 
West National Park (parts within the ALS area). 

 

Area Mean tree density / ha 

ALS area 8.80 

Wildlife parks  5.84 (-33.6 %) 

Taita Hills Wildlife Sanctuary 4.41 (-49.9 %) 

LUMO Community Wildlife Sanctuary  7.81 (-11.3 %) 

Tsavo West National Park 5.30 (-39.8 %) 

ALS area (<3 m trees) 3.63 

Wildlife parks (<3 m trees) 2.54 (-30 %) 

Taita Hills Wildlife Sanctuary (<3 m trees) 2.24 (-38.3 %) 

LUMO Community Wildlife Sanctuary (<3 m trees) 3.31 (-8.8 %) 

Tsavo West (<3 m trees)  2.07 (-43 %) 

ALS area (>7 m trees) 1.33 

Wildlife parks (> 7 m trees) 1.76 (+32.3 %) 

Taita Hills Wildlife Sanctuary (> 7m trees) 1.28(-3.8 %) 

LUMO Community Wildlife Sanctuary (> 7 m trees) 3.31(+148.9 %) 

Tsavo West (> 7 m trees) 0.69(-48.1 %) 
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Figure 18. Mean tree densities in the area scanned with ALS, wildlife parks within the scanned area, Taita 
Hills Wildlife Sanctuary (THWS), LUMO Community Wildlife Sanctuary (parts within the ALS area), and Tsavo 
West National Park (parts within the ALS area).  

 

3.1.2 The impacts of elephants on landscape level vegetation studies 

 

When inspecting the same results within only the Taita Hills Wildlife Sanctuary with the elephant 

track and river data (Figure 19), it seems that the northern enclosure 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.  
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Figure 19. Tree density in Taita Hills Wildlife Sanctuary.  

 

Figure 20 shows the relationships between the tree densities and elephant path proximity, river 

proximity, and elephant density. All proxies used to quantify the elephant activity indicate that tree 

density decreases when there are 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 (<3 m height), with 0–1 elephants per 100 km2 it is about 15 but only about 5 with 8–9 elephants 

per 100 km2. The difference is smaller with the taller trees, where the median tree density with 0-1 

elephants per 100 km2 is around 15 trees per hectare and about 8 trees per hectare with 8–9 elephants 

per 100 km2.  

In the areas 0–50 meters from the elephant tracks the median tree density of all trees and the 

smallest trees is around 5 trees per hectare and about 18 trees per hectare in areas that are 500–600 

meters away from the tracks. The median taller tree density per hectare is around 8 in areas 0–50 

meters from the tracks and around 17 in areas that are 500–600 meters away.  
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Figure 20. Violin plots of the relationships between tree density and elephant density, tree density and 
elephant track proximity, and tree density and river proximity. The red dots are the median values and the 
black lines are the 95% confidence intervals. 

Tree density also increases further from the Bura river. The median tree density per hectare for all 

trees is around 9, for smaller trees around 8, and for taller trees around 10, where the proximity to the 

river is 0—50 meters.  The median density of all trees and the smallest trees is about 18 trees per 

hectare in areas that are 500—550 meters away from the river. The median density is around 16 for 

taller trees in the same areas.  

The results from the multiple regression analysis show that although the estimates are not very 

dramatic, the statistical significances are very high with all the p-values being less than 2e-16 (Table 

3). Based on these results, it seems that a higher elephant density and closer proximity to the elephant 

tracks lead to a lower tree density. The estimate is almost twice as high for the smallest trees compared 

to the larger trees. Closer proximity to the river leads to a bit higher tree density, which is opposite to 
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the results of the violin plot. The result is twice as high for the taller trees compared to the smallest 

trees.  

Table 3. Multiple regression analysis results.  

 Estimate Pr(>|t|) Estimate 

<3 m trees 

Pr(>|t|) 

<3 m trees 

Estimate 

>7 m trees 

Pr(>|t|) 

<7 m trees 

E. density ~ Trees/ha -1.081 <2e-16 *** -0.837 <2e-16 *** -0.440 <2e-16 *** 

Track proximity ~ Trees/ha 0.018 <2e-16 *** 0.017 <2e-16 *** 0.019 <2e-16 *** 

River proximity ~ Trees/ha -0.008 <2e-16 *** -0.004 <2e-16 *** -0.008 <2e-16 *** 

 

 

3.2 Tree scale analysis 

3.2.1 Exploratory analysis 

 

The results of the tree scale exploratory analysis for the two tree species show the correlations 

between the tree architectural metrics, DBH, river proximity, and elephant track proximity (Figures 

21 & 22). 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 of the Vachellia 

tortilis (Figure 21) but not in the case of the Newtonia hildebrandtii (Figure 22).  
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Figure 21. Scatterplot matrix of the correlations between the unnormalized tree architecture metrics of 
Vachellia tortilis, elephant density, tree density, river proximity, and elephant track proximity.  
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Figure 22. Figure 23. Scatterplot matrix of the correlations between the unnormalized tree architecture 
metrics of Newtonia hildebrandtii, elephant density, tree density, river proximity, and elephant track 
proximity.  

 

The relationship between the track and river proximities is positive in both cases, meaning that further 

distance from the tracks has a relationship with further distance from the river. This is especially the 

case with the Vachellias. River proximity has a significant negative relationship with elephant 

density. This means that further distance from the river would have a connection with higher elephant 

density. The relationship is also negative in the case of the Newtonias, although the statistical 

significance is low (p>0.05). The results between the two species differ from each other in the case 

of the elephant path proximity and elephant density. In the case of the Vachellia tortilis, closer 

elephant track proximity would have a relationship with higher density of elephants, while the case 

is the opposite with the Newtonias. 
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In the case of the Vachellias, the relationship between elephant density and river proximity seems to 

have a rather strong statistical significance. This is not the case with the Newtonias as the statistical 

significance is weak. Elephant path proximity and elephant density seem to not have statistical 

significance in the case of both tree species. 

 Most of the metrics were normalized using the DBH. The metric correlates with several tree 

architectural metrics with both species, although the significances are stronger with the Vachellias. 

Branch area does not seem to correlate with DBH in the case of both species. Also, branch volume 

lacks a strong statistical significance in the case of the Newtonias. The metrics that were not going to 

be normalized, crown ratio and average branching order, do not have a statistically significant 

relationship with the DBH.  

 Almost none of the metrics in the case of both tree species seem to not have statistically 

significant relationships with the elephant density, elephant track proximity, and river proximity. 

Only branch area has a somewhat significant relation positive relationship with elephant track 

proximity in the case of the Vachellia tortilis. Further distance from the tracks would then have larger 

combined branch surface areas.  

 The estimates of the weak correlations have some patterns from a general perspective. The 

trees seem to be larger in areas with higher elephant density, which is also supported by the positive 

correlation between the elephant density and DBH. The case is similar with closer proximity to the 

river, where larger trees are found as well. The relationships between the elephant track proximity 

and the unnormalized TreeQSM metrics show a conflicting result – closer proximities to the tracks 

seem to generally have smaller trees.  
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3.2.2 Multiple linear regression model 

 

Tables 4 and 5 show the results from the multiple linear regression analysis. The correlations are 

between normalized tree architectural metrics, elephant density, elephant track proximity, and river 

proximity. Although there are similarities between the two tree species, the results also have their 

differences. In the case of both species, branch area (p=0.0123) and crown ratio (p=0.0579) have 

significant positive correlations 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 hildebrandtii, crown ratio also has a significant positive correlation 

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 of this study also have a significant positive 

correlation with average branching order (p = 0.695). This indicates that there would be more smaller 

branches further from the trunk in areas with higher elephant density.  

 

 Estimate 

(Track prox.) 

Pr(>|t|) 

(Track prox.) 

Estimate 

(River prox.) 

Pr(>|t|) 

(River prox.) 

Estimate 

(E. dens.) 

Pr(>|t|) 

(E. dens.) 

Branch volume -0.001820 0.780 0.002665 0.750 -0.40912 0.368 

Branch area -0.7151 0.0123 * 0.2971 0.4161 -29.1045 0.1286 

Avg crown diameter -0.011749 0.131 0.015897 0.129 -0.56172 0.294 

Max crown diameter -0.01281 0.131 0.01734 0.129 -0.07828 0.892 

Crown area -0.1111 0.556 0.2430 0.340 -3.6123 0.782 

Crown ratio -0.000302 0.0579 . 0.0001335 0.5205 -0.00257 0.8103 

Crown volume 0.2310 0.757118 -0.6654 0.508262 -26.6231 0.60815 

Avg branching order 0.0005820 0.2665 -0.0007336 0.2963 -0.06718 0.0695 . 

Table 4. Results from the multiple linear regression for Vachellia tortilis. The metrics have been normalized 
(except crown ratio and average branching order). 
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 Estimate 

(Track prox.) 

Pr(>|t|) 

(Track prox.) 

Estimate 

(River prox.) 

Pr(>|t|) 

(River prox.) 

Estimate 

(E. dens.) 

Pr(>|t|) 

(E. dens.) 

Branch volume -0.006442 0.833874 -0.030990 0.478311 -1.05528 0.15426 

Branch area 2.916 0.0255 * -1.268 0.4364 -16.788 0.5243 

Avg crown diameter 0.01144 0.680 -0.04710 0.242 -0.73558 0.260 

Max crown diameter 0.01488 0.574 -0.05230 0.176 -1.00288 0.117 

Crown area 0.4398 0.311672 -0.7829 0.197560 -6.4799 0.49862 

Crown ratio 0.0008143 0.03609 * -0.0007779 0.13126 -0.02441 0.001 ** 

Crown volume 3.614 0.3297 -5.378 0.3036 -56.014 0.5034 

Avg branching order -0.002861 0.424 0.003890 0.439 -0.01082 0.893 

Table 5. Results from the multiple linear regression for Newtonia hildebrandtii. The metrics have been 
normalized (except crown ratio and average branching order). 

 

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 (Figure 24). While the branch areas of the Vachellia tortilis trees tend to decrease about 2% 

per each 100 meters away from the tracks, the opposite occurs with the Newtonia hildebrandtii trees. 

The branch areas are predicted to increase around 60% per each 100 meters away from the tracks. 

The confidence interval is wider for the Newtonias most likely due to the smaller number of trees. 
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Figure 24. a) Predicted branch area of Vachellia tortilis with increasing elephant track proximity. The points 
show the predicted values and they grey area shows the confidence interval. b) Predicted branch area of 
Newtonia hildebrandtii with increasing elephant track proximity.  

 

The crown ratio predictions for the two species also differ from each other (Figure 25). While the 

relative lengths of the crowns of the Vachellias tend to decrease by about 5% per each 100 meters 

further from the tracks, the crown ratios of the Newtonias are predicted to increase by about 8% per 

each 100 meters further from the tracks.  

 

  

Figure 25. a) Predicted crown ratio of Vachellia tortilis with increasing elephant track proximity. The points 
show the predicted values and they grey area shows the confidence interval. b) Predicted crown ratio of 
Newtonia hildebrandtii with increasing elephant track proximity. 
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Figure 26. a) Predicted average branching order of Vachellia tortilis with increasing elephant density. The 
points show the predicted values and they grey area shows the confidence interval. b) Predicted crown ratio 
of Newtonia hildebrandtii with increasing elephant density. 

 

Figure 26 shows the modelled average branching order for the Vachellia trees with increasing 

elephant density, along with the modelled crown ratio for the Newtonias. There is only a very slight 

decrease in the average branching order with increasing elephant density (around 0.01% per one 

elephant more per 100 km2). This means that there may be slightly less smaller branches further away 

from the trunk in areas with high elephant densities.  

The prediction for the crown ratio has a more dramatic result – the metric is predicted to 

decrease around 2% per each elephant more per 100 km2, meaning that the relative length of the tree 

crowns may be taller in areas with lower elephant densities.  
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4. Discussion 
 

4.1 Landscape scale analysis (ALS) 

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 engineers” (Howard, 2017; Jones et al., 1994) and major 

agents of adult tree mortality (Asner & Levick, 2012; Guldemond & Van Aarde, 2008) could be 

argued to be present in the landscape-level patterns of vegetation structure, as evident from the 

conservation areas. 

The study area used in this research had been described to be a thick bushland in the early 

1900’s (Gallen-Kallela, 2005) and satellite images (i.e., Figures 2 & 3) indicate that the tree cover 

seems to have been denser in 2001 than in 2020 based on satellite images, it is clear that there is some 

sort of disturbance reducing the woody vegetation. Although it is difficult to separate the effects of 

the elephants from the effects of other browser species, correlations between tree density, elephant 

density, elephant track proximity, and river proximity have very high statistical significances.  

The results may then suggest that higher elephant activity (higher elephant density and closer 

proximity to elephant tracks) could lead to a lower tree density, suggesting that the “elephant 

problem” discussed in scientific literature (Caughley, 1976; Glover, 1963) may indeed be still taking 

place. Also, elephant activity during dry seasons being more fatal to the smaller trees (Ihwagi et al., 

2009) can be seen from the results, since the sharp pattern in the tree density mainly concerns smaller 

trees.  

The abnormally dry weather conditions 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 
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by large herds of elephants (Howes et al., 2020; Karvonen, 2018; Loarie et al., 2009; Owen-Smith et 

al., 2006). 

Of course, there could be other possible explanations for the reduced woody vegetation cover. 

There is 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 would be economical from the perspective 

of tourism, since the safari visitors are able to see the animals better with less trees affecting the 

visibility. Some vegetation has also been destroyed by fires in the area. It could be likely that the 

pattern has been formed by many factors instead of only e.g., elephant damage. Elephant activity 

could still be the major cause for the reduced tree cover.  

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, the results of the violin plots 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 available. 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) that the 

elephants tend to destroy the vegetation near water sources in the area.  

The extent of the results of the landscape scale analysis is strictly limited to the area scanned 

with airborne LiDAR in 2014. The results would be more certain when studying the topic in a larger 

area, ideally covering the whole extents of the Tsavo West and East National parks and their 

surroundings. It is a bit difficult to make any generalizations at the current spatial level. There is also 

some room for error in detecting the treetops. This is because it is difficult to adjust the parameters 

to detect every single tree within the area of interest correctly. For instance, there is a possibility that 

in some cases there are two points representing a single tree. Sometimes there could be a tree standing 

but no treetop point has been generated. There is also a possibility that some trees in the analysis are 
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e.g., small buildings, rocks, cars, or posts. Also, the elephant density heatmap was based on only a 

few elephant observation points, making its quality somewhat questionable for the analysis. 

 

4.2 Tree scale analysis (TLS) 

The normalized TreeQSM metrics from the TLS data generally do not correlate significantly with the 

elephant density, elephant track proximity, and river proximity. This could be either due to e.g., the 

rather small numbers of trees analyzed or simply because of a lack of clear relationships between the 

variables.  

There were major opposing differences between the two tree species, Vachellia tortilis and 

Newtonia hildebrandtii, which makes it difficult to make clear conclusions of elephant activity 

affecting both species based on their correlations with elephant density and elephant track proximity. 

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. 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.  

 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, there 

were certain tree structure metrics that did have statistically significant correlations 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 statistically significant relationships with the elephant density 

and the elephant track proximity were crown ratio, branch area, and average branching order. For 

some reason, there is a level of similarity in the statistical significances between Vachellia tortilis and 

Newtonia hildebrandtii when their metrics are normalized and their relationships with elephant track 



 

42 

 

proximity and elephant density are modeled. The estimates can be opposed to each other, one negative 

and one positive, but the significances stay the same. Although this could be a coincidence, the results 

are still interesting. Again, generalizations are difficult to be achieved based on these results, since 

the resulting estimates between the metrics from the two species and the elephant predictors are quite 

contradictory. For instance, it is not possible to conclude that more intense elephant activity would 

have a relationship with larger crown ratios and be in line with e.g. Ihwagi et al. (2019), who state 

that the elephants destroy younger trees. Also, being able to underline the results from the TLS study 

of elephants affecting the biomass by Odipo et al. (2016) is also out of reach of this TLS analysis part 

of the thesis. 

 The estimates for the branch area and crown ratio are different between the two tree species. 

Based on the results, the Vachellia tortilis trees have larger canopies near the elephant tracks, while 

the Newtonia hildebrandtii trees have smaller canopies near the tracks. The predictions of the best 

correlating metrics also oppose each other – when the canopy size of one species increases with more 

distance from an elephant track, the size decreases with another. However, it is possible to analyze 

the two tree species separately, not aiming to make more general assumptions of savanna trees.  

It is possible that the difference between the two species in this analysis is caused by the 

unique features and the ecologies of the species. At least it could be concluded that there is a 

possibility 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.  

Even if the metrics correlated very significantly and had similar estimates, the TreeQSM 

metrics are not necessarily strongly linked to elephant damage. The canopy size, for instance, seems 

increase as the two species age (Figures 10 & 11), particularly the Vachellia tortilis, it is likely that 

the taller canopies and more voluminous branches are caused by the trees being older, although 

wildlife consuming the lowest leaves may be the cause for the changing crown ratios when the trees 
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grow. As the trees grow taller, more branches are growing further away from the reach of the large 

wildlife, making the crown relatively taller than of younger trees.  

As this study is only a master’s thesis, the number of the measured and analyzed trees along 

with the spatial extent was limited to only cover 53 of trees in a single small wildlife reserve. The 

number of the analyzed 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 analyze 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 analyzed. 16 out of 69 trees were left unanalyzed due to difficulties in reconstructing 

intact TreeQSM models of those trees. Newtonia hildebrandtii trees were particularly difficult to 

model with TreeQSM, since the method has been developed for Finnish trees that tend to be 

structurally very different from the complexly formed Newtonias. Modelling the complex savanna 

tree architecture was roughly how it was described by Muumbe et al. (2021). It required a lot of 

adjustment of parameters, continuous experimentation, and testing.  

The results could likely be enhanced by increasing the number of scanned trees and tree 

species, and by conducting the research in a larger area to make it easier to make more general 

assumptions. This study included only trees that were not e.g., leaning or severely torn by elephants. 

Including those trees would help to understand the patterns of elephant-induced damage on the tree 

structure.  

Developing the application of TreeQSM modelling for savanna trees would make the tree 

structure models better. To study elephant damage in the area further, better quality elephant 

prediction data could make these sorts of results on the phenomenon more reliable. Additionally, 

some of the normalized metrics did not have statistically significant correlations with DBH, the metric 

that was used for the normalization. This could have added certain unreliability to the results. 
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5. Conclusions 
 

It seems that the landscape scale results from the airborne laser scanning data are able to explain the 

effect of elephant activity on vegetation structure far more clearly and reliably than the tree scale 

results from the terrestrial laser scanning data. This is likely due to several limitations of the TLS-

derived data in this analysis.  

 The findings from the landscape analysis suggests that the structure of the woody vegetation 

in Taita Hills Wildlife Sanctuary may have suffered from wildlife-induced damage, especially 

elephant damage, lower tree density correlating with both elephant density estimates and elephant 

track proximity. Still, quantifying more detailed signs of elephant damage, such as torn or hanging 

branches, was out of reach for this study. Aforementioned improvements could make it possible to 

study these kinds of differences in tree architecture.  

 On the tree level, comparing only two tree species that are quite different from each other 

resulted in conflicting results. General conclusions about the effect of elephants on savanna tree 

structure were not possible to make based on the results of the TLS analysis. However, if the species 

are analyzed separately, only to look for predictions and correlations for a single species at a time, 

some results can be concluded.  

Generally based on the most statistically significant relationships, Vachellia tortilis tends to 

have larger canopies near elephant activity, while the case is generally the opposite for Newtonia 

hildebrandtii. Even though the cause for this difference is unknown, the structural and locational 

differences between the two species could be considered as a possible explanation. Based on these 

results, it could be concluded that the structures of different species may respond differently to higher 

elephant activity. Still, due to the small sample of Newtonias, this is far from a certain conclusion. 
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Overall, the decreased landscape scale pattern of the woody vegetation cover can be considered an 

indicator of a worrying direction that the tree cover of the wildlife sanctuary is possibly headed 

towards – a grassland. This possible due to the pattern of younger woody plants not surviving the 

intensified effect of elephants inhabiting the reserve. Tree structure is also likely to influence i.e., 

many ecosystem processes, surface energy balance, and carbon storage. Although the results of this 

study have their limitations, there is enough proof and foundation for further research and wider 

attention on the important issue that could turn fatal to many species, plant and animal, that were 

supposed to be protected. The results thus highlight the importance of accounting for vegetation-

fauna interactions when planning and executing wildlife conservation areas in African savannas. 
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