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The effects of fire on the characteristics of woody vegetation and 

encroachment in an African savanna 

Abstract 

African savannas have experienced considerable woody encroachment over 

the last century, presenting an increasing problem from both ecological and 

socioeconomic viewpoints. Despite decades of work by savanna ecologists, 

the reasons for woody encroachment remain unclear. A major barrier to 

understanding the causes is the difficulty of disentangling the effects of 

broader-scale environmental changes, such as climate change and 

associated increases in atmospheric CO2, from localised effects such as fire. 

In this thesis I examine the effects of sixty years of experimental burning on 

the characteristics of woody vegetation in two climatically distinct African 

savannas, a wet and a dry savanna, to examine how long-term burning 

interacts with other potential drivers of woody encroachment. I examine tree 

abundance, woody cover, tree structure, diversity and community composition 

under four different fire regimes: annual, biennial, triennial and fire exclusion. 

Differences between sites and plots subject to different burning regimes are 

compared along with changes in these differences through time. Additionally, 

variation in the densities of Acacia, Combretum, Terminalia and 

Dichrostachys species were examined to establish how dominant species, 

particularly those responsible for encroachment, are affected by fire. Overall, I 

found that the effects of fire depend on savanna type. Fire lowered tree 

abundance and woody cover much more in the wet savanna than in the dry 

savanna. However, the maximal height of trees was much more constrained 

by increased fire frequency in the dry savanna than in the wet savanna. 
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Woody encroachment occurred across both savanna types during the sixty 

year time period, but was much more rapid at the wet savanna. Additionally, 

encroaching species of Dichrostachys cinerea and Terminalia sericea in the 

wet savanna were shown to be more difficult to manage using fire. Overall as 

fire regimes were kept constant over the last sixty years, yet woody 

encroachment occurred across all fire treatments, it is most likely that an 

external driver is responsible. Rainfall change in both areas was minimal over 

the duration of the study, thus increased atmospheric CO2 would appear to be 

the most likely cause of woody encroachment. However, the magnitude and 

characteristics of woody encroachment are strongly mediated by fire and 

rainfall. Wet savannas would appear to be much more vulnerable to woody 

encroachment and existing management strategies are likely to become 

increasingly ineffective at keeping woody cover below potential maximum 

levels. Overall this thesis demonstrates that the effects of fire on woody 

vegetation in savannas vary depending on regional differences in rainfall and 

that processes of woody encroachment differ depending on savanna type.  
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CHAPTER ONE: INTRODUCTION 

1.1. Savanna ecology 

Savannas are grassland systems that can be defined as having a continuous 

layer of C4 grasses and a discontinuous layer of C3 trees (Beerling & 

Osborne, 2006). Savanna ecosystems have a global distribution located in 

Africa, Asia, Australia and the Americas, covering approximately 20-25% of 

the earth’s land surface (Bond, 2008). Savannas provide unique habitats, 

contributing to global biodiversity and ecosystem services (Bond & Parr, 

2010). Additionally, due to the great spatial extent of savannas, they play a 

significant role in the global carbon cycle and thus changes on these systems 

could potentially have global consequences (Bond, 2008; Woodward & 

Lomas, 2004). One fifth of the world’s population live within or near to 

savannas and they are a crucial resource for commercial and subsistence 

livestock farmers (Parr et al., 2014), making savanna ecosystems both 

ecologically and economically important.  

 

Savannas encompasses habitats ranging from sparse grasslands to dense 

woody landscapes and have been described as patch mosaic system in which 

woody cover can vary spatially and temporally (Scholes & Archer, 1997; 

Gillson, 2005). Savannas are inherently complex systems and are shaped by 

interactions between bottom-up processes such as nutrient availability, 

climate and atmospheric CO2 and top-down processes such as fire and 

herbivory (Bond et al., 2008). Savannas occur in a wide variety of climates 

with rainfall ranging from 200 to 2000 mm per year and with varied dry season 

lengths (Scholes & Archer, 1997; Staver et al., 2011a). Furthermore, 
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herbivory and fire regimes in savanna also vary greatly on both spatial and 

temporal scales. The wide range of environmental conditions, in which 

savannas occur is one of the main reasons why deciphering drivers of woody 

cover is so complex.  

 

Though savannas and forests are very different ecosystems they can both 

occur under very similar environmental conditions and climate models alone 

do not accurately predict savanna distribution (Bond et al., 2003, 2005). 

Research by Sankaran et al. (2005) transformed our understanding of the 

mechanisms responsible for savanna distribution and woody cover in Africa.  

Sankaran et al. (2005) conducted a meta-analysis on 854 savanna sites 

across Africa to determine the primary drivers of woody cover. The study 

concluded that savannas receiving a mean annual rainfall of below 650mm 

are stable systems in which disturbances such as herbivory and fire are not 

required to maintain tree-grass coexistence. In contrast, savannas receiving a 

mean annual rainfall of above 650mm are classed as unstable systems, as 

disturbance is required in order to reduce woody cover below its maximum 

potential. This concept of savannas being in stable or unstable states 

advanced our understanding of the factors responsible for savanna 

distribution in Africa.  

 

In more recent work by Lehmann et al., 2011; Staver at al., 2011a; Staver at 

al., 2011b; Murphy and Bowman 2012, climate and environmental factors are 

proposed as not having a predictable deterministic effect on the global 

distribution of savanna, and instead “forest” and “grassland” are two 
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alternative stable states of the same system. Disturbance, specifically fire, is 

an important mechanism in maintaining these different ecosystem states 

(Lehmann et al., 2011; Staver at al., 2011a; Staver at al., 2011b; Murphy and 

Bowman 2012). Fire reduces tree cover by decreasing the rate at which tree 

saplings mature while also promoting an open landscape of C4 grasses, which 

encourages fire spread, further maintaining a savanna with low tree cover. In 

contrast, areas with a lower occurrence of fire and higher tree growth rates 

are usually tree-dominated. Forest systems increase humidity levels and 

decrease fire spread, which further maintains a forest system (Staver at al., 

2011b). Staver et al., (2011a) examined tree cover across sub-Saharan Africa 

and showed that tree cover displayed a bimodal pattern and that regardless of 

intermediate rainfall, intermediate tree cover was rare. This work 

demonstrated that areas that received below 1000mm mean annual rainfall 

(MAP) were predominantly savannas while areas receiving over 2000mm 

MAP were forest system. However savannas and forests could persist 

between 1000-2000 MAP depending on whether or not there was a fire or a 

closed-canopy system in place.  

 

Murphy and Bowman (2012) proposed the “tree growth-fire interaction model” 

as a framework to maintain forests and savannas as alternative stable states. 

Under this framework, interaction between tree growth rates and fire 

frequency determine the likelihood of an area being a closed canopy system 

or a savanna system. Factors that could encourage tree growth, such as 

elevated CO2, or lower resource competition, would increase tree maturity 

rates and favour a closed canopy system and lower flammability. This 
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proposed model also potentially explains the large spatial heterogeneity that 

is often observed in savannas (Scholtz et al., 2014): factors affecting tree 

growth, which is vital to either maintaining an open or closed canopy, will vary 

on a local scale, resulting in spatial heterogeneity.  

 

The threshold of annual rainfall that determines whether or not an area can 

support a forest system is clearly important, as it controls how disturbance will 

influence a savanna system. An area that climatically supports a forest but is 

maintained as a savanna through fire-feedback will clearly have different 

environmental pressures than an area that can only support an open savanna 

system due to rainfall constraints. Work by Sankaran suggests that this 

threshold lies at 650 mm MAP, lower than the 1000 mm threshold proposed 

by Staver et al., (2011b) and resolving where the threshold lies is important 

for understanding woody encroachment. While savannas and forests can be 

considered as alternative stable states, areas that climatically support forests, 

but are maintained as savannas through disturbance can be perceived as 

unstable as they are potentially more vulnerable to woody encroachment.  

 

Fire in savannas is used as a management tool to supress woody cover and 

to achieve specific desired ecological outcomes (Parr and Anderson 2006).  

Fire lowers woody cover in savannas by suppressing tree recruitment and 

lowering tree abundance (Higgins et al., 2000). Fire rarely causes total tree 

mortality, with the exceptions of very intense fires. Mature adult trees that 

have grown out of the fire-zone usually receive only superficial fire damage 

such as charred bark and burnt leaves (Bond, 2008). Sapling trees that occur 
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within the fire zone are top-killed instead and can then resprout again from 

their roots. These trees, otherwise known as “Gulliver trees”, can spend 

decades trapped in the fire zone, not being able to grow quickly enough to 

escape before the next fire (Higgins et al., 2000). On a landscape level, fire 

decreases woody cover below its potential maximum (Sankaran et al., 2005), 

but localised heterogeneity is often observed (Scholtz et al., 2014). Vegetation 

responses to fire vary both in terms of composition, density and size, all of 

which contribute to this localised heterogeneity. Reasons for this variation are 

often associated with a trade-off between frequency and intensity as well as 

localised effects of landscape and climate (Govender et al., 2006). Our 

understanding of these factors is limited especially with regards to vegetation 

recovery in different savanna types subject to different burn frequencies. 

Acquiring an understanding of how vegetation responses to fire interact with 

other factors is crucial for effective management and furthering the 

understanding of woody encroachment. 

 

1.2. Woody Encroachment 

Woody encroachment has been observed in savanna systems over the last 

century (Wigley et al., 2010). It can be described as a rapid increase in tree 

abundance or woody biomass and can often result in a biome switch to a 

closed canopy system (Bond et al., 2008; Wigley et al., 2010). This process is 

occurring globally and the encroachment is not being caused by alien species 

but rather native species associated with savannas (Hovenden & Williams, 

2010). Woody encroachment has significant ecological and economic 

consequences. It can create a homogenous environment, which decreases 



 16 

habitat availability and lowers biodiversity (Parr et al., 2012). Additionally, due 

to the large spatial extent of savannas, woody encroachment can have a 

global impact on the terrestrial carbon cycle (Bond, 2008). Furthermore, 

woody encroachment lowers the potential for grazing, which has very real 

impacts on both commercial and subsistence farmers (Ward, 2005).  

 

Woody encroachment occurs in savannas in Africa receiving both below and 

above 650mm mean annual rainfall, i.e. on both wet and dry savannas (Bond 

& Midgley, 2012). The causes of woody encroachment are complex and there 

is a lack of consensus among the ecological community as to the reasons for 

this global vegetation change (Graz, 2008; Wigley et al., 2010). Global drivers 

such as climate change and increased atmospheric CO2 and local drivers 

such as changes in herbivory and fire have all individually been proposed to 

be responsible for woody encroachment (Bond & Midgley, 2012). It is most 

likely that local and global drivers both have roles in this vegetation change. 

To manage this problem effectively and to identify areas at risk from future 

woody encroachment, the most important drivers must be identified. However, 

there are two major difficulties associated with researching the causes of 

woody encroachment. The first is the confounding interacting effects of global 

and local drivers. It is difficult to isolate one cause from another, which makes 

it difficult to determine specific causes. The second difficulty is an inadequate 

time frame; the effects of fire or CO2 fertilisation will manifest over long time 

periods. Therefore much of the research on woody encroachment is limited by 

the fact that only a snapshot in time is examined in an environment that 

displays great spatial heterogeneity and stochastic characteristics. 
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Furthermore, without knowing previous land use history such as fire regimes, 

important factors may not be accounted for, which inhibits the understanding 

of woody encroachment.   

 
 
1.3. Study system 
 
The research presented in this thesis was carried-out in the Experimental 

Burn Plots (EBPs) in Kruger National Park (KNP) in South Africa. Set up in 

the 1950s, these plots are the longest running fire experimental sites in Africa. 

These field sites provide a unique and timely opportunity to examine in-depth, 

changes in woody vegetation in savannas. The sixty-year time frame of 

detailed fire history allows a robust examination of both local and global 

drivers and produces a rare opportunity to disentangle these factors. 

KNP covers approximately 1.9 million ha and is a part of the Great Limpopo 

Transfrontier Park spanning across Zimbabwe and Mozambique and is the 

largest national park in South Africa (Du Toit et al., 2003). KNP is divided into 

two distinct geological and climatic regions: the west comprises of granite and 

low nutrient soils and the east consists of basalt and nutrient rich soils (Biggs 

et al., 2003; Govender et al., 2006). Climatically the south is wetter than the 

north with annual rainfall between 500 - 700mm, compared to 300 - 500mm in 

the north (Van Wilgen et al., 2004). The vegetation of the region is 

heterogeneous (Biggs et al., 2003). In the south, trees are dominated by 

Combretum spp, Acacia spp, Terminalia sericea, Dichrostachys cinerea and 

Sclerocarya birrea. In the north, trees are dominated by Commiphora and 

Acacia species (Biggs et al., 2003).  
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In 1926 Kruger National Park (KNP) was officially established and is currently 

managed within the South African National Park (SANPark) framework. Since 

this time, boundary fences and water bole holes have been constructed. This 

active management has resulted in high grazing intensities by at least 30 

species of wild herbivores (Du Toit et al., 2003). Over the last decade the 

elephant population has increased by over 25% (Blanc 2007; Du toit et al., 

2003), with major consequences for local vegetation communities (Caughley 

1976; Lovett 2009). Grazing intensity is higher in KNP than in other non-

protected savanna regions and varies spatially in the park, depending largely 

on water resources and vegetation type (Smit et al., 2007). 

 

KNP has implemented various fire management strategies over its history, 

from uncontrolled burning to a lightning-fire policy (van Wilgen et al., 2000). 

Currently KNP have an adaptive fire management policy with the overarching 

objective of promoting biodiversity (van Wilgen et al., 2014). The EBPs were 

set-up in KNP in 1954 in response to a lack of understanding of the role of 

burning in savanna ecosystems (Biggs et al., 2003). The EBPs were 

implemented to examine how fire seasonality and fire frequency affected the 

fauna and flora of savanna landscapes and are the longest running fire 

experiments in Africa (Biggs et al., 2003). The EBPs are located in four 

different landscapes in the four regions of KNP: Mopani, Satara, Skukuza, 

and Pretoriuskop (Fig.1.1). Each of these four regions contains four replicate 

sites, within which there are 12 fire treatment plots of approximately 7 

hectares. Each treatment plot is prescribed a different fire frequency treatment 

and a different burning season, which is then repeated among the four 
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replicate sites. The fire frequency treatments are every 1 (annual), 2 (biennial) 

and 3 years (triennial) and an unburnt control.  

 

Figure 1.1. Map of Experimental Burn Plots (EBPs) in KNP, field sites were located in 
Pretoriuskop (the wet savanna) and Skukuza (the dry savanna) only. Each EBP contained 
four replicate strings of which all were surveyed. Map adapted from Biggs et al., (2003) and 
Scholtz et al., (2014).  
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The work presented in this thesis focuses on two of the EBP regions, 

Pretoriuskop, the wet savanna and Skukuza, the dry savanna, using all 

replicate sites. Skukuza and Pretoriuskop are located on the Southwest part 

of the park, approximately 30 km apart. The Skukuza field site is a dry 

savanna classed as a Combretum savanna whereas Pretoriuskop is a wet 

savanna classed as a Sourveld savanna. Skukuza has an average annual 

rainfall of 572 mm with slightly warmer summers and colder winters, whereas 

Pretoriuskop is the wettest region in KNP, with an average annual rainfall of 

705 mm and less seasonal variation in temperature (Biggs et al., 2003) (Fig. 

1.2). Thus, the two sites are on either side of the 650 mm annual rainfall 

threshold proposed by Sankaran et al.,(2005). Vegetation surveys were 

conducted on the no-fire control, and the August-annual, August-biennial and 

August-triennial treatments, the mid-dry season fires, as the aim of this study 

was to examine the effects of fire frequency as opposed to variation in fire 

seasonality. KNP as a whole has a higher intensity of grazing and browsing 

than other non-protected savannas, with a great deal of variation within the 

park (Smit et al., 2007). However, due to the proximity of both sites and both 

sharing the same main water source the variation in grazing intensity is 

assumed minimal.  

 

This thesis is based on three datasets; one of which was the outcome of 

fieldwork conducted in 2012, the other two are historical datasets from 

previous fieldwork conducted by SANParks. Vegetation surveys were carried 

out in in the late 1950s shortly after the set-up of the EBPs and then surveyed  
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a b 
 

Figure 1.2. Monthly mean temperature (bar) and rainfall (line) for Skukuza, the dry savanna 
(a) and Pretoriuskop, the wet savanna (b). Climate data obtained from SANParks Scientific 
services. 

 

again in the mid-1990s (1996-97) by SANParks staff. Similar field methods 

were applied in all time periods. A belt transect method was used to survey 

woody vegetation in all time periods, where both trees and shrubs were 

identified and measured. The surveys conducted in the 1950s measured stem 

diameter for single stemmed trees and canopy diameter for multi-stemmed 

trees/shrubs and assigned group sizes to individual trees and shrubs. The 

1990s surveys measured stem and canopy diameter using the same method 

as in the 1950s but also retained the specific measurements and measured 

tree height. The surveys conducted in 2012 measured stem diameter for all 

trees and shrubs and also measured tree height. For all time periods two belt 

transects per treatment plot were used, but transect size varied. In the 1950s 

transects were 305m x 1.53m, whilst in the 1990s transects were 2m wide 

and varied in length from 150-400 m. During the 2012 surveys belt transects 

were 2m x 100m.   



 22 

 1.4. Research objectives 

 
In this thesis, I will examine specific aspects of woody vegetation at locations 

subject to four different fire treatments in two climatically distinct savannas. 

The extent of woody encroachment over a sixty year time period at the same 

sites will also be examined in order to disentangle the effects of local and 

global drivers responsible for this vegetation change. The thesis is split into 

five main chapters: a literature review and four research chapters. A brief 

description of each chapter follows. 

 

Chapter Two: Determinants of woody encroachment and cover in African 

savannas – a review 

This chapter provides a synthetic review of the current literature examining 

woody encroachment. I critically examine the evidence for both global drivers 

of woody encroachment, such as climate change and increased atmospheric 

CO2, as well as local drivers, such as fire and herbivory, with particular focus 

on how these interact with each other. Determinants of savanna distribution 

are still not fully understood and lack a conceptual framework. I postulate that 

in Africa there are the two distinct savanna states, stable dry savanna and 

unstable wet savanna and that these are fundamentally different systems. I 

conclude that the ecological processes governing these systems differ and as 

such, the processes shaping woody encroachment and vegetation recovery 

after fire must be examined separately in each. 
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Chapter Three: Woody cover in wet and dry African savannas after six 

decades of experimental fires 

 

In chapter three, I examine the effects of sixty years of experimental burning 

on current tree abundance, woody cover and stem structure in both dry and 

wet savanna. My aim in this chapter is to determine whether or not vegetation 

responses vary under these two climatically distinct savannas and to examine 

whether increased fire frequency displays a directional effect in lowering tree 

abundance and woody cover. Understanding vegetation responses to fire 

regimes is crucial if effective management is to be implemented. Thus, this 

chapter examines if fire management strategies should take account of 

climatic differences between sites. 

  

Chapter Four- The effects of fire on tree diameter-height allometry in wet and 

dry savannas 

Allometric equations that predict tree height from diameter are used widely in 

savanna systems to estimate biomass for carbon initiatives such as REDD+ 

projects. Typically, universal models are used, based on physiological and 

physical assumptions associated with tree growth. Most empirical data 

confirming the accuracy of these models are derived from forest trees, which 

experience different selection pressures than savanna trees. The objective of 

this chapter is to examine the effects that different fire frequencies and 

savanna type have on tree height-diameter scaling, to establish first whether 

the use of universal models is justified and second to gain further 

understanding of how fire affects tree structure. In this chapter I highlight the 
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importance of adapting allometric models to local conditions of disturbance 

and climate, which could have far-reaching implications for biomass 

predictions and reduced carbon emissions programmes. 

 

Chapter Five- Woody encroachment in a wet and dry savanna subjected to 

sixty years of experimental burning  

Using historical data, chapter five examines post-1954 changes in tree 

abundance and stem structure in both the wet and dry savanna subjected to 

four fire frequency treatments. My objective in this chapter is to disentangle 

the effects of local and global drivers on woody encroachment and to 

determine which drivers are responsible for this vegetation change. 

Furthermore, this chapter establishes whether wet and dry savannas are 

experiencing similar levels of woody encroachment and if increasing fire 

frequency decreases the extent of woody encroachment. I highlight the 

importance of savanna type when considering how fire affects woody 

encroachment and identify the areas most vulnerable to this. 

 

Chapter Six- Changes in tree composition and diversity on wet and dry 

savannas subjected to sixty years of experimental burning. 

 

The main current objective of savanna fire management in South Africa 

National Parks is to promote biodiversity. Therefore, using both current and 

historical datasets, chapter six examines the effects of fire frequency on tree 

diversity in both the wet and dry savanna, over a sixty year time period. Using 

the same datasets, tree composition is examined to establish whether fire 
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frequency or savanna type is the most influential driver in altering tree 

composition. Variation in the density of four key tree species/genera 

responsible for woody encroachment are examined, namely Dichrostachys 

cinerea and Terminalia sericea in the wet savanna and Acacia and 

Combretum species in the dry savanna. The effects of fire frequency on the 

densities of these species is established in order to assess how effective 

current fire management regimes are in combating woody encroachment. 
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CHAPTER TWO: DETERMINANTS OF WOODY ENCROACHMENT AND 

COVER IN AFRICAN SAVANNAS – A REVIEW 

Abstract 

Savannas are an integral part of African ecosystems and sustain the 

livelihoods of millions of people. Woody encroachment in savannas is a 

widespread phenomenon but its causes are widely debated. I review the 

extensive literature on woody encroachment to help elucidate the possible 

causes. I postulate that, across Africa, rainfall is the most important 

determinant of maximum woody cover, but fire, herbivory and soil properties 

interact to reduce woody cover below the maximum at many locations. Woody 

encroachment through time is most likely driven by CO2
 enrichment through 

two mechanisms. In dry savannas, the increased water use efficiency in 

plants relaxes precipitation-driven constraints and increases woody growth. In 

wet savannas, the increase of carbon allocation to tree roots results in faster 

recovery rates after disturbance and a greater likelihood of reaching sexual 

maturity. At a local-level, changes in precipitation, burning regimes or 

herbivory could be driving woody encroachment, but are unlikely to be the 

explanation of this continent-wide phenomenon.  
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2.1. Introduction 

Over the past 60 years, growing evidence suggests that savannas throughout 

the world are being altered by a phenomenon known as ‘woody 

encroachment’ (Adamoli et al., 1990; Archer et al., 1995; Moleele et al., 

2002). This changing balance in the proportion of trees and shrub relative to 

grasses and herbs has been classed as a form of land-use degradation 

(Oldeland et al., 2010) and has been described as the one of the dominant 

ecological changes in the last two centuries (Polley et al., 2011). It has 

important ecological and economical implications. One fifth of the world’s 

population live in savannas and for many people the suppression of palatable 

grasses and herbs by encroaching woody species, which are often 

unpalatable to domestic livestock, can have a negative impact upon 

livelihoods (Kangalawe, 2009). Changes in the composition of savannas are 

particularly important in Africa, which hosts a large and rapidly growing 

proportion of the world’s human population, many of whom are pastoralists 

(Scholes & Archer, 1997). Woody encroachment will have profound 

implications for biodiversity; it decreases landscape heterogeneity, reducing 

the diversity of invertebrates, birds and large mammals (Sirami et al., 2009; 

Smit et al., 2015). Large-scale vegetation change will also have 

consequences for energy, carbon and water budgets (Woodward & Lomas 

2004; Mitchard & Flintrop 2013). Savanna ecosystems cover a high proportion 

of the global terrestrial land surface and thus have a significant role in earth-

atmosphere feedback processes (Asner et al., 2003; Bond, 2008; Woodward 

& Lomas, 2004).  
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Drivers for woody encroachment in African savannas are still widely debated 

(Archer et al., 1995; Wigley et al.,  2010), but fall broadly into two categories: 

local and global. A number of studies (e.g. Bond et al., 2003; Goheen et al., 

2004; Higgins et al., 2007; Wigley et al., 2009) have helped to elucidate the 

causes of woody encroachment at specific locations and several studies have 

examined the determinants of woody cover from savanna sites across Africa 

(e.g. Sankaran et al., 2005; Sankaran et al.,  2008). The wealth of recent 

information provides a timely opportunity to synthesise existing knowledge. In 

this review I critically examine the evidence in support of different hypotheses 

for woody encroachment. I aim to provide a coherent picture of woody 

encroachment and propose a suite of hypotheses that could be used to guide 

future research, policy and practice. 

 

2.2. Global Drivers  
2.2.1 Climatic Interactions 

Climate is a major force affecting the distribution of biomes. However, 

savannas often contradict bioclimate models, occurring in areas that could 

climatically support forests (Prentice et al., 1992; Bond et al., 2003). The 

reasons why savanna distribution confounds climate models are likely related 

to the localised effects of disturbance (Sankaran et al., 2005; Lehmann et al., 

2011; Staver at al., 2011a; Staver at al., 2011b; Murphy and Bowman 2012). 

Analyses of woody cover patterns across Africa suggest that maximum woody 

cover in savannas receiving a mean annual precipitation (MAP) of less than 

650 mm is constrained by and increases linearly with rainfall (Sankaran et al., 

2005). These dry savannas are stable systems in which water constrains 

woody cover, permitting tree-grass coexistence. Although disturbances, such 
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as fire and herbivory do occur, they are not necessarily required to maintain a 

savanna system. In contrast, wet savannas receiving more than 650 mm MAP 

are unstable systems that require fire and herbivory in order to maintain a 

savanna system; these wet savannas would otherwise transform to a 

woodland system (Sankaran et al., 2005). 

 

In more recent studies, this threshold of 650mm MAP separating savannas 

into stable (dry) and unstable (wet) states has been questioned. Staver et al., 

(2011b) showed this rainfall threshold to lie higher at 1000mm MAP. In work 

by Staver et al., (2011a,b) tree cover was examined in sub-Saharan Africa 

and in areas where rainfall was below 1000mm savannas were more likely to 

occur, whilst areas receiving over 2000mm MAP were dominated by forests. 

However, in areas receiving rainfall between 1000 and 2000 mm, both 

savannas and forests can occur, largely contingent on whether fire or other 

forms of disturbance were present. Lehmann et al., (2011) found similar 

results, showing that potential maximum woody cover was regulated by 

rainfall and rainfall seasonality, but that disturbance regulated open savanna 

systems, maintaining them as open systems in areas of high rainfall. Hirota et 

al., (2011) who conducted similar research as Staver et al., (2011a), using the 

same tree cover data but different precipitation data (Mayer & Khalyani, 

2011), found that the threshold of where tree cover/woody cover could exist 

was lower, at 750 mm MAP more in line with the threshold identified by 

Sankaran at al., (2005).  Recent work by Viglizzo et al., (2014) support Hirota 

et al., (2011) findings of a 750 mm MAP threshold. The confirmed lower 

threshold in this study in comparison to Staver et al., (2011b) is most likely 



 32 

due to applying different rainfall data (Mayer & Khalyani, 2011) and 

distinguishing shrub land from closed canopy forests (Viglizzo et al., 2014).  

 

Murphy and Bowman (2012) proposed that savannas and forests could exist 

in a relatively stable state as a result of interactions between tree growth and 

fire, with the frequency of fire determining the likelihood of an area being a 

savanna system. Environmental factors such as increased rainfall or CO2 

would increase tree growth and encourage a closed forest system. This in 

turn would lower grass fuel loads and increase humidity, which lowers the 

flammability of the system creating a positive feedback system in maintaining 

a forest. In contrast, in areas where fire occurs, tree maturity rates decrease 

due to top-killing, which stops canopy closure and allows C4 grasses to thrive 

(Mayer & Khalyani, 2011). This in turn maintains aridity and enhances the 

flammability with large fuel grass loads, ultimately maintaining an open 

savanna system. Hoffmann et al., (2012) also suggested similar ecosystem 

fire-growth responses for savannas in the Cerrado, suggesting that for forest 

systems to exist rather than savannas, two critical thresholds have to be 

maintained. First, the fire-resistance threshold whereby, trees have to 

accumulate sufficient bark to avoid stem death and second, the fire-

suppression threshold, whereby sufficient canopy cover must be maintained 

to suppress fire by excluding grasses. Overall, though rainfall availability is a 

key determinant of woody cover in savannas, but the interaction between this 

and disturbance (predominantly fire) is essential to fully understanding the 

distribution of savanna and forest systems.  
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Knowing where the rainfall threshold lies between forests and savannas is 

crucial in order to understand how fire and climate interact and maintain a 

savanna system and to fully understand causes of woody encroachment. 

Therefore it is concerning that there appears to be a disagreement with 

regards to this threshold. The difference in the threshold proposed by Staver 

et al., (2011b) and by Sankaran et al., (2005) could be due to the differences 

in measuring tree cover using remote sensing techniques, as conducted in 

Staver et al., (2011b) versus measuring woody cover using a meta-analysis 

approach, as conducted in Sankaran et al., (2005) (Hanan et al., 2014). 

Regardless, however, caution should be applied when examining climate 

change as a cause for woody encroachment, as clearly there is still ambiguity 

surrounding the threshold of savannas and forests themselves. 

 

It has been suggested that increased rainfall associated with climate change 

could be a driver for woody encroachment (Tews & Jeltsch, 2004), particularly 

in dry savannas with an infrequent disturbance regime in instances where the 

critical threshold is surpassed, as disturbance would then be required to 

maintain these systems as savannas (Sankaran et al., 2005; Staver et al., 

2011b). However increased rainfall in wet savannas would have minimal 

effect, as these systems are already not at their climatic optimum (Bond& 

Midgley, 2012). Unless however, rainfall were to increase to above 2000mm 

MAP, as Staver et al., (2011b) suggest that regions with a MAP of 2000mm or 

above are usually dominated by closed forest systems regardless of 

disturbance.  

 



 34 

Changes in temperature could also affect interactions between rainfall and 

woody cover. Increases in temperature would increase transpiration, which 

could cancel out effects of increased rainfall as water demand increases. 

Furthermore Fensham et al., (2008) found that though increases in woody 

growth occurred in instances of increased rainfall, this increase was offset by 

extreme drought events, which caused widespread tree mortality. The effects 

of climate change in savanna systems may also be species-dependent. 

Though warming temperatures may have negative impact on water use it can 

also encourage the germination of some tree species. Chidumayo (2008a) 

demonstrated that seedling emergence and survival under elevated 

temperature regimes varied depending on the species. Seedling emergence 

increased for Dichrostachys cinerea but decreased for Acacia polyacantha, 

Bauhinia thonningii and Ziziphus abyssinica. However seedling mortality in A. 

sieberana and D. cinerea increased and decreased in A. polyacantha, B. 

thonningii and Z. abyssinica. Additionally Stevens et al., (2014) demonstrated 

that higher temperatures would reduce germination in Acacia nigrescens and 

Colophospermum mopane but would result in slower seed bank depletion, 

whilst warmer conditions would encourage radicle extension increasing 

seedling establishment. However not all savanna species reproduce by seed: 

many species, for example Dichrostachys cinerea, can vegetatively reproduce 

easily and quickly (Wakeling & Bond, 2007). Therefore the effects on 

germination of changes in temperature will vary regionally depending on the 

existing species composition of that area. 
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However, ascribing the major cause for woody encroachment to climate 

change is problematic not only because woody encroachment occurs in both 

wet and dry savannas but also because changes in rainfall give rise to 

conflicting localised effects. February et al., (2013) demonstrate that localised 

increases in rainfall acted to increase competition between trees and grasses, 

ultimately suppressing tree growth. The establishment of trees occurred 

during periods of temporary droughts and intense grazing, as tree-grass 

competition is lowered in these circumstances. In contrast, Kulmatiski & Beard 

(2013) show that localised tree growth is not affected by rainfall quantity but 

by rainfall intensity, demonstrating that trees outperformed grasses when 

rainfall intensities increased. Changes in climate will undoubtedly be important 

for woody growth and are a potential concern in dry savannas with limited 

disturbance. However, given the lack of spatial consistency in global trends in 

precipitation, and the nonetheless global extent of woody encroachment, it 

seems unlikely that change in rainfall patterns is the sole driver of woody 

encroachment.  

 

2.2.2. Soil nutrient availability 

Savanna landscapes are known to overlay weathered, nutrient-poor soils 

associated with ancient land surfaces (Cole, 1986). Thus, low nutrient 

availability is also widely cited as a hypothesis for the lack of trees in savanna 

biomes (Bond, 2010), as poor soil quality limits tree growth. However, there is 

little correlation between changes in nutrient availability and woody 

encroachment and it seems unlikely therefore that changes in nutrient 

availability are a driver of widespread woody encroachment. It has also been 
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suggested that woodland patches in savanna are associated with locally 

higher soil moisture and nutrient availability in areas known as "islands of 

fertility" (Mourik et al.,  2007). Though the occurrences of trees in nutrient rich 

soil may alternatively represent cause rather than effect, such that the 

presence of trees improves soil quality (Hagos & Smit, 2005). In contrasts, 

other studies suggest that areas of high nutrient availability are associated 

with a reduction in woody cover, largely as a result of interactions with 

grasses (Mills et al., 2013). Nutrient rich soils associated with abandoned 

farmland often lack trees because seedlings are supressed by the higher 

yields of grasses (van der Waal et al., 2011). Additionally, nutrient availability 

in soils can interact with rainfall to influence woody cover. Lehmann et al., 

(2011) showed that areas of low rainfall and high nutrient availability facilitated 

palatable grasses, which in turn led to increased herbivory maintaining a 

savanna system. In contrast areas with high rainfall and nutrient availability 

facilitated rapid tree growth, which encourages forest systems. 

 

The effects of nutrient availability on tree growth thus appear to be dependent 

upon localised factors such as the nature of competitive interactions with 

grass and current and past management practices. Bond (2010) further 

demonstrates that savannas and tropical forests have similar nutrient 

availability, which indicates that nutrient availability does not restrict woody 

growth in savannas. It would appear that nutrient availability in soil exhibits 

localised effects that do not fully correlate to the global scale of woody 

encroachment. Moreover, climate has been shown to be a stronger driver of 

woody growth than soil nutrient availability (Toledo et al., 2011).  
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2.2.3. Carbon dioxide enrichment 

Concentrations of atmospheric CO2 affect how plants function and grow, thus 

increased atmospheric CO2 has been proposed as a driver for woody 

encroachment (Lloyd & Farquhar, 1996; Polley, 1997; Ainsworth & Rogers, 

2007; Buitenwerf et al,  2012; Ward et al., 2014). Atmospheric CO2 

concentrations have increased due to industrialisation from 280 ppm in the 

1930s to over 400 ppm in 2013 (UCSD, 2013). C4 plants use carbon more 

efficiently and evolved from periods of low atmospheric CO2.  In periods of 

high temperatures and low atmospheric CO2 C3 plants can mistake O2 for CO2 

causing photorespiration, which reduces the efficiency of photosynthesis 

drastically (Edwards et al., 2010).  In contrast, C4 plants increase the carbon-

fixation efficiency by saturating the rubisco enzyme with CO2 (Ehleringer 

1978; Edwards et al., 2010; Christin & Osborne, 2014). Thus lower CO2 is 

competitively advantageous to C4 plants rather than C3 plants (Ehleringer et 

al,  1997; Edwards et al., 2010). It has been predicted that by 2050 CO2 levels 

will have increased to a level where C4 plants will no longer have any 

photosynthetic advantage over C3 plants (Hovenden & Williams, 2010), hence 

offering a plausible reason for woody encroachment (Idso, 1992).  

 

The hypothesis of increased atmospheric CO2 concentrations as a global 

driver for woody encroachment would be broadly consistent with several 

studies both from glasshouse experiments and the field (Hovenden & Williams 

2010; Wigley et al., 2010; Bond & Midgley, 2012; Buitenwerf et al., 2012; 

Ward et al., 2014). Hovenden & Williams (2010), in their review of 
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experimental evidence, identify 3 out of 36 different tree species growing on 

grasslands that did not show an increase in growth, compared to 7 out 32 

grasses showing increased growth with increased atmospheric CO2. Long-

term field studies also point to CO2 enrichment as a likely driver of woody 

encroachment, at least insofar as other likely drivers were eliminated: Wigley 

et al., (2010) demonstrate consistent woody encroachment in savannas with 

contrasting land tenure (commercial farming, conservation and communal 

rangeland). Their results show a significant increase in woody cover over 70 

years across sites with similar climate regardless of land use. Similar results 

can also be seen in Buitenwerf et al., (2012), where woody cover significantly 

increased over a 60 year period. Buitenwerf et al., (2012) examined woody 

cover at Kruger National Park where disturbance regimes had been kept 

constant over the same time period. Woody cover was found to have trebled 

over the 60 years (though some fluctuation was observed over time) despite 

the fact that disturbance regimes and rainfall had not changed.  

  

The simplicity of the CO2 enrichment hypothesis has drawn criticism (Archer 

et al., 1995). Miller-Rushing et al., (2009) showed that C3 plants species 

exhibit highly variable physiological responses to increasing atmospheric CO2 

and Archer et al., (1995) were also highly critical of the CO2 enrichment 

theory. Archer et al., (1995) suggest that increased atmospheric CO2 does not 

explain why C3 trees are replacing C3 grasses or why C3 grasslands are not 

replacing C4 grasslands, a finding also supported by Griffith et al., (2015). In 

recent work by Edwards et al., (2010) the expansion of C4 grasses over C3 

grasses was found not to be solely due to different photosynthetic pathways. 
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In this phylogenetic study of C3 and C4 grasses it was demonstrated that a 

group of C4 grass species had traits promoting species dominance, such as 

protected buds, storage reserves, slow decomposition and quick resprouting 

rates after herbivory, all of which allowed C4 species to dominate (Edwards et 

al., 2010). Thus the theory that C4 plants no longer have a competitive 

advantage over C3 plants due to increasing atmospheric CO2 appears to be 

too much of a simplification. Furthermore Archer et al., (1995) also highlights 

that CO2 enrichment does not explain why some savannas are not 

experiencing woody encroachment or why some savannas are experiencing 

tree decline or desertification instead (Fensham et al., 2009; lohmann et al., 

2012). The criticisms of Archer et al., (1995) are founded mainly on the 

assumption that CO2 enrichment simply lowers competition between trees 

and grasses favouring woody growth. However, increased atmospheric CO2 

can also alter other plant physiological responses rather than just through 

different photosynthetic pathways (Hetherington & Woodward, 2003), which 

can indirectly promote woody encroachment. 

 

Increased atmospheric CO2 can decrease stomatal conductance in plants, 

which reduces transpiration, increasing water use efficiency (Polley, 1997). 

Decreases in stomatal conductance through increased atmospheric levels of 

CO2 can occur across plant groups in both trees and grasses regardless of 

photosynthetic pathways (Lloyd & Farquhar, 1996; Drake et al 1997). 

Ultimately a decrease in stomatal conductance leads to higher moisture 

availability in soils. One would therefore expect rising CO2
 concentrations to 

slow the depletion of soil water by grasses, thus favouring shrubs and trees 
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that would otherwise succumb to water stress (Polley et al., 1997).  However 

evidence of the interacting effects of water availability and CO2
 on woody 

encroachment are somewhat less conclusive.  

 

Localised increases in water availability in savannas have shown contrasting 

and variable effects on tree growth (Riginos 2008; Ward & Esler, 2012; 

February et al., 2013; Kambatuku et al., 2013; Kulmatiski & Beard, 2013). 

Increased water availability in soils may only just increase competition 

between trees and grasses, as grasses are highly responsive to changes in 

resource availability. This is shown in work carried out by February et al., 

(2013), whereby inceased water availability did not actually result in increasd 

woody growth due to increased compeition from grasses. Work by Grellier et 

al., (2012) and Ward & Esler (2012) also showed that the encroachment from 

Acacia species was influenced by water competition from grasses and recent 

work by Manea & Leishman, (2015) has shown contrasting resulting in tree 

seedling and grass interactions under elevated CO2. In the latter study, under 

elevated CO2 conditions, the growth of C4 grasses increased greatly with an 

increase in leaf area index, which restricted light and water to tree seedlings 

suppressing growth and offsetting any increased moisture availability from 

reduced stomata conductance. Moreover, though increased atmospheric CO2 

is known to reduce stomata conductance, research by Zeppel et al., (2011) 

has shown that nocturnal stomata conductance increases under elevated 

CO2. This can leave plants vulnerable to drought and thus CO2 induced 

stomata changes could have an adverse impact on woody growth.  
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Assuming that increased CO2 does have a postive impact on water efficiency, 

this effect could be cancelled out by changes in average temperatures. Angert 

et al., (2005) demonstrated that in the nothern hemisphere any benefits plants 

expereince from increased CO2 are offset by increasing summer 

temperatures. Furthermore examination of plant growth in FACE experiments 

showed an increase under elevated CO2, albeit lower than expected due to 

the effects of rising temperatures (Ainsworth & Long, 2005). Overall in relation 

to savannas, in regions where temperatures increase, transpiration and water 

stress will also increase. Thus any additional water saved through decreases 

in stomata conductance may be used to mitigate against this added stress, 

having a limited effect between tree and grass growth rates.    

 

The dynamics of tree-grass interactions makes it difficult to determine the 

exact response of tree growth to localised increases in water availability. 

Additionally, increases in water availability caused by CO2 enrichment would 

not fully explain woody encroachment in savannas where water availability is 

not a limiting factor to woody growth (Sankaran et al., 2005; Lehmann et al., 

2011; Staver at al., 2011a; Staver at al., 2011b; Murphy and Bowman 2012). 

In savannas that are constrained by water availability, the indirect effect of 

increased water availability through decreased stomatal conductance may 

relax these constraints, increasing woody growth. However localised variation 

between tree grass competition makes it difficult to fully determine the effects 

of reduced stomata conductance on woody encroachment. 
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Increased atmospheric CO2 can also cause an increase in allocation of 

carbon to below ground biomass, providing additional energy to trees to re-

sprout after disturbance (Bond & Midgley 2000). This proposed mechanism 

could be crucial in tipping any demographic balance between tree-grass 

coexistence in relation to burning regimes. Trees are often suppressed at a 

sapling stage for decades due to burning and browsing (Higgins et al., 2000; 

Sankaran et al., 2013); these trees are not juveniles but growth-suppressed 

individuals known as "Gullivers" (Bond & Wilgen, 1996; Bond, 2008; Higgins 

et al., 2000). Therefore if trees have higher rates of resprouting after fire, 

individuals are more likely to escape the fire zone and decrease their chance 

of being top-killed, which will lead to increases in tree recruitment. This 

hypothesis is supported by evidence from savanna species such as Acacia 

karroo and Acacia nilotica, which showed increased allocation of carbon to 

rootstocks under elevated CO2, resulting in faster growth after disturbances 

(Kgope et al. , 2010; Wigley et al., 2009). Many non-savanna plant species 

have also shown similar responses. Solonaceae plants show an increase in 

tubers per individual (Miglietta et al., 1998) and Quercus ilex displayed 

accelerated regeneration under increased CO2 concentrations 

(Hattenschwiler et al., 1997). However, the effects of CO2 enrichment on 

"Gulliver" trees in African savannas remains unknown.  Increased carbon 

allocation of carbon to rootstock is often observed in areas of lower resource 

competition. The regeneration of Quercus ilex increased under elevated CO2 

where intra-species competition for light was decreased. Hoffmann et al., 

(2000) saw diminished effects of carbon root allocation in the cerrado 

savanna when nutrient availability was limited. Furthermore, a decrease in 
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carbon roots stock was observed in Acacia karroo when constant defoliation 

was applied (Schutz et al., 2009). Therefore increased allocation of carbon to 

rootstock through increased atmospheric CO2 appears to have the largest 

impact in regions where trees have lower competition for essential resources 

(light, water and nutrients), as additional energy is available to replenish root 

carbohydrate stocks (Schutz et al., 2010). Thus increased allocation of carbon 

to rootstocks may have a more significant impact in wet savannas than in dry 

savannas.  

 

Another plausible option is the ability for trees to vegetatively reproduce 

through clonal root systems, which could possible be enhanced through 

increased allocation of carbon to rootstocks. Vesk & Westoby (2004) and 

Bond & Midgley (2012) also highlight the importance of fire selecting tree 

species with clonal root spreading systems that promote rapid recovery after 

fire as a driver of encroachment. Trees with root systems that have large 

carbons stocks are known to be more sensitive to increased carbon, being 

able to respond more quickly and store surplus CO2 more easily (Wakeling & 

Bond 2007; Bond & Midgley 2012). Thus, if increased allocation of carbon to 

rootstocks increases the ability of root cloning, this may be a plausible 

explanation of the expansion of wooded patches on savannas.  

 

Overall the interactions between CO2 and woody growth are complex and are 

not easily consolidated into one over arching hypothesis. It would appear that 

elevated CO2 alters woody growth and function depending on whether or not a 

savanna falls into a semi-arid or mesic region (Fig.2.1). In semi-arid regions it 
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would appear that decreased stomata conductance may alleviate water 

competition increasing woody growth, however the localised effects may vary 

depending on disturbance, grass competition and localised climate change. 

Woody encroachment in wetter regions appears to be facilitated through an 

increase of carbon allocation to root biomass, which in turn allows increased 

resprouting rates after disturbance. It is likely that this mechanism will vary 

depending on species-specific resprouting traits and resource competition for 

nutrients, light and water. 

 

2.3. Local Drivers  

2.3.1 Fire regimes 

Changes in fire management practices have also been proposed as a driver 

for woody encroachment (O’Connor et al., 2014). Savanna biomes experience 

frequent fires, and some savannas are classed as a fire-dependent system 

(Bond et al., 2005). Fire pre-dates human interference (Cahoon et al., 1994), 

although most fires are currently caused by people (Eriksen, 2007; Roy et al., 

2002). Fires on savannas are used as a management tool to supress woody 

cover and to achieve specific ecological outcomes (Parr & Andersen, 2006). 

Fire lowers woody biomass in savannas by suppressing tree recruitment and 

lowering tree abundance (Higgins et al., 2000; Grady & Hoffmann, 2012). 

Seedling and sapling establishment is limited and trees are often suppressed  
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Figure 2.1: Overview of mechanisms hypothesised to influence woody encroachment. Blue 
shaded boxes represent extrinsic drivers and the white shaded boxes illustrate the effects of 
these drivers. Boxes outlined in red indicate intrinsic factors that constrain woody 
encroachment and their effect, the boxes and arrows outlined in blue illustrate biotic 
processes and physiological mechanisms leading to woody encroachment. Woody 
encroachment in wet savannas is proposed to result from increased carbon allocation to 
rootstocks, which rapidly increases recovery after disturbances allowing higher proportion of 
trees to reach reproductive maturity. This in turn facilitates a positive feedback in favour of 
trees by increasing tree recruitment. Conversely, in dry savannas, increased carbon 
allocation to rootstocks is diminished by water stress. In dry savannas, which are constrained 
by water, increased water efficiency, driven by increased CO2, promotes additional tree 
growth thus allowing more trees to reach sexual maturity. However, the rate and magnitude of 
woody encroachment in dry savannas will be affected by localised factors of rainfall and 
grazing, which both alter water availability. It is therefore likely that woody encroachment in 
dry savannas will be less rapid than in wet savannas, though the magnitude of woody 
encroachment in wet savannas will be affected by localised fire regimes.  
 
 

from reaching a reproductive stage (Bond & Midgley, 2000; Bond & Wilgen, 

1996). Fire rarely causes total tree mortality, with the exceptions of very 

intense fires (Hoffman & Solbrig, 2003). Mature adult trees that have grown 

out of the fire-zone usually receive only superficial fire damage such as 

charred bark and burnt leaves (Higgins et al., 2000). Sapling trees that occur 

within the fire zone are top-killed instead and can then resprout again from the 

Dry Savanna Wet Savanna 
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roots (Higgins et al., 2000; Ryan & Williams 2011). These trees, otherwise 

known as “Gulliver trees”, can spend decades trapped within the fire zone not 

being able to resprout quickly enough before the next fire (Higgins et al., 

2000). On a landscape level, fire decreases woody cover below its potential 

maximum (Sankaran et al., 2005), but on a localised level tree species may 

exhibit individualistic responses to fire that depend on their functional traits 

(Higgins et al., 2012). This in turn, may be responsible for the localised 

heterogeneity in encroachment often observed in savannas (Scholtz et al., 

2014).  

 

Changes in fire regimes are spatially varied and complete fire exclusion in 

African savannas is rare (Cahoon et al., 1994). Changes in fire frequency and 

seasonality will have varied effects on woody cover, as changes in frequency 

and timing cause variation in intensity (Smit et al., 2010).  Frequent fires are 

usually less intense than infrequent fires due to smaller accumulation of grass 

fuel loads. Late dry season fires can be more damaging than wet season fires 

due to drier and larger grass fuel loads (Govender et al., 2006). Thus, the 

extent to which tree-grass interactions and feedbacks are altered by fire 

greatly depends on the seasonality, frequency and magnitude of burning 

regimes (Govender et al., 2006; Merino-de-Miguel et al., 2010; Smit et al., 

2010).  The issue is further complicated by tree species displaying varying 

degrees of fire tolerance, which can shift species composition and abundance 

(Higgins et al., 2012). Species such as Acacia polyacantha and A. sieberiana 

require fire-induced seed scarification for successful germination (Chidumayo, 

2008b).  Observations have shown A. sieberiana to colonise quickly after a 
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burn, increasing woody biomass in savanna landscapes. Additionally, fire can 

promote woody pioneer species in some circumstances (Bucini & Hanan, 

2007) and species such as, Dichrostachys cinerea can reproduce rapidly after 

fire through vegetative reproduction (Wakeling & Bond 2007). Therefore 

vegetation responses to changes in fire regimes will also depend on fire 

tolerance traits within the existing species present within savannas. 

 

The management of fire has changed greatly over the last century. During the 

period of European colonisation of Africa, fire was perceived as damaging and 

so the frequency of fire decreased and its seasonality changed (Eriksen, 

2007), especially within South African National Parks, fire management (Bond 

& Archibald, 2003; Van Wilgen et al., 2014). In the 1920s burns were often 

prescribed, but regulated strictly, but eventually this policy changed to one 

where burning was restricted to fires started by lightning strikes (Du Toit et al., 

2003). This policy eventually led to an unwanted ecological state and 

uncontrollable wild fires (Mentis & Bailey, 1990). Currently fire regimes are 

now implemented emphasising patch mosaic and pyrodiverse systems (Parr 

et al., 2014). It is undeniable that fire regimes have varied over time, 

especially in South Africa, and this in turn may have encouraged woody 

encroachment, especially if fire regimes were excluded in areas for long 

periods of time, particularly as fire exclusion experiments in wet savannas 

have resulted in a complete biome switch to closed forest systems (Louppe et 

al., 1995; Trapnell, 1959). However, fire-vegetation dynamics can display 

great heterogeneity in space and time and so quantifying and analysing 

spatial changes in fire regimes is difficult due to the lack of long-term records. 
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Although it is evident that tree-grass dynamics are significantly affected by 

fire, it is difficult to propose a coherent theory of the influence of fire and 

woody encroachment on a global scale.   

 

2.3.2 Herbivory 

Enhanced grazing has been proposed as a driver for woody encroachment 

(Archer et al., 1995), especially in dry savannas (Auken, 2009; Graz, 2008; 

Tefera et al., 2007). Increased grazing reduces grass cover, which decreases 

the level of competition for water experienced by tree seedlings (Belsky & 

Blumenthal, 1997; Goheen et al., 2004). Field experiments conducted by 

February et al., (2013) have identified the importance of grazing in lowering 

competition and promoting woody growth. Furthermore, increased grazing in 

dry savannas alters grass composition from perennial to annual species, 

which can alter soil moisture availability, again favouring establishment of 

woody species (Graz 2008). Grazing not only decreases the competitive 

environment for tree seedlings, it also lowers the frequency of natural fires 

and lowers their intensity due to lower fuel loads, all of which promotes woody 

encroachment (Auken, 2009). It would appear that in dry savannas, where 

water availability is the over-riding factor limiting woody growth, intensified 

grazing increases water availability and promotes the establishment of woody 

species.    

 

In common with changing fire management, herbivory patterns have changed 

over the last century. Grazing occurs in all savannas, by both wild animals 

and livestock. Sub-Saharan Africa has experienced rapid human population 
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increase over the last century, which has greatly increased the demand for 

food derived from livestock (Darkoh, 2009). This could explain, at least on a 

regional level, why woody encroachment has occurred in areas of increased 

grazing. Paradoxically, however, continental-scale analyses of the processes 

that control woody encroachment suggest that higher cattle densities result in 

lower woody cover (Bucini & Hanan, 2007). Though this patteren co-occured 

in the presence of fire regimes and large increases in human population 

density. 

 

An added complexity associated with woody encroachment in African 

savanna is the role of wild browsers specifically mega-herbivores, such as 

elephants, which consume large volumes of biomass and are characterised 

as ecosystem engineers (Caughley, 1976). Browsers rather than grazers 

have been known to suppress woody establishment creating a “browser-trap” 

that is functionally similar to the “fire-trap” (Sankaran et al., 2013). Thus the 

removal or local extinction of browsers has been proposed to cause woody 

encroachment (Sankaran et al., 2013). Natural browser populations, 

especially elephants have decreased considerably in Africa over the last 

century due to human exploitation and habitat fragmentation (Du Toit et al., 

2003). Changes in natural populations of both grazers and browsers coincide 

with woody encroachment, although this pattern may not be applicable at a 

global scale, due to the stochastic nature of wild animal populations and the 

absence of mega-fauna outside of Africa. Due to increased conservation 

efforts in sub-Saharan Africa over the last 20 years, wild mega-fauna, mainly 

elephants, have increased dramatically, particularly in protected areas (Asner 
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et al., 2009; Blanc et al., 2007; Lovett, 2009), yet woody encroachment is still 

occurring at these locations (Buitenwerf et al., 2012). The degree of herbivory 

is a highly important savanna management issue and appears to be most 

influential in dry savanna regions. At a local level, the effects of herbivory may 

interact with other drivers and should be considered in any coherent 

hypothesis for woody encroachment.  

 

2.4. Conclusion: towards a coherent hypothesis for woody 
encroachment 
 

It is likely that multiple drivers cause woody encroachment (Fig.2.1). The 

uncertainty lies mainly in quantifying the importance of different drivers and 

understanding the extent to which they interact with one another. There is 

much evidence that, rainfall is the most important determinant of woody cover 

(Sankaran et al., 2005; Bucini & Hanan, 2007; Lehmann et al., 2011; Staver et 

al., 2011a,b; Murphy & Bowman 2012). In line with Sankaran et al., (2005), I 

suggest that in arid and dry areas maximum woody cover is constrained by 

water availability, while local factors such as fire, herbivory and soil properties 

interact to reduce woody cover below the rainfall-controlled upper bound. In 

wet savannas, disturbance is a prerequisite for the persistence of grassland. 

The extent to which fires inhibit or promote woody cover depends largely on 

their frequency, timing and intensity. In general, woody cover decreases with 

the presence of fire (Govender et al., 2006; Buitenwerf et al., 2012). The 

extent to which herbivory promotes woody cover depends largely on the type 

of herbivore and the intensity of the grazing regime. Grazing may alter water 

availability, which is important in dry savannas, but would have limited effect 
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in wet savannas, where water availability is not limited. However, it is unlikely 

that herbivory, which has both increased and decreased substantially across 

Africa, is solely responsible for woody encroachment.  

 

The reasons for woody encroachment through time are still something of a 

puzzle. However, of the reasons postulated in the literature, CO2 enrichment 

appears to be a plausible driver as the other putative causes are not 

sufficiently ubiquitous in time and space to explain the degree of woody 

encroachment. There are crucial differences between dry (stable) and wet 

(unstable) savannas, particularly with regards to the role that water plays in 

affecting the tree-grass balance (Sankaran et al., 2005). However rainfall 

thresholds between stable and unstable savannas should be used with 

caution, as shown in this review there is some ambiguity where this threshold 

lies. Overall however, I propose that CO2 driven woody encroachment in both 

wet (unstable) and dry (stable) savannas are caused by two separate 

mechanisms (Fig. 2.1):  

 

In dry savannas, where water availability is the factor most limiting tree 

growth, I propose that CO2 enrichment is causing woody encroachment by 

increasing plant water-use efficiency, reducing the depletion of soil moisture, 

thus lowering precipitation-driven constraints in maximum woody cover. 

Enhanced water efficiencies cause increased water availability, encouraging 

higher growth rates, which in turn allows larger proportions of tree population 

to reach adult maturity, thus increasing rates of tree recruitment. I also 

highlight the importance of localised increased water availability that could 
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result from changes in grazing and climate, which could also increase rates of 

woody growth at some locations.  

 

In wet savannas, CO2 induced water-use efficiency would have limited impact 

due to existing surplus water availability. Therefore, I propose woody 

encroachment in wet savannas is caused by CO2 enrichment increasing the 

allocation of carbon to rootstocks in trees. Greater allocation of carbon to 

rootstocks increases the rates of recovery after fire and disturbances. This in-

turn creates a higher proportion of adult trees, again increasing tree 

recruitment. Furthermore, I propose that this mechanism has the most effect 

in areas of decreased resource competition for water and nutrients and where 

trees experience less stressful incidents such as drought and defoliation. In 

these savannas, where water competition is lower, woody vegetation is in a 

better position to take advantage of allocating additional carbon to roots. 

Therefore wetter (unstable) savannas are most vulnerable to the effects of 

CO2 enrichment causing woody encroachment. Overall I propose that 

increased atmospheric CO2 is the over-riding factor driving woody 

encroachment, but the mechanism by which it does so are indirect. At a local-

level, changes in precipitation, burning regimes or herbivory could be driving 

woody encroachment, but are unlikely to be the explanation of this global 

phenomenon.  
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CHAPTER THREE: WOODY COVER IN WET AND DRY AFRICAN 

SAVANNAS AFTER SIX DECADES OF EXPERIMENTAL FIRES 

This chapter has been published as:  

Devine, A.P., Stott, I., McDonald R.A., Maclean, I.M.D., (2015) Woody cover 
in wet and dry African savannas after six decades of experimental fires. 
Journal of Ecology 103, 473-478. 
 

Abstract 

Fire is an integral process in savannas because it plays a crucial role in 

altering woody cover in this globally important biome. In this study I 

examine the long-term effects of varying fire frequencies over a 60 year 

time period in South Africa. I analyse the effects of fire exclusion and of 

experimental burns every 1, 2 and 3 years on tree basal area, tree 

abundance and stem structure in a wet and dry savanna. Increased fire 

frequency did not display a consistent effect on tree basal area. The 

presence of fire, irrespective of frequency, was much more influential in 

lowering tree abundance in the wet savanna than the dry savanna. In the 

dry savanna, fire was more effective in greatly increasing coppicing in 

trees, when compared to the wet savannas. The effects of fire on three 

measures of savanna woody vegetation differed between wet and dry 

experimental sites. I suggest that vegetation responses to fire are 

dependent on local conditions, which are likely influenced by rainfall. 

Therefore I suggest that management strategies should take account of 

whether a savanna is a wet or dry system when implementing fire 

management regimes. 
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3.1. Introduction  
 
Savannas are an ecologically and socio-economically important biome, 

covering approximately 20% of the earth’s terrestrial surface and supporting 

one fifth of the world’s human population (Parr et al., 2014). Savannas are 

characterised by the co-occurrence of trees and grasses and so woody cover 

is a key determinant of their properties as ecosystems (Murphy and Bowman 

2012). The complexity of interactions between large-scale and local factors 

has hindered understanding of what regulates the co-occurrence of grasses 

and trees. To date, one of the most convincing explanations is that maximal 

woody cover is determined by rainfall but is reduced at many locations by 

local disturbances (Sankaran et al., 2005).  

 

Making use of data from across a wide range of African savannas Sankaran 

et al., (2005) proposed that savanna regions with annual rainfall lower then 

650mm are stable systems in which woody cover is constrained by rainfall 

availability and in which disturbance is not required to maintain an open 

canopy. Consequently, rainfall higher than 650mm annually creates an 

increasingly unstable savanna with increased potential for woody growth. 

Higher mean rainfall serves to tip the balance in favour of a woodland system, 

though savanna can be maintained under such conditions by disturbances 

such as fires and livestock grazing. Understanding the mechanisms limiting 

woody cover in savannas is essential in order to determine current changes 

occurring in these systems, such as woody encroachment. More specifically, 

examining the extent to which the presence and frequency of disturbances 

limit woody cover in stable and unstable systems is crucial in order to 
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disentangle local from larger-scale drivers that may be causing changes in 

woody cover. 

  

There is disagreement about which drivers influence the extent of woody 

cover, especially with regards to the importance of local factors. In particular, 

management practices in relation to fire are acknowledged as having a major 

influence in African woodland and grassland ecosystems (Devineau et al., 

2010). Many field studies have demonstrated that the intensity and frequency 

of fires can affect various ecological processes and vegetation structure 

(Backer et al., 2004; Bond et al., 2005; Mitchard et al., 2011; Ryan & Williams, 

2011; Murphy & Bowman, 2012; Werner & Prior, 2013; Lehmann et al., 2014). 

Significant changes in fire regimes can thus be expected to have a major 

impact on vegetation communities. Fire increases tree seedling and sapling 

mortality and prolongs adult tree recruitment (Glitzenstein et al., 1995; Bond 

et al., 2005; Werner, 2012). Fire also limits tree growth by top-killing tree 

saplings, which do not then have enough time to resprout and grow high 

enough to escape the fire zone before another fire occurs (Werner & Franklin, 

2010). These saplings, otherwise known as “Gulliver trees”, are stuck in the 

fire zone for years and are unable to reproduce fully, thus limiting tree 

recruitment into the canopy (Werner, 2012). Additionally, trees experiencing 

disturbance are often prone to producing multiple stems, akin to the effects of 

coppicing (Chidumayo, 2007; Werner & Franklin, 2010). Therefore, savannas 

experiencing fire may have a higher prevalence of multi-stemmed trees, which 

may affect habitat structure for fauna communities, especially bird populations 

(Sirami et al., 2009). Tree recovery after disturbance is a crucial component of 
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fire-vegetation dynamics. In populations where seed production, germination, 

and/or seedling survival are very low, the ability of individual established trees 

to resprout after disturbance is vital if a viable population is to be sustained  

(Bond & Midgley, 2000b).  

 

The rate at which a tree can resprout and gain height after disturbance is 

dependent on the characteristics of the disturbance, the species and on 

resource availability (Bond & Midgley, 2001). It is still unclear why some 

species are better at resprouting than others and if environmental conditions 

can alter this trait (Vesk & Westoby, 2004). Trees in wet savannas may 

experience increased competition for resources due to higher population 

densities, but water availability is still much less of a constraint in comparison 

to dry savannas. In comparison to dry savannas, trees in wet savannas can 

potentially attain greater height after fires and therefore be more likely to 

escape the fire zone. Savannas experiencing lower fire frequencies will have 

longer periods for trees to resprout and grow enough to escape the fire zone 

(Bond, 2008). On the other hand, a lower frequency of fires can result in more 

intense, destructive burns due to greater accumulations of grass fuel 

(Govender et al., 2006). More intense burns can increase tree mortality or 

cause more extensive damage to individual trees, which can inhibit 

resprouting rates, decreasing the rate of recovery. Changes in the length of 

recovery time or the rates of tree regrowth after a fire can be a critical 

determinant of the extent of woody cover. 
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The nature of the relationship between fire and woody cover is still not fully 

understood. The slow growth of woody vegetation and the effects of fire and 

tree composition mean that long periods of time are required before any 

significant change is apparent. Previous research in savanna habitats 

(Higgins et al., 2007) has examined the role of fire, and its influence on woody 

biomass and demographic bottlenecks in trees over a 48 year time period. In 

this study, I examine the effects of 60 years of experimental burning, on tree 

abundance, tree basal area and multi-stemmed trees. Specifically, I examine 

these woody characteristics under different fire frequencies (fire- exclusion 

and fires every 1, 2 and 3 years) in two savanna sites with marked differences 

in annual rainfall. I determine how these differences in rainfall interact with fire 

frequency in altering tree abundance, tree basal area and the proportion of 

multi-stemmed trees. 

 

3.2. Methods 

3.2.1. Study site 

The study site was located on Experimental Burn Plots (EBPs) at Kruger 

National Park (KNP), South Africa. This study focused on the EBPs in 

Pretoriuskop, the wet savanna, and Skukuza, the dry savanna. See chapter 1 

for detailed description. 

 

3.2.2. Field methods 

Vegetation surveys were carried out between March and June 2012. Woody 

vegetation was surveyed using 2 transects per treatment plot, each 100 m in 

length and 2 m wide. This transect method was chosen in accordance with 
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previous data collection methods established by the park authorities in order 

to ensure that the data collected were comparable to previous data (Biggs et 

al., 2003; Higgins et al., 2007). Trees that could not be identified in the field 

were sampled and later identified using resources from the Skukuza 

herbarium at KNP. Stem diameter was measured at standard breast height 

(140 cm) for each adult tree and for trees that were smaller than 140 cm basal 

diameter was measured instead. Trees with a basal diameter lower than 0.4 

cm were classed as saplings. Each tree was classed as being single or multi-

stemmed, which was then used to calculate the proportion of individual trees 

that were multi-stemmed per transect.  

 

3.2.3. Analyses 

For each transect in each plot the following measures were calculated: (1) 

Tree abundance, which was the total number of trees in each transect; (2) the 

proportion of total tree basal area to transect area, which I use as an index of 

‘woody cover’; (3) the proportion of multi-stemmed trees relative to the total 

number of trees per transect. Logit transformations were applied to measures 

of tree basal area and the proportion of multi-stemmed trees to ensure a 

continuous range of values. Multi-stem data from one of the replicate sites in 

Skukuza site was excluded due to an insufficient number of measured trees.  

 

The relationship between fire frequency and savanna type on tree basal area 

and multi-stemmed trees were examined using a linear mixed effect model 

with Gaussian residual variance. Tree abundance was also examined in this 

way as it displayed a distribution that was closer to Gaussian than Poisson 



 69 

(abundance was rarely close to zero), and model residuals were normally 

distributed and homoscedastic. In both instances, models were fitted using 

Maximum Likelihood (ML) with plot modelled as a random intercept nested 

within treatment replication areas to account for the nested study design and 

concomitant variation across plots. Fixed effects were fire frequency, region 

(wet or dry savanna) and an interaction between fire frequency and region. 

Models with all possible combinations of fixed effects and a null model 

containing only the random effects of plot nested within area were generated. 

A second set of analyses was conducted, using fire presence (regardless of 

frequency), region, and an interaction between fire presence and region. In 

each case, AIC scores for each of the models were compared to identify the 

most parsimonious model. Analyses were performed in R (R Core Team, 

2013) using the nlme package (Pinheiro et al., 2014). 

 

3.3. Results 

3.3.1 Tree abundance 

There were marked differences in the effects of fire on tree abundance in wet 

and dry savannas (Table 3.1). In the wet savanna, tree abundance was lower 

in burnt plots than in unburnt plots, whereas in the dry savanna there was little 

consistent variation in abundance across treatment or control plots (Fig. 3.1). 

The best model explaining variation in tree abundance was one in which fire 

frequency, region and the interaction between both terms were included 

(AIC=690.92). However, an alternative model using the presence of fire, as 

opposed to frequency of fire, provided a more parsimonious fit (ΔAIC=5.98). 
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This suggests that it is the presence of fire rather than burn frequency that 

most influences tree abundance. 

 

3.3.3. Tree basal area 

In common with models for tree abundance, the best models for tree basal 

area were obtained by fitting the presence of fire, as opposed to its frequency 

(Table 3.1). The best model was obtained by fitting fire presence only 

(AIC=201.02), followed by fire and region combined (ΔAIC=0.22). When fitting 

fire frequency, the most parsimonious model was the null model (AIC=202.9). 

In contrast to the result for tree abundance, the model for tree basal area in 

which an interaction between fire frequency and region was included was the 

poorest (ΔAIC=5.73). Although in the dry savanna, increased fire frequency 

did lower tree basal area, the overlapping standard errors suggest a 

considerable degree of variability in cover across treatments. In both wet and 

dry savannas, tree basal area was higher in control plots than in burnt plots 

(Fig. 3.2).  Overall the results suggest that the effects of fire frequency had 

little bearing on tree basal area, however the presence of fire itself did result 

in lower tree basal area.  
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3.3.4. Multi-stemmed trees 
 
Fire frequency, as opposed to presence, had its most marked effect on the 

proportion of trees that were multi-stemmed and this differed between the wet 

and dry savanna (Table 3.1). The most plausible model included both fire 

frequency and region and an interaction between both terms (AIC=90.57), 

whereas the best model fitting the presence of fire performed slightly less well 

(AIC=92.31). In the wet savanna, the proportion of multi-stemmed trees was 

greater in plots subjected to annual fires. However, the proportions of multi-

stemmed trees were similar across the other fire frequency treatments 

(biennial and triennial) and the unburnt control plots (Fig. 3.3). In the dry 

Figure 3.1. Tree abundance (mean ± 1 
S.E) in plots subject to different burn 
treatments estimated from the linear mixed 
effect model. Results are shown for the 
long-term experimental burn plots at 
Pretoriuskop, the wet savanna and 
Skukuza, the dry savanna subjected to the 
following burning frequencies; 0 = control 
plot, 0.3 = triennial,0.5 = biennial and 1 = 
annual. 

Figure 3.2. Tree basal area (mean ±1 SE) 
in plots subject to different burn treatments 
estimated from the linear mixed effect 
model. Results are shown for the long-term 
experimental burn plots at Pretoriuskop, the 
wet savanna and Skukuza, the dry savanna 
subjected to the following burning 
frequencies; 0 = control plot, 0.3 = triennial, 
0.5 = biennial and 1 = annual. 
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savanna, the proportion of multi-stemmed trees, was higher in plots subjected 

to burning than in the control plots (c. 60% cf. <40%), but fire frequency 

appeared to be unimportant (Fig. 3.3). 

 

 

Figure 3.3. The proportion of multi-stemmed trees (mean ±1 SE) in plots subject to different 
burn treatments estimated from the linear mixed effect model. Results are shown for the long-
term experimental burn plots in Pretoriuskop, the wet savanna and Skukuza, the dry savanna 
subjected to the following burning frequencies; 0=control plot, 0.3=triennial, 0.5=biennial and 
1=annual.  
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Table 3.1. Results from an analysis of the effects of fire, fire frequency and region upon woody vegetation 
characteristics in Pretoriuskop (wet savanna and Skukuza (dry savanna) in Kruger National Park, South Africa. 
Results are the Akaike’s Information Criterion for linear mixed effect model analyses. Two sets of models are fitted, 
one with fire frequency as a linear covariate and the other with fire fitted as a binary, presence/absence factor 

 
 

3.4. Discussion 

Previous research (Sankaran et al., 2005) proposes that across Africa, 

maximum woody cover in dry savannas, where mean annual precipitation is 

less than 650 mm, is constrained by, and increases linearly with, rainfall. In 

wetter regions, savannas are characterised as 'unstable' systems in which 

rainfall is sufficient for the development of woody canopy, though local 

disturbances can prevent this from happening. This comparative study 

presented a hypothesis to the effect that water availability is a key factor 

constraining woody vegetation in drier savannas. In wetter regions, however, 

tree-grass co-existence is dependent upon disturbance and changes in 

disturbance regimes can affect the ratio of trees to grasses. This study has 

allowed the experimental comparison of savanna regions where rainfall is 

above and below the proposed 650 mm annual rainfall threshold (Sankaran et 

 Abundance  Tree basal area  Multi-stemmed 

Model Terms AIC ΔAIC  AIC ΔAIC  AIC ΔAIC 

Fire frequency         

Fire frequency + region interaction 690.92 *  208.62 5.73  90.57 * 

Fire frequency  + region 693.05 2.14  204.48 1.59  93.93 3.36 

Region 695.24 4.33  203.22 0.32  104.72 14.15 

Fire frequency 697.07 6.16  204.29 1.39  96.52 5.95 

Null model 699.26 8.34  202.90 *  106.29 15.79 

         

Fire Presence         

Fire presence + region interaction 685.03 *  203.21 2.19  92.31 * 

Fire presence+ region 690.44 5.41  201.23 0.22  95.64 3.34 

Region 695.24 10.21  203.22 2.20  104.72 12.41 

Fire presence 694.46 9.43  201.02 *  98.15 5.85 

Null model 699.26 14.23  202.90 1.88  106.29 13.98 
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al., 2005). The results support the hypothesis in so far as the effects of fire on 

tree abundance and tree basal area are greater in the wetter region than in 

the drier region. The effects of fire on multi-stemmed tree structure also 

differed in wet and dry savannas. 

 

This study has shown that the effects of fire on woody vegetation differ by 

region, in relation to rainfall, emphasising the importance of the relative 

stability of savannas when considering the effects of fire. However an added 

complexity that should be considered when interpreting the results of this 

study is that the plots are also subject to high levels of herbivory. While it is 

likely that herbivory affects the overall amount of woody cover in my study 

sites to some extent, there is no reason to suppose it acts in a way that would 

confound the results. If herbivory played an important role in determining 

woody cover one would expect greater changes in tree abundance in the dry 

savanna, consistent with findings in Buitenwerf et al, (2012). Nevertheless, 

the effects of background variation in disturbance due to herbivory should be 

considered when implementing or interpreting the effect of fire management 

regimes, especially in KNP. 

 

Increasing fire frequency did not lead to significantly lower tree abundance in 

the wetter savanna; the presence of fire itself rather than frequency had a 

greater influence on tree abundance. This has important management 

implications because the same outcomes for abundance can be achieved with 

lower burning frequency. Thus less management effort is needed to achieve 

the same density of trees, by extending burn intervals from annual to at least 
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three years. However, this is not to say that increased fire frequency will have 

no effect on other aspects of woody cover such as structure, size and species 

diversity. The lack of a linear decrease in tree abundance with increasing fire 

frequency may be due to commonly observed relationships between 

frequency and intensity (Govender et al., 2006). Higher fire frequencies often 

have lower burn intensity due to reduced accumulation of grass fuel load, 

whilst lower frequency fires can be more intense as a result of higher fuel 

load. It is very likely that fire regimes greater than a three-year cycle could 

become unmanageable due to much higher fire intensities.  

 

Although tree basal area was higher in the wet savanna than the dry savanna, 

proportionally larger reductions in tree basal area were observed with 

increased fire frequency in the dry savanna. Similar findings are reported by 

Smit et al.(2010), who showed that fire caused larger reductions in the 

proportions of woody cover in dry savannas than in wet savannas. In this 

study, however, high variation in tree basal area is apparent across both 

savanna regions and all fire frequency treatments and it would appear 

therefore that fire frequency had a limited additional effect. Overall, it was 

clear from this study that the presence of fire, irrespective of frequency, 

decreased tree basal area. Previous research relating to the demography of 

trees in the Experimental Burn Plots in Kruger (Higgins et al., 2007; 

Buitenwerf et al., 2012) also suggests that the frequency of burning over 

decades has had little effect on woody cover. Interestingly, the effects of fire 

on tree abundance and tree basal area do not correlate with each other. 

Woody cover is ultimately the combination of tree abundance and tree size in 
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a given area, therefore variation in woody cover is the product of these two 

elements, and fire alters population and community structures (tree size 

distributions) as well as sizes (tree numbers). Fire decreases the presence of 

trees mainly by reducing the proportion of young trees that can grow to sexual 

maturity. This results in a disproportionate number of small trees unable to 

grow to maturity, but it also decreases competition among mature trees, which 

may lead to greater growth and survival. Therefore, repeated fires can 

ultimately lead to bimodal tree size distributions, which may also contribute to 

the disparity between tree abundance and tree basal area. The disparity 

between tree abundance and tree basal area has important ecological and 

management implications as clearly the same fire regime could produce 

different outcomes in abundance versus tree basal area. 

 

Multi-stemmed trees can be prevalent in areas experiencing fire as a result of 

a coppicing effect after disturbance (Chidumayo, 2007; Werner & Franklin, 

2010). The dry savanna region responded to fires by an increase in the 

proportion of multi-stemmed individuals, whilst in the wet savanna a similar 

response was observed only where burns were annual.  Differences in the 

proportion of multi-stemmed trees may also be due to the compounding 

effects of water-stress, whereby trees produce multiple thinner stems rather 

than a single larger stem. While it also possible that this difference may be 

due to variation in species composition across wet and dry regions, I believe 

that this is unlikely as most species across both regions exhibited coppicing. 

Although tree composition did vary regionally, both sites also shared common 

species. Changes in tree structure can have implications for habitat diversity 



 77 

and may affect fauna communities, as well the degree of competition with 

grasses through changes in light regimes. 

  

Our study can also provide insight into the ecological problems and 

management issues associated with woody encroachment, a growing concern 

in African savannas (Archer et al., 1995). The results lend support to the 

hypothesis that dry savannas are more ‘stable’ in that disturbance is not 

required to maintain an open savanna system. Thus, wet savannas may be 

more vulnerable to woody encroachment if they experience changes to 

management strategies that result in reduced burning. That is not to say that 

dry savannas are not also vulnerable to woody encroachment from changes 

in climate or land use, which can alter water availability (Graz, 2008).  

 

3.4.1. Conclusions 

Our study highlights the importance of local disturbance in maintaining 

savanna states in regions of high rainfall and supports the hypothesis of a 

mean annual rainfall threshold of 650mm between a stable and unstable 

savanna system. Though the presence of fire can alter woody vegetation on 

dry savannas, it is not required to permit the coexistence of trees and 

grasses, whilst in wet savannas disturbance is required to maintain an open 

system. This study has important implications for the fire management of 

savanna landscapes as vegetation responses to fire differed, depending on 

whether it is a dry or wet savanna. Additionally, the presence of fire rather 

than frequency was often a stronger explanatory factor in altering woody 
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vegetation. Thus, fire frequency and savanna type should be addressed within 

fire management strategies. 
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CHAPTER FOUR: THE EFFECTS OF FIRE ON TREE DIAMETER-HEIGHT 
ALLOMETRY IN A WET AND DRY SAVANNA 

 
Abstract 
 
Theoretical models of allometric scaling help inform understanding of the 

mechanisms governing form and function at scales ranging from genomes to 

ecosystems. These models, derived from principles governing mechanical 

optimisation, rarely consider other selection pressures such as disturbance, 

owing partly to the difficulty of quantifying such pressures over relevant time-

scales. Using data from one of the longest running ecological experiments in 

Africa, I investigate the effects of fire exposure on the allometric scaling of 

savanna trees. I measured the heights and diameters of 5000 trees in a wet 

and dry savanna in experimental burn plots subjected to fires every 1, 2 and 3 

years and a fire exclusion. Tree height for a given diameter was shown to be 

more constrained in the dry savanna than the wet savanna. In both savanna 

types, tree height for a given diameter tended to be lower in plots subject to 

frequent burning and this effect was more pronounced in the dry savanna. I 

demonstrate that the allometric scaling of savanna trees is influenced strongly 

by fire frequency. I provide evidence that allometric scaling can differ from 

conventional universal models, which has far-reaching implications for 

predicting biomass and for conservation management. 
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4.1. Introduction 

The form and architecture of a tree is a crucial determinant of an individual’s 

ability to compete for light and resources and to withstand disturbances, such 

as fire, wind, or extreme weather conditions (Ducey, 2012). It reflects the 

biophysical constraints of growth, the prioritisation of resources and the trade-

off between conflicting plant function requirements (Archibald & Bond, 2003). 

The architecture of a tree can also reveal the past environmental conditions 

that an individual tree has experienced.  Tree allometry establishes the 

quantitative relationships between certain aspects of tree form, such as stem 

diameter, height and crown diameter. In the past, allometric equations have 

been used to estimate biomass for timber stocks and wood fuel management 

(Henry et al., 2011). There has, however, been a renewed interest in using 

allometric equations for estimating woody biomass for assessing the global 

carbon cycle and carbon stocks (Kuyah et al., 2012a). 

 

Tree height-diameter allometry can generally be described using a well-

established power-law relationship (Zianis & Mencuccini, 2004; Xue et al., 

2013), which describes how the height of a tree relates to its diameter 

(equation 1):  

 

H= aD
b          (1) 

 

Where a, the scaling constant, represents the extent to which height H 

increases as a function of diameter D, and b, the scaling-exponent, 

characterises the constraint on height growth.  Conventionally, the slope of 
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the regression line when the relationship is plotted on a log-log scale is used 

to determine the exponent b (Watt & Kirschbaum, 2011).  The theoretical 

basis of allometric models rests principally on assumptions relating to 

mechanical stability, while different allometric theories propose different 

constraining mechanisms. For example, the elastic similarity model 

(McMahon, 1973; McMahon & Kronauer, 1976) proposes mechanical 

constraints from the vertical pressures of gravity such that a tree would buckle 

under its own weight. The metabolic ecology model (West et al., 1997) 

assumes constraints on height are governed by the transport of fluid though 

fractal-like branching networks. Both of these models predict the scaling 

component of height with diameter should be ⅔ (Dean & Long 1986; O'Brien 

et al., 1995). The stress similarity model assumes height is constrained by 

horizontal wind stress and typically denotes the scaling exponent as ½  (Dean 

& Long 1996). In contrast, geometric growth models assume that height 

increases linearly with diameter and thus the scaling exponent is equal to 1 

(Niklas, 1994a).  

 

Empirical studies have, in many cases, shown that the relationship between 

tree height and diameter can be adequately described using a scaling 

exponent of 2/3 (Dean & Long, 1986; Niklas, 1994b; Dahle & Grabosky, 2009; 

King et al., 2009). Empirical data from other studies, however, e.g. (Dodonov 

et al., 2011; Feldpausch et al., 2011; Moncrieff et al., 2011; Ducey, 2012) 

show deviations from this norm and suggest alternative values for the scaling 

exponent. These differences in the scaling relationship are not entirely 

surprising given the amount of potential factors affecting tree growth, such as 
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resource availability, stress and disturbance. Therefore it is likely that scaling 

relationships are site and species-specific.   

 

These models all assume physical constraints to arrive at predictions of 

allometric scaling, but external selection pressures such as disturbance or 

competition are rarely considered.  Moreover, many of these allometric 

models have been validated by examining tree structure in forests, which 

experience relatively infrequent disturbance, when compared with savannas. 

These selective pressures can affect the scaling parameters of an individual 

tree’s architecture. Allometric equations have been criticised for their under 

representation of vegetation types, underestimating the effects of differing 

plant characteristics and functional traits (Dodonov et al., 2011; Kuyah et al., 

2012a). The extent to which universal models can predict tree structure in real 

environments is thus questionable, and a better understanding of the impacts 

of disturbance on allometric scaling relationships is needed.  

 

Trees in a savanna experience conditions that differ from those experienced 

by trees in forests. There have been very few studies examining tree 

allometry in savanna environments (Dodonov et al., 2011; Moncrieff et al., 

2011; Kuyah et al., 2012a; Tredennick et al., 2013), though these have found 

significant differences in the scaling component from conventional allometric 

models. As competition for light is of limited relevance in savannas, the 

environmental incentive to grow tall is lowered.  However, savanna trees 

experience extremely high levels of disturbance from frequent fires and 

herbivory. Fire disturbance top-kills most trees within the fire zone (Bond, 
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2008) and to persist in such harsh environments, trees have developed 

survival strategies. Many trees, after a burn, resprout from the root, often 

producing multiple stems, and then gain as much height as possible to 

escape the fire zone (Higgins et al., 2000). In many cases, trees cannot gain 

enough height between disturbances resulting in them being “trapped” in the 

fire zone for decades (Wakeling et al., 2011). Alternatively, trees can invest 

energy into growing a wider stem with thicker bark to try and avoid being top 

killed by fire. Both responses are likely to affect the relationship between 

height and stem diameter (Falster & Westoby, 2005). In contrast to forest 

trees, savanna trees also experience high levels of competition for water and 

nutrients (Sankaran et al., 2008). This encourages growth allocation to the 

roots, which may result in reduced energy for growth in height or trunk 

diameter. Both of these environmental constraints will clearly affect tree 

architecture, ultimately altering allometric scaling relationships. 

 

Frequent fires can often result in  highly divergent tree structure.. Savanna 

tree populations often comprise numerous, very small saplings (less than 1cm 

in diameter) and a few, very large trees (more than 100cm in diameter) that 

have escaped the fire zone. Consequently, allometric models derived from 

even-sized trees are likely to underestimate variance in allometric 

relationships (Kuyah et al., 2012b). The under or over estimation of scaling 

parameters can lead to large errors in woody biomass estimates. Estimation 

errors in woody biomass have major implications for setting targets for forest 

carbon projects, such as REDD+, for which over 40% of such projects in 

Africa are located in savanna regions (Parr et al., 2014). Therefore, the utility 
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of accurate allometric equations for savanna trees extends well beyond better 

theoretical understanding of vegetation structure.  

  

In this study, I used data from one of the longest running ecological 

experiments in Africa, the experimental burn plots in the Kruger National Park 

in South Africa. I have produced empirically derived allometric equations 

relating tree height to diameter. Specifically, I aim to establish whether 

allometric scaling relationships differ between wet and dry savannas and are 

affected by precisely quantified exposure to fire. I hypothesise that, since 

theoretical models make idealised assumptions regarding the biophysical 

determinants of tree architecture, the universality of theoretically derived 

scaling relationships is questionable. 

 

4.2. Methods 

4.2.1. Study site  

The study site was located on Experimental Burn Plots (EBPs) at Kruger 

National Park (KNP), South Africa. This study focused on the EBPs in 

Pretoriuskop, the wet savanna, and Skukuza, the dry savanna. See chapter 1 

for detailed description. 

 

4.2.2. Field methods 

Vegetation surveys were carried out from March to June 2012. Woody 

vegetation was surveyed using two belt transects per treatment plot, each 

100m in length and 2m wide. This transect method was chosen in accordance 

with SANParks guidelines in order to ensure that the data collected were 
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comparable to previous data collected in the EBPs (Higgins et al., 2007). All 

woody vegetation within these transects was identified to species level, 

categorised as either single or multi stemmed and stem diameter and height 

were measured. Species that could not be identified in the field were sampled 

and later identified using resources from the Skukuza herbarium. Stem 

diameter was measured at breast height for adult trees and basal diameter 

was measured for sapling trees. Tree height was measured from the base of 

the trunk to the top of the canopy using a metal tape measure. For trees that 

were too tall to reach using a measuring tape, an Abney level was used, 

though fewer than 20 trees were measured using this method. 

 

4.2.3. Analyses 

Trees that were clearly damaged or had been knocked over by elephants 

were not included in analyses, in order to limit outliers in the dataset. To verify 

that a power function was the most appropriate equation to use to produce the 

allometric models, asymptotic and linear functions were also initially applied to 

the data. The power function was the most parsimonious and was therefore 

used to generate the allometric models. Prior to analysis, tree height and 

diameter were logarithmically transformed to reduce heteroscedasticity. As 

the data was logarithmically transformed, the power function used to create 

the allometric equations was also transformed to a linear relationship. 

 

A linear mixed-effect model was used to examine the effects of fire frequency, 

region (wet or dry savanna) and multi-stemmed growth on tree height with 

stem diameter. Additionally, interactions between stem diameter and the other 
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fixed terms of multi-stems, region and fire frequency were included in the 

model. Species was modelled as a random intercept and slope to take 

account of species-specific effects on allometric scaling. Field plots were 

modelled as a random effect to account for the nested study design and 

concomitant variation across plots. Analyses were performed in R (R Core 

Team, 2013) using the nlme package (Pinheiro et al., 2014). An additional 

mixed model analysis was also conducted in which fire presence / absence 

was treated as a binomial factor, in order to examine whether the presence of 

fire had a more significant impact upon allometric scaling than frequency. 

Model selection was performed using the MuMIn package (Barton, 2013) to 

select the final most-parsimonious model. The most parsimonious model was 

then used to calculate the allometric scaling components, which were finally 

converted back to a power function in order to produce an allometric equation 

for each burn treatment and region.  

 
4.3. Results 

Interactions between stem diameter and the terms fire frequency, region and 

multi-stemmed growth patterns all had an impact on tree height-diameter 

scaling parameters (Table 4.1). The model containing interactions between 

stem diameter and the terms region and treatment and interactions between 

these yielded the lowest AIC score (7358). The model combination containing 

interactions between multi-stemmed trees was shown to be the second most 

parsimonious (ΔAIC=1.9), followed by the model containing the interaction 

between multi-stemmed growth and tree diameter (ΔAIC=2). All other model 

combinations not included in Table 4.1 yielded a ΔAIC greater than 14.5. The 

model containing fire presence, rather than fire frequency yielded a much 
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greater AIC value (ΔAIC=-596.5) relative to the comparable model containing 

fire frequency. Such a large difference in the models demonstrated that 

frequency of fire was the overriding factor affecting tree height, rather than 

just the presence of fire. The model that yielded the lowest AIC (Table 4.1) 

was used to generate allometric equations for each fire frequency treatment 

and region (Table 4.2).  

 

At Skukuza, the dry savanna, height growth was more constrained in the 

annual and biennial treatments in comparison to the triennial and control 

treatments. Tree height for the annual treatment displayed a distinctive 

asymptotic relationship with stem diameter, which had the lowest scaling 

constant and exponent (Table 4.2). Consequently, the allometric model for the 

annual treatment consistently resulted in markedly smaller trees for any given 

stem diameter in comparison to all other treatments. Tree height for the 

biennial burning also showed a distinctive asymptotic relationship with stem 

diameter, though with a higher exponent value height was less constrained. 

Initially, the allometric scaling of trees under biennial treatment indicated taller 

trees for small stem diameter than in the control treatment. However, the 

control had a higher scaling exponent, resulting in much more rapid growth in 

height with increasing stem diameter. The triennial and control treatments 

showed similar allometric scaling patterns, with the scaling exponent being 

close to 2/3 (0.66, and 0.67 respectively).  However, the triennial treatment 

scaling constant was shown to be higher, which ultimately resulted in taller 

trees for given stem diameters (Fig. 4.1 and Fig 4.3). The standard error for 



 90 

the control and triennial burning overlapped each other, showing greater 

variation than that associated with annual and biennial burning (Fig 4.3)  

 

At Pretoriuskop, the wet savanna, tree height was initially lower with smaller 

stem diameters under annual burning, indicated by the low scaling constant. 

The high scaling component of 0.727 indicated rapid growth in height with 

increased stem diameter, which surpassed trees that were subjected to 

biennial burning (Fig. 4.1). Trees subjected to biennial burning displayed the 

opposite pattern with a high scaling constant and low exponent, reflecting 

initial rapid height gain though this ultimately resulted in smaller tree heights 

with larger diameters. Tree height with stem diameter for the triennial and 

control treatments both displayed similar patterns, with similar scaling 

constants and exponent values, though scaling in the triennial treatment 

resulted in consistently taller trees (Fig. 4.1 and 4.2). The standard errors of 

the scaling predictions were not much larger than those associated with the 

dry savanna. However, more overlap was apparent between the allometric 

predictions across the different fire frequencies than in the dry savanna. 

Species-specific allometric analyses were also conducted for Terminalia 

sericea and Dichrostachys cinerea in the wet savanna (Fig. 4.4 and 4.5). The 

allometric relationships differed slightly from the model, where individuals of 

D. cinerea experiencing triennial and biennial fires had higher scaling 

exponents at 0.8566 and 0.6653 respectively. T. sericea also differed slightly 

with higher scaling exponents for the control treatment and for the annual fires 

at 0.7411 and 0.8056 respectively. Overall D. cinerea displayed higher 

variation with larger standard error than T. sericea. 
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Due to using the model containing the lowest AIC value, which did not include 

the multi-stemmed tree effect, the results did not show the allometric 

relationships for multi/single-stemmed tree separately. However, across all 

fire frequencies and regions, the allometric equations for multi-stemmed trees 

displayed lower scaling constants and higher exponents in comparison to the 

single stemmed trees. This resulted in multi-stemmed trees initially having 

lower height with small stem diameters, but as diameter increased, trees 

gained height more rapidly, exceeding the vertical growth rates of single-

stemmed trees.  

 

Allometric scaling differed markedly between the dry and wet savanna with 

different fire regimes. Fire frequency appeared to have a stronger effect on 

height in the dry savanna, displaying smaller variation across the different fire 

frequencies than in the wet savanna. In the dry savanna, the allometric 

constants across all fire regimes were much lower and all allometric equations 

indicated smaller trees, regardless of fire frequency. Fire frequency clearly 

affected allometric scaling and the effects varied between the regions. In the 

dry savanna, increased fire frequency resulted in lower scaling component 

values, whilst in the wet savanna the annual treatment displayed the highest 

scaling component. 
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Table 4.1. Performance of models of predicting tree height using data obtained from the long-
term experimental burn plots at Pretoriuskop, the wet savanna and Skukuza, the dry savanna 
subjected to the following burning frequencies; control plot, triennial, biennial and annual AIC 
scores for models in which combinations of the fixed effects of stem diameter (diameter) fire 
frequency (treatment), multi-stems (stem), and region (wet or dry) are shown; column 
headings containing more than one term denote the effects of an interaction between terms.  
The presence of an asterisk denotes the inclusion of that term in the model. 

 
Model terms/  

Model variations 

Diameter Region Stem Treatment Diameter: 

region 

Diameter: 

stem 

Diameter: 

treatment 

Stem: 

treatment 

Region: 

treatment 

Diameter: 

region: 

treatment 

AIC ΔAIC 

I * *  * *  *  * * 7358 0 

II * * * * *  *  * * 7359.9 1.94 

III * * * * * * *  * * 7360 2.01 

IV * * * * * * * * * * 7362.6 4.66 

V * * * * *  * * * * 7362.8 4.81 

 
 
Table 4.2: Allometric equations describing the relationship between tree height and diameter 
derived from tree measurements from the long-term experimental burn plots at Pretoriuskop, 
the wet savanna and Skukuza, the dry savanna. Relationships were derived using the model 
(model-variation I) with the lowest AIC value, that which included the effects of region and 
treatment and interactions between stem diameter and region, and stem diameter and 
treatment and a three-way interaction between diameter, region and treatment.  

 
Region Treatment Allometric equation 

  Control H = 73.561D0.6719  

Pretoriuskop Triennial H = 78.927D0.6865  

  Biennial H = 82.676D0.5845 

  Annual H = 52.69D0.7270  

  Control H = 47.502D0.6664  

Skukuza Triennial H = 60.016D0.6634  

  Biennial H = 45.618D0.5448  

  Annual H = 34.478D0.4946  
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Figure 4.1: Predicted scaling parameters of tree height and diameter in both the wet and dry 
savanna (Pretoriuskop and Skukuza) for each fire frequency treatment; blue=control, 
green=triennial, orange=biennial and red=annual. Scaling parameters derived from the linear 

mixed effect model using the fixed effects from model variation I. 

 
 
4.4.Discussion 

Fire frequency clearly affected allometric scaling of trees in both regions. 

Though some variation was present across the different fire frequency 

treatments, this is not entirely surprising given the heterogeneity in the 

architecture of woody vegetation in savannas (Smit et al., 2010). Fire 

frequency clearly had a more pronounced effect on tree height in the dry 

savanna than the wet savanna. Though fire frequency altered allometric 

scaling in the wet savanna, there was less of a distinction between increased 

frequency and constrained height growth. All allometric scaling relationships 

in the dry savanna indicated much smaller trees in comparison to the wet 

savanna, regardless of fire treatment scaling constants were consistently   
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 Figure 4.2: Observed data and predicted relationships between tree height and diameter for 
the wet savanna (Pretoriuskop) for each fire frequency treatment. Relationships were derived 

using linear mixed-effect models. 

 

 

 

 

Figure 4.3: Observed data and predicted relationships between tree height and diameter for 
the dry savanna (Skukuza) for each fire frequency treatment. Relationships were derived 
using a linear mixed effect-model. 
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lower in the dry savanna. The scaling exponents associated with different fire 

frequencies were similar in both regions, with the exception of the annual fire 

treatment, where the scaling exponent was much lower in the dry savanna. 

 

The most likely explanation for this distinct regional difference is rainfall 

availability, which will have a fundamental impact on plant growth. Increased 

water availability in savannas is known to not only increase tree seedling 

survival but also increase growth rates in saplings (Davis et al., 1999). 

Previous research on allometric scaling in forest systems has also shown 

similar patterns. Litton et al., (2008) examined tree height and stem diameter 

scaling on two specific tree species and found that height was much more 

constrained with stem diameter in regions that experienced low annual rainfall 

in comparison to regions experiencing high annual rainfall. Furthermore King 

et al., (2009) demonstrates that trees in forests that experienced favorable 

conditions such as increased water availability and shelter from the wind 

display less constrained height growth, with a scaling exponent exceeding 

2/3, which is proposed by the elastic similarity model and the metabolic 

ecology model (McMahon, 1973; West et al., 1997). From my research it was 

apparent that water availability in savannas was also important for allometric 

scaling.  

 

In the wet savanna, tree height was clearly less constrained with stem 

diameter across all fire frequency treatments when compared to the dry 

savanna. Trees in the wet savanna will not only be able to grow faster due to 

a lack of water competition but will also resprout more quickly after fire, which   
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Figure 4.4: Observed and predicted relationships between tree height and stem diameter and 
allometric equations for Terminalia sericea in the wet savanna (Pretoriuskop) for each fire 
frequency treatment including observed data. Predicted relationships and allometric 

equations were derived using linear mixed-effect model. 

 

is clearly apparent in the allometric scaling, where tree height shows little 

constraint under the different fire frequencies. Trees in the dry savanna, 

especially those subject to annual and biennial burning, showed a distinct 

asymptotic relationship indicating that tree height was more constrained with 

stem diameter most likely as the result of slower recovery rates after fire 

associated with restricted water availability.  

 

It has also been shown that trees in drier areas tend to have larger deeper 

roots than trees inhabiting wet areas (Schenk & Jackson, 2002a, 2002b) and 
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Figure 4.5: Observed and predicted relationships between tree height and stem diameter and 
allometric equations for Dichrostachys cinerea in the wet savanna (Pretoriuskop) for each fire 
frequency treatment including observed data. Predicted relationships and allometric 

equations were derived using linear mixed-effect model. 

 
 
 thus it is possible that height constraint in dry areas is a trade-off between 

below and above ground biomass allocation. Interestingly, tree height was the 

least constrained when subject to triennial burning in both the dry and wet 

savanna, rather than complete fire exclusion. Reasons for this will most likely 

be related to a decrease in tree-grass competition, which will stimulate 

growth. This is in line with Riginos et al., (2009) and February et al., (2013) 

who both demonstrated that tree growth in savannas increased when tree-

grass competition was lowered.  
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Previous research has shown that fire tends to inhibit woody cover more in 

wet savannas than in dry savannas, as in the latter, cover is instead inhibited 

by water availability (Buitenwerf et al., 2012; Devine et al., 2015). While it 

appears that fire does not significantly alter woody cover in dry savannas, the 

results show that increased fire frequency constrained height growth in 

comparison to the wet savanna. Thus, while fire is unlikely to alter the extent 

of woody cover in dry savannas, it is likely to impact biomass. Overall regional 

differences in rainfall appear to fundamentally alter allometric scaling for tree 

height with stem diameter, which also affects recovery rates after fire. 

Consequently, regional differences in water availability should be considered 

when applying universal allometric models.  

 

It is also worth briefly considering the importance of individual species traits. 

We show that the derived allometric relationships for D. cinerea and T. 

sericea differed from the general model, emphasizing the potential for 

species-specific allometric scaling relationships Similar results were found by 

Moncrieff et al., (2014), who show that tree allometry differed greatly among 

taxa, although the differences in their study can be mostly attributed to inter-

continental differences in the evolutionary history of trees. Dantus and Pausas 

(2013) found similar inter-continental differences in the allometry of trees in 

Africa and South America. While undoubtedly the different species of tree 

investigated in this study have varied architectures, the regional variation in 

tree allometry observed in this study cannot be ascribed to variation in 

species composition, as a random intercept and slope was fitted for each 

species to account for this.  
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An added complexity of this study is the high levels of herbivory in KNP. 

There is a possibility that different fire treatments will alter herbivory patterns 

due to the varying plant growth cycles and selective feeding behavior of 

herbivores. It is likely that herbivory had some effect on the allometric scaling. 

However previous research in the same field sites also suggests that 

herbivory has a limited effect over the different fire frequencies (Buitenwerf et 

al., 2012). Moreover, in most natural savannas some level of herbivory will be 

present and therefore this study site is not unique in comparison to other 

savanna systems. 

 

Most previous research on allometric scaling suggests that the scaling 

exponent for tree height with stem diameter is two-thirds. (McMahon & 

Kronauer, 1976; West, Brown, & Enquist, 1997). However, the majority of this 

research is based on trees in forests. The results presented here show that 

trees within savanna landscapes that experienced triennial burning or fire 

exclusion displayed scaling exponents similar to those of forest trees. 

However, savanna trees experiencing more frequent fires had a scaling 

exponent that differed from 2/3, depending on regional differences in rainfall. 

Allometric scaling can have a direct effect on biomass (Feldpausch et al., 

2011) and thus variation in these relationships across regions and fire 

regimes could potentially have large implications for biomass predictions and 

calculations of carbon budgets in savanna landscapes. The estimation of 

woody biomass is calculated using a similar universal power law model (M = 

aD
b). Previous research has shown that tree height-diameter scaling can 
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affect scaling of the relationship between stem diameter and biomass (Niklas, 

1994b; Ketterings et al., 2001; Chave et al., 2005), though it is important to 

note that wood density is also an important factor affecting biomass 

estimations (Chave et al., 2005; Colgan et al., 2013).  

 

The most commonly applied model for biomass estimation is the metabolic 

ecology model (West et al., 1997). This universal model denotes the scaling 

exponents for biomass as 8/3 and also denotes the scaling exponent for 

height-diameter to be 2/3. Therefore if the scaling exponent for height can 

deviate from the metabolic ecology model under different fire and rainfall 

conditions, as shown here, it is logical to assume biomass will also deviate 

from the same model. Estimations of woody biomass are an essential 

component of climate change mitigation strategies, such as REDD+ 

initiatives, which are site-specific. These results demonstrate the need to 

account for regional differences and disturbance effects when deriving 

estimates of tree height and thus biomass. This is of particular importance in 

Africa, where over 40% of REDD+ projects are located in savanna 

landscapes ( Parr et al., 2014). Fire is an important process in African 

savannas and thus fire should be taken in account when applying universal 

allometric models.  

 

In summary, this study examined over 5000 trees and demonstrated that 

universal allometric scaling relationships between tree height and diameter 

(McMahon & Kronauer, 1976; West et al., 1997) are not always applicable in 

African Savannas. Disturbance had an important effect on allometry, but the 



 101 

extent to which it does depends on rainfall regimes. While increased fire 

frequency significantly constrained tree height in the dry savanna, such 

constraints are not so evident in the wet savanna. However, across both 

savannas, trees subject to triennial burning appear to be least growth-

inhibited. I conclude, therefore, that the allometric relations between tree 

height and diameter in savannas are not universal. Fire management 

strategies and carbon conservation programs would benefit greatly from 

giving consideration to these differences.  

 

 

4.5. References 

Archibald S, Bond WJ (2003) Growing tall vs growing wide: tree architecture 
and allometry of Acacia karroo in forest, savanna, and arid environments. 
Oikos, 102, 3–14. 

Barton K (2013) CRAN - R Package MuMIn. R Foundation for Statistical 
Computing, Vienna; Austria. 

Bond WJ (2008) What Limits Trees in C 4 Grasslands and Savannas? Annual 
Review of Ecology, Evolution, and Systematics, 39, 641–659. 

Buitenwerf R, Bond WJ, Stevens N, Trollope WSW (2012) Increased tree 
densities in South African savannas: >50 years of data suggests CO2 as 
a driver. Global Change Biology, 18, 675–684. 

Chave J, Andalo C, Brown S et al. (2005) Tree allometry and improved 
estimation of carbon stocks and balance in tropical forests. Oecologia, 
145, 87–99. 

Colgan MS, Swemmer T, Asner GP (2013) Structural relationships between 
form factor, wood density, and biomass in African savanna woodlands. 
Trees, 28, 91–102. 

Dahle GA, Grabosky JC (2009) Allometric patterns in Acer platanoides 
(Aceraceae) branches. Trees, 24, 321–326. 

Dantas V de L, Pausas JG (2013) The lanky and the corky: fire-escape 
strategies in savanna woody species (ed Bellingham P). Journal of 
Ecology, 101, 1265–1272. 



 102 

Davis M, Wrage K, Reich P, Tjoelker M, Schaeffer T, Muermann C (1999) 
Survival, growth, and photosynthesis of tree seedlings competing with 
herbaceous vegetation along a water-light-nitrogen gradient. Plant 
Ecology, 145, 341–350. 

Dean T., Long J. (1986) Validity of constant-stress and elastic-instability 
principles of stem formation in pinus-contorta and trifolium-pratense. 
Annals of Botany, 58, 833–840. 

Devine AP, Stott I, McDonald RA, Maclean IMD (2015) Woody cover in wet 
and dry African savannas after six decades of experimental fires (ed 
Wilson S). Journal of Ecology, 103, 473–478. 

Dodonov P, Lucena IC, Leite MB, Silva Matos DM (2011) Allometry of some 
woody plant species in a Brazilian savanna after two years of a dry 
season fire. Brazilian Journal of Biology, 71, 527–535. 

Ducey MJ (2012) Evergreenness and wood density predict height–diameter 
scaling in trees of the northeastern United States. Forest Ecology and 
Management, 279, 21–26. 

Falster DS, Westoby M (2005) Tradeoffs between height growth rate, stem 
persistence and maximum height among plant species in a post-fire 
succession. Oikos, 111, 57–66. 

February EC, Higgins SI, Bond WJ, Swemmer L (2013) Influence of 
competition and rainfall manipulation on the growth responses of 
savanna trees and grasses. Ecology, 94, 1155–1164. 

Feldpausch TR, Banin L, Phillips OL et al. (2011) Height-diameter allometry of 
tropical forest trees. Biogeosciences, 8, 1081–1106. 

Henry M, Picard N, Trotta C, Manlay RJ, Valentini R, Bernoux M, Saint-Andre 
L (2011) Estimating Tree Biomass of Sub-Saharan African Forests: a 
Review of Available Allometric Equations. Silva Fennica, 45, 477–569. 

Higgins SI, Bond WJ, Trollope WS (2000) Fire , resprouting and variability : a 
recipe for grass ± tree coexistence in savanna. Journal of Ecology, 88, 
213–229. 

Higgins SI, Bond WJ, February EC et al. (2007) Effects of four decades of fire 
manipulation on woody vegetation structure in Savanna. Ecology, 88, 
1119–1125. 

Ketterings QM, Coe R, van Noordwijk M, Ambagau’ Y, Palm CA (2001) 
Reducing uncertainty in the use of allometric biomass equations for 
predicting above-ground tree biomass in mixed secondary forests. Forest 
Ecology and Management, 146, 199–209. 



 103 

King DA, Davies SJ, Tan S, Nur Supardi MN (2009) Trees approach 
gravitational limits to height in tall lowland forests of Malaysia. Functional 
Ecology, 23, 284–291. 

Kuyah S, Dietz J, Muthuri C, Jamnadass R, Mwangi P, Coe R, Neufeldt H 
(2012a) Allometric equations for estimating biomass in agricultural 
landscapes: I. Aboveground biomass. Agriculture, Ecosystems & 
Environment, 158, 216–224. 

Kuyah S, Muthuri C, Jamnadass R, Mwangi P, Neufeldt H, Dietz J (2012b) 
Crown area allometries for estimation of aboveground tree biomass in 
agricultural landscapes of western Kenya. Agroforestry Systems, 86, 
267–277. 

Litton CM, Boone Kauffman J (2008) Allometric Models for Predicting 
Aboveground Biomass in Two Widespread Woody Plants in Hawaii. 
Biotropica, 40, 313–320. 

McMahon TA (1973) Size and Shape in Biology: Elastic criteria impose limits 
on biological proportions, and consequently on metabolic rates. Science, 
179, 1201–1204. 

McMahon TA, Kronauer RE (1976) Tree structures: Deducing the principle of 
mechanical design. Journal of Theoretical Biology, 59, 443–466. 

Moncrieff GR, Chamaille-Jammes S, Higgins SI, O’Hara B, Bond WJ (2011) 
Tree allometries reflect a lifetime of herbivory in an African savanna. 
Ecology, 92, 2310–2315. 

Moncrieff GR, Lehmann CER, Schnitzler J et al. (2014) Contrasting 
architecture of key African and Australian savanna tree taxa drives 
intercontinental structural divergence. Global Ecology and Biogeography, 
23, 1235–1244. 

Niklas KJ (1994a) Plant Allometry: The Scaling of Form and Process. 
University of Chicago Press. 

Niklas KJ (1994b) Interspecific Allometries of Critical Buckling Height and 
Actual Plant Height. American Journal of Botany, 81, 1275. 

Parr CL, Lehmann CER, Bond WJ, Hoffmann WA, Andersen AN (2014) 
Tropical grassy biomes: misunderstood, neglected, and under threat. 
Trends in ecology & evolution, 29, 205–213. 

Pinheiro J, Bates D, DebRoy S, D S, Team RC (2014) nlme: Linear and 
Nonlinear Mixed Effects Models. 

R Core Team (2013) R: A Language and Environment for Statistical 
Computing., Vol. 2. R Foundation for Statistical Computing, Vienna, 
Austria.  



 104 

Riginos C (2009) Grass competition suppresses savanna tree growth across 
multiple demographic stages. Ecology, 90, 335–40. 

Sankaran M, Ratnam J, Hanan N (2008) Woody cover in African savannas : 
the role of resources , fire and herbivory. Global Ecology and 
Biogeography, 17, 236–245. 

Schenk HJ, Jackson RB (2002a) The Global Biogeography of Roots. 
Ecological Monographs, 72, 311. 

Schenk HJ, Jackson RB (2002b) Rooting depths, lateral root spreads and 
below-ground/above-ground allometries of plants in water-limited 
ecosystems. Journal of Ecology, 90, 480–494. 

Smit IPJ, Asner GP, Govender N, Kennedy-Bowdoin T, Knapp DE, Jacobson 
J (2010) Effects of fire on woody vegetation structure in African savanna. 
Ecological Applications, 20, 1865–1875. 

Tredennick AT, Bentley LP, Hanan NP (2013) Allometric convergence in 
savanna trees and implications for the use of plant scaling models in 
variable ecosystems. PloS one, 8, e58241. 

Wakeling JL, Staver AC, Bond WJ (2011) Simply the best : the transition of 
savanna saplings to trees. Ecology, 1448–1451. 

Watt MS, Kirschbaum MUF (2011) Moving beyond simple linear allometric 
relationships between tree height and diameter. Ecological Modelling, 
222, 3910–3916. 

West GB, Brown J., Enquist B. (1997) A General Model for the Origin of 
Allometric Scaling Laws in Biology. Science, 276, 122–126. 

Xue L, Lie G, Lu G, Shao Y (2013) Allometric scaling among tree components 
in Pinus massoniana stands with different sites. Ecological Research, 28, 
327–333. 

Zianis D, Mencuccini M (2004) On simplifying allometric analyses of forest 
biomass. Forest Ecology and Management, 187, 311–332. 

 

  



 105 

CHAPTER FIVE: WOODY ENCROACHMENT IN A WET AND DRY 

SAVANNA SUBJECTED TO SIXTY YEARS OF EXPERIMENTAL BURNING. 

 
Abstract 
 
Woody encroachment has been occurring across African savannas for at 

least the last century though reasons for this phenomenon remain unclear. A 

major barrier to understanding the causes of woody encroachment remains 

the difficulty of disentangling the effects of broader-scale environmental 

changes, such climate and increases in atmospheric CO2, from localised 

effects such as fire. Using data from one of the longest running ecological 

experiments in Africa, I examine how changes in tree density and stem 

structure are affected by fire treatments over a 60 year period, with the 

particular aim of establishing whether the effects of fire are consistent in wet 

and dry savannas. Over the duration of the study, tree density increased 

greatly in the wet savanna irrespective of fire treatment, whereas in the dry 

savanna, consistent, but less marked increases in density occurred in all 

treatment plots. Multi-stemmed trees increased in the presence of fire in both 

the wet and dry savanna. However, the proportions of multi-stemmed trees 

fluctuated over time. The results of this study suggest that while tree density 

was generally lower in plots subject to burning, it only partially inhibits woody 

encroachment. 
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5.1. Introduction 
 
Woody encroachment in savannas has been occurring on a global scale over 

the last century (Wigley et al., 2010). Savannas have a large global extent 

and 20% of the world’s human population live within these regions (Parr et al., 

2014). Consequently, woody encroachment has far reaching implications both 

ecologically and economically. The causes for woody encroachment are still 

widely debated. Two driving mechanisms have been proposed: land use 

change and/or environmental change. The difficulty of determining the causes 

of woody encroachment is underpinned by the complexity of savanna 

ecology. The distribution and extent of woody cover is spatially variable, and 

depends on complex interactions between climate and fire (Lehmann et al., 

2011, 2014; Murphy & Bowman, 2012). Though rainfall appears to be the 

fundamental determinant of potential maximum woody cover (Sankaran et al., 

2005), many studies have shown savannas to display great localised spatial 

variation in woody cover under similar disturbance and climatic regimes 

(Lehmann et al., 2011, 2014; Murphy & Bowman, 2012).  

 

The timing of woody encroachment coincides with great changes in land use. 

In the last 150 years savannas have been subjected to several changes in 

grazing practices and fire regimes (Archer et al., 1995; Auken, 2009). 

Changes in grazing significantly impact upon tree-grass dynamics and can 

have profound effects in dry savannas (Tefera et al., 2007; Graz, 2008; Van 

Auken, 2009; Archer et al., 1995b). Grazing decreases resource competition 

for tree saplings, which increases the chances of establishment and can also 

aid with increasing seed dispersal range (Tews et al., 2004). Increased 
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grazing lowers grass fuel loads, decreasing fire frequency and intensity, which 

also favours woody establishment (Archibald et al., 2005). Changes in grazing 

regimes have led to changes in grass composition from perennial to annual 

species, which can alter soil moisture content, again favouring woody 

establishment (Auken, 2009). Tree-grass competition is much higher in dry 

savannas due to limited water availability (Bond 2008; Bond & Midgley 2012).  

Therefore changes in grazing regimes are expected to have a more 

pronounced effect in dry savannas than in wet savannas.  

 

Fire is an integral component in savanna ecosystems (Bond et al., 2005). In 

the last 150 years, coinciding with European colonization, fire management 

has changed greatly (Eriksen, 2007). During the colonial era, indigenous fire 

practices were perceived as barbaric and many fire regimes were suppressed 

or the seasonal timing changed (Eriksen, 2007).  Most changes to fire 

regimes during this time ultimately led to a reduction in fire frequency, which 

has had significant consequences for tree-grass dynamics in savanna 

systems (Trapnell, 1959; Louppe et al., 1995; O’Connor et al., 2014). Fire is 

an integral component in savannas, (Bond & Keeley, 2005), whereby fire 

reduces woody cover below levels determined by rainfall (Bond et al., 2003a; 

Sankaran et al., 2008). Fire can severely limit tree recruitment by preventing 

saplings reaching reproductive maturity by trapping these individuals in the 

fire zone for decades (Bond & Wilgen, 1996; Bond & Midgley, 2000). These 

saplings, otherwise known as Gulliver trees resprout from the root after a fire 

but often do not have enough time to grow tall enough to escape the fire zone 
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before another fire occurs. This firetrap cycle ultimately limits tree recruitment 

in savannas (Werner, 2012).  

 

The ability of an individual tree to resprout after disturbance is vital if a viable 

population is to be sustained (Bond & Midgley, 2000) and is a crucial 

component in determining the extent of woody cover in savannas. Changes in 

rates of recovery after disturbances can be influential in altering the extent of 

woody growth and encroachment. The resprouting capability of a tree is highly 

dependent on the species and available resources (Vesk & Westoby, 2004). 

Rates of resprouting are presumed to be higher in wet savannas due to higher 

water availability and so trees in such regions are more likely to escape the 

fire zone (Bond & Midgley 2012). Therefore wet savannas are more likely to 

be sensitive to changes in fire regimes and to be more vulnerable to woody 

encroachment in areas of total fire exclusion. 

 

Increased atmospheric CO2 has long been proposed as a driver of woody 

encroachment (Lloyd & Farquhar, 1996; Ainsworth & Rogers, 2007; Polley et 

al., 2011; Buitenwerf et al., 2012) and has the potential to explain its global 

extent. It is proposed that C4 grasses, which use carbon more efficiently than 

C3 trees (Ehleringer et al., 1997) will no longer have a competitive advantage 

under increasing atmospheric CO2. This theory, however, has been highly 

criticised by Archer et al., (1995) for being inconsistent with other global 

vegetation patterns, as it does not explain why C3 trees are replacing C3 

grasses in temperate regions.  
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However, Increased atmospheric CO2 can also affect plant function and 

growth. Increased CO2 decreases stomata conductance resulting in lower 

transpiration loss, which inevitably leads to higher soil moisture (Polley et al., 

2011). This is possibly an important component of increasing woody growth in 

dry savannas where water competition is the greatest constraint on woody 

growth (see Chapter 2). Higher levels of CO2 also increase the allocation of 

carbohydrate stocks to roots in trees, providing additional energy to re-sprout 

after disturbance. Kgope et al., (2010) showed an increase of root carbon 

stocks for Acacia karroo and Acacia nilotica under elevated CO2, which 

resulted in faster growth rates after disturbances. Increases in root 

carbohydrate could be crucial in tipping any balance between tree-grass 

coexistence in savannas that experience fire. As this would allow trees to 

resprout more rapidly after fire, enabling them to escape the fire zone more 

quickly, thus progressing to adult maturity and hence increase tree 

recruitment. The effects of larger carbohydrate root stores appears to have a 

stronger effect in wet savannas (Bond & Midgley 2012; Buitenwerf et al., 

2012), where carbohydrate stores are less likely to be depleted through water 

stress. Long-term experiments and field studies are broadly consistent with 

theories associated with increased atmospheric CO2 as a driver of woody 

encroachment (Polley, 1997; Hovenden & Williams, 2010; Wigley et al., 

2010). It is likely that if CO2 is responsible for driving woody encroachment it 

does so through altered plant function and growth rather than in the variation 

of C3/C4 photosynthetic pathways.  
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In order to determine if increased atmospheric CO2 is causing woody 

encroachment I examine changes in tree abundance and physical structure 

over a 60 year time period in wet and dry savannas that have been subjected 

to consistent fire regimes. As land use has also been kept constant for 60 

years, changes to tree abundance would point to a global driver such as 

variation in CO2. I examine changes in tree abundance and physical structure 

in both wet and dry savannas in order to determine if woody encroachment 

was apparent in both savanna types and whether or not patterns of 

encroachment differed. I also examine whether woody encroachment varied 

over the different fire frequency regimes and examine the effectiveness of fire 

as a management strategy for reducing woody encroachment. 

 

  
5.2. Methods 
 
5.2.1. Study site 

The study site was located on Experimental Burn Plots (EBPs) at Kruger 

National Park (KNP), South Africa. This study focused on the EBPs in 

Pretoriuskop, the wet savanna, and Skukuza, the dry savanna. See chapter 1 

for detailed description. 

 

5.2.2. Field methods 

Vegetation surveys were carried out in three time periods between 1954 and 

2012. The first vegetation surveys were carried out during 1954-1957 shortly 

after the establishment of the experiments. Woody vegetation was surveyed 

using two diagonal belt transects of 305 x 1.52 m, per treatment plot. The 

second vegetation surveys were conducted in 1996 and 1997 employing very 
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similar survey methods, however the transect belts were 2m wide and varied 

in length from 200 to 500 m. The third vegetation survey was carried out in 

2012, where similar methods were again employed, however, the belt transect 

lengths were 2 x 100m. All trees were identified to species level and 

categorised as either single stemmed or multi-stemmed. Grasses, 

herbaceous species and climber plants were excluded from all surveys.  

 

5.2.3. Analyses 

I analysed changes in tree density and tree structure over time under the 

different fire regimes. Tree density was derived by using the total tree 

abundance divided by the area surveyed. Data were logarithmically 

transformed to reduce heteroscedasticity. Tree structure was measured as 

the proportion of single and multi-single stemmed trees in each transect. Data 

were then logit transformed to ensure a continuous range of values. 

Determinants of tree density and tree structure were analysed separately 

using linear mixed effects models. The analysis was carried out using the 

nlme package (Pinheiro et al., 2014), in R (R Core Team, 2013) with fire 

frequency, savanna region and time period as the fixed effects. Interactions 

between all terms were included. The models were also fitted using fire 

presence rather than frequency as an explanatory term. In both instances, 

models were fitted using Maximum Likelihood (ML) with field plot modelled as 

a random intercept to account for the nested study design and associated 

variation across plots. AIC scores were generated using the MuMIn package 

(Barton, 2013) using the dredge function for each of the models in order to 

determine which model combinations were the most parsimonious. 
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5.3. Results 
 
Tree density increased over time in both savannas, but the increase was 

much greater in the wet savanna (Fig. 5.1). During the 1950s, tree densities in 

both the wet and dry savanna were similar, although the dry savanna had 

slightly higher densities. Tree density in the wet savanna tripled from the 

1950s to 2012, while in the dry savanna, tree density increased by only a third 

over the same time period. In the wet savanna, tree density increased 

consistently across all plots between the 1950s and the 1990s and between 

the 1990s and 2012. In the dry savanna, however, tree density appeared to 

decrease between the 1950s and 1990s, though rapidly increased between 

the 1990s and 2012 to a higher density than in the 1950s. Tree densities were 

similar across the different fire frequency treatments but were higher in the 

control plots in the wet savanna. However, overlapping standard errors were 

observed across all fire treatments and in the dry savanna particularly, fire 

frequency appeared to have little effect on tree density.  

 

Models that contained fire presence rather than fire frequency generally 

provided the most parsimonious fit to tree density (Table 5.1). Models for the 

proportion of multi-stemmed trees demonstrated that all terms, including the 

interactions between region, fire frequency and year were the most 

parsimonious. The proportion of multi-stemmed trees appeared to lack a 

directional trend over time, as the highest proportions occurred in the 1990 

time period, but decreases occurred between the 1990s and 2012. Over the 

entire sixty-year period, multi-stemmed trees increased in the wet savanna, 
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except in triennial fire plots, but decreased in the dry savanna, except in 

annual fire plots. In both the 1990s and 2012 time periods, there were clear 

differences in the proportion of multi-stemmed trees among plots subject to 

different fire frequencies (Fig. 5.2). The best model containing fire frequency 

had a lower AIC than the model in which fire was modeled as 

presence/absence. 
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Table 5.1: Results from an analysis of the effects of fire, region and period on tree densities 
in Kruger National Park, South Africa. The two regions are Pretoriuskop (a wet savannah) 
and Skukuza (a dry savanna). The table shows the Akaike’s Information Criterion for models 
in which different combinations of predictors are included (inclusion denoted by a * symbol). 
Two sets of models were fitted, one with fire frequency as a linear covariate and the other 
with fire fitted as a binary, presence/absence factor 
 

Model terms Region Treatment Year 
Region: 

Treatment 
Region: 

Year 
Treatment: 

Year 
Region: Treatment: 

Year AIC 
∆ 

AIC 

 

* 

 

* 

 

* 

  

253.4 0 

Fire Frequency * * * 

 

* 

  

254.2 0.81 

 * * * 

 

* * 

 

256.7 3.32 

 

* * * * * 

  

258.9 5.44 

 
Fire Region Year Fire: Region Fire: Year Region: Year Fire: Region: Year AIC 

∆ 

AIC 

 
* * * * * * * 247.5 0 

 
* * * 

 
* * 

 
250.6 1.59 

Fire Presence * * * 
  

* 
 

250.7 3.15 

 
* * * * * * 

 
252.3 3.23 

 
* * * * 

 
* 

 
253.4 4.80 

 

Table 5.2: Results from an analysis of the effects of fire, region and period on the proportion 
of multi-stemmed trees in Kruger National Park, South Africa. The two regions are 
Pretoriuskop (a wet savanna) and Skukuza (a dry savanna). The table shows the Akaike’s 
Information Criterion for models in which different combinations of predictors are included 
(inclusion denoted by a * symbol). Two sets of models were fitted, one with fire frequency as 
a linear covariate and the other with fire fitted as a binary, presence/absence factor 
 
 

Model terms Region Treatment Year 

Region: 

Treatment 

Region: 

Year 

Treatment: 

Year 

Region: Treatment: 

Year AIC 

∆ 

AIC 

 
* * * * * * * 395.2 0 

Fire Frequency * * * 
 

* * 
 

396.9 1.7 

 
* * * * * * 

 
398.3 3.13 

 

Fire Region Year Fire: Region Fire: Year Region: Year Fire: Region: Year AIC 

∆ 

AIC 

 

* * * * * * * 415.1 0 

Fire Presence * * * 

 

* * 

 

418.4 3.26 

 

* * * * * * 

 

418.4 3.3 
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Figure 5.1 Observed mean tree density in experimental burn plots in Pretoriuskop, the wet 
savanna (a, c, e) and Skukuza, the dry savanna (b, d, f) in three time periods: the 1950s (a, 
b), 1996/7 (c, d) and 2012 (e, f). 
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Figure 5.2 Modelled effects of fire frequency on tree density mean (±1 S. E.) in experimental 
burn plots in Pretoriuskop, the wet savanna (W) and Skukuza, the dry savanna (D) in three 
time periods: the 1950s, 1996/7 and 2012. 
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Figure 5.3 Observed proportion of multi-stemmed trees in Pretoriuskop, the wet savanna (a, 
c, e) and Skukuza, the dry savanna (b, d ,f) in three time periods: the 1950s (a, b), 1996/7 (c, 
d) and 2012 (e, f). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 Modelled effects of fire frequency on the proportion of multi-stemmed mean (±1 S. 
E.) in experimental burn plots in Pretoriuskop, the wet savanna (W) and Skukuza, the dry 
savanna (D) in three time periods: the1950s, 1996/7 and 2012. 
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5.4. Discussion  

Increases in tree density, particularly between the 1990s and 2012, were 

evident in both the wet and dry savannas. These increases were observed in 

plots subject to all burn frequencies, suggesting that changes in savanna fire 

management regimes are unlikely to be the cause of woody encroachment.  

Previous research on the climate records for KNP have shown it to be 

remarkably stable over the last century (Kruger, Makamo, & Shongwe, 2002; 

Scholes et al., 2001). Changes in monthly rainfall trends exhibited some 

negative and positive trends but overall neither of these changes was 

significant (Kruger et al., 2002), implying that minor changes in the 

seasonality of rainfall have occurred but not to a degree that constitutes a 

plausible explanation of changes in woody cover. Furthermore, changes in 

rainfall would have minimal impacts on the wet savanna, as these savanna 

systems are not constrained by rainfall (Sankaran et al., 2005).  While 

temperatures did increase significantly in most months, the overall magnitude 

of change, ~0.25º C over the period 1960-2001 (Scholes et al., 2001; Kruger 

et al., 2002) is such that temperature change is also unlikely to be the cause 

of woody encroachment. By a process of elimination, therefore (see also 

Chapter 2), it is most likely that changes in tree density have been caused by 

increased atmospheric CO2.  

 

The findings from this study are also in line with research by Wigley et al 

(2010), which demonstrates consistent woody encroachment in savannas with 

contrasting land tenure over a 70 year time period, suggesting the only 
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reasonable driver could be increased atmospheric CO2. Buitenwerf et al., 

(2012) demonstrates similar results, showing that increased woody cover in 

wet savanna is unaffected by land use practices over a 50 year time period. 

Furthermore, paleoecology research demonstrates that during periods of low 

CO2 concentration, C4 plants prevailed, whereas but during times of higher 

atmospheric CO2 concentration, C3 plants replace C4 plants (Bond et al., 

2003b). 

 

In this study there were distinct regional differences in the increase in tree 

density, with greater increases in the wet savanna than in the dry savanna, 

despite tree densities initially being similar at both sites. This distinct regional 

difference may be due to the differing mechanisms involved with CO2 

enrichment in wet and dry savannas. Previous research suggests that woody 

encroachment is caused by increased allocation of carbohydrate stocks to 

plant roots, which in turn can lead to increased resprouting ability after 

disturbance (Bond & Midgley 2000; Kgope et al., 2010). Bond & Midgley 

(2012) suggest that this process will more likely occur in wet savannas. The 

results here lend support to this theory, as increases in tree density were 

much greater in the wet savanna than in the dry savanna. Therefore, if woody 

encroachment were being driven by CO2, it would appear to be doing so much 

more rapidly in wet savannas.  

 

Patterns of change in tree density in the dry savanna were not as 

straightforward as in the wet savanna. Tree density decreased between the 

1950s and 1990s especially at the control and biennial plots. However by 
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2012 tree densities had surpassed those of the 1950s. The initially higher tree 

densities in the 1950s may have been due to past land use and management 

practices. Kruger National Park was a relatively young reserve at the time and 

a variety of management practices were in use (Du Toit et al., 2003). The 

decrease in tree density between the 1950s and 1990s may therefore reflect 

the effects of 40 years of fire treatment. These fluctuations in tree density over 

time make it difficult to determine whether woody encroachment is occurring, 

or whether woody cover is prone to periodic fluctuations.  

 

It was apparent however, that between the 1990s and 2012, tree densities 

almost doubled in the dry savanna. Again, given that increases occurred 

irrespective of burn frequency, it is unlikely that disturbance is the cause of 

woody encroachment. This increase in tree density in the dry savanna could 

be from the effects of reduced stomatal conductance, from increased CO2, 

which increases soil water availability and thus increases woody growth 

(Polley et al., 2001). It is important to note, however, that increases in soil 

moisture from reduced water loss may be completely negated by increases in 

temperature. Plant communities that experience a warming in climate will 

need more water to survive. Thus the combined effects of slight increases in 

soil moisture and temperature may cancel each other out. This could possible 

be why some dry savannas do not experience woody encroachment 

(Buitenwerf et al., 2012), as in these circumstances, the effects of increasing 

temperatures counteract the effects of rising CO2.  
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Tree densities increased in all fire treatment plots and while generally lower in 

frequently burnt plots, were not markedly so. The continuous increase in tree 

density in the fire treatment sites suggest that trees are resprouting more 

rapidly and efficiently after fire, as a result of increasing CO2 (Kgope et al., 

2010). This implies that burning practices have become an ineffective tool for 

suppressing woody encroachment, particularly in wet savannas. It would also 

suggest that the effectiveness of fire as a means of maintaining open savanna 

systems, will continue to become less effective, and will become a growing 

concern for land managers.  

 

Changes in the proportion of multi-stemmed trees have direct implications for 

biomass, carbon storage and can have important ecological implications for 

habitat diversity, which can affect animal communities (Sirami et al., 2009). 

Multi-stemmed trees are often a result of disturbance, from both fire or 

herbivory, as damage to a tree often results in a coppicing effect (Chidumayo, 

2007). As predicted, these results demonstrate that fire increases the 

proportion of trees that are multi-stemmed. Nonetheless, the patterns over 

time are rather inconsistent, with the highest proportions observed during the 

1990s. Given the clear influence of fire and herbivory on the frequency of 

multi-stemmed trees, it is unlikely that increased atmospheric CO2 has 

resulted in an increased tendency for trees to be multi-stemmed. 

 

This research demonstrates that tree density has increased in both a wet and 

dry savanna over the last six decades over a wide range of disturbance 

regimes, indicating an external driver, most likely increases in atmospheric 
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CO2. It is likely that increases in CO2 in wet savannas will result in an increase 

of root carbohydrate stocks, which in turn increases resprouting rates after 

disturbance, resulting in rapid woody encroachment. In contrast, in dry 

savannas increases in CO2 will lower water transpiration loss, increasing 

woody growth but this will not occur as rapidly and is dependent on local 

climate change and land use conditions. Land use clearly has an effect on 

tree-grass dynamics and the extent of woody cover in savannas.  However, 

land-use and land-use change vary over quite small spatial scales and are 

therefore unlikely to account for the global scale of woody encroachment.  

 

Woody encroachment has far reaching implications both ecologically and 

economically. It lowers grazing capacity for commercial and subsistence 

farming (Ward 2005; Kangalawe 2009), can alter habitat diversity (Sirami et 

al., 2009) and modify feedbacks between the terrestrial biosphere and 

atmosphere, with important repercussions for global carbon budgets 

(Woodward & Lomas, 2004; Bond, 2008; Mitchard & Flintrop, 2013). 

Managing woody encroachment is becoming an increasing problem. While 

the presence of fire suppresses woody encroachment to a degree, it appears 

that over time, fire is becoming less effective in maintaining an open system. 

This will become an increasingly pressing concern for land managers and 

conservationists.  
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CHAPTER SIX: CHANGES IN TREE COMPOSITION AND DIVERSITY IN 

WET AND DRY SAVANNAS SUBJECTED TO SIXTY YEARS OF 

EXPERIMENTAL BURNING. 

 

Abstract 

Fire is an integral process in savannas and not only affects woody vegetation 

structure but can also affect diversity and species composition and is often 

used with the aim of promoting biodiversity. In this study I examine the effects 

of experimental burns every 1, 2 and 3 years and fire-exclusion on tree 

diversity and tree composition in wet and dry savannas over a 60-year period. 

Densities of four dominant tree genera (Dichrostachys, Terminalia, Acacia 

and Combretum) are examined to evaluate the effectiveness of fire in 

controlling woody encroachment. My results suggest that wet and dry 

savannas have distinctly different tree compositions, regardless of fire or fire 

frequency. Tree diversity reduced significantly over time at both savanna 

types under all fire frequency treatments, but increased in the fire exclusion 

plots. Dichrostachys and Terminalia densities increased under fire treatments, 

raising concerns on management of encroaching tree species.  
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6.1. Introduction  

Determinants of the composition of woody vegetation in savannas include 

complex environmental interactions between water, nutrient availability and 

disturbance regimes such as grazing and fire (Bond, 2008). Maximum woody 

cover is predominantly driven by water availability but the occurrence of fire 

and grazing lowers cover below its potential maximum. Sankaran et al., 

(2005) proposed that savannas receiving a mean annual rainfall of over 650 

mm were unstable, requiring disturbance to maintain an open savanna 

system, while savannas receiving below 650 mm of rainfall are stable insofar 

as disturbance is not essential to maintain tree-grass coexistence. Evidence 

from Sankaran et al., (2005) transformed our understanding of the drivers 

responsible for shaping savanna distribution in Africa. However, the 

distribution of individual tree species and woody patches can show high 

variability and spatial heterogeneity, which is not always fully understood. 

 

The determinants of heterogeneity in woody cover and tree community 

composition are still relatively unknown, with conflicting evidence for the 

localised effects of water availability and disturbance regimes. February et al., 

(2013) showed that localised increases in rainfall acted to increase 

competition between trees and grasses, ultimately suppressing tree growth, 

though tree growth and establishment have otherwise been shown to increase 

during times of drought or heavy grazing, due to reduced competition with 

grasses. In contrast, Kulmatiski & Beard (2013) show that localised tree 

growth is not affected by rainfall quantity, but rather by the intensity of rainfall, 

which benefitted trees rather than grasses when it increased. Scholtz et al., 
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(2014) examined the localised effects of bottom-up and top-down drivers on 

tree distribution at Kruger National Park. They found that species composition 

is fundamentally driven by rainfall and geology, although differences in tree 

size class structure were driven by fire. The problem with not fully 

understanding the localised drivers of woody species is that managing 

environmental changes, such as woody encroachment, becomes increasingly 

difficult on a localised scale. Understanding the mechanisms responsible for 

species composition is important for land managers, especially in relation to 

the top-down drivers such as fire, which has the potential to be relatively 

easily managed (Scholtz et al., 2014).  

 

Fire is an integral component of savanna ecosystems and is influential in 

altering the extent of woody cover (Sankaran et al., 2005; Higgins et al., 

2007). Conservationists and land managers use fire as a management tool to 

control and conserve biodiversity and ecosystem health in savanna 

landscapes (Parr & Andersen, 2006; van Wilgen et al., 2014). Fire 

management in savannas has altered greatly over the last two centuries. Fire 

was frequently implemented as a form of land management, but this changed 

after European colonisation, as the practice was often perceived as barbaric 

(Eriksen, 2007). Fire practices during European colonisation were greatly 

altered, often with changes in the seasonality and decreases in the frequency 

of occurrence (Eriksen, 2007). Fire practices up until the 1980s were 

implemented under the assumption that savannas were naturally at 

equilibrium and fire was perceived to upset that balance (Mentis & Bailey, 

1990). This perception resulted in either complete fire exclusions or 
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regimented fixed fire regimes. However, such practices resulted in either an 

unfavourable ecosystem state or uncontrollable and dangerous wild fires (Parr 

& Andersen, 2006). Savanna ecosystems are no longer perceived as being at 

equilibrium and are classed as patch mosaic systems, displaying high spatial 

heterogeneity (van Wilgen et al., 2014). Approaches to fire management have 

now changed to account for this new ecological perception and patch mosaic 

burning is now employed on many savannas globally (Mentis & Bailey, 1990). 

Patch mosaic burning emphasises the diversity of burning (pyrodiversity) to 

create ecological diversity. However, creating a patch mosaic through 

controlled burning is not as simple as it would appear as it involves ensuring 

both spatial and temporal diversity, which can often be difficult to achieve 

(Parr & Andersen, 2006).  

 

Conservationists and land managers now encourage patch mosaic burning 

and adaptive fire management strategies, although the relationship between 

biodiversity and pyrodiversity often appears ambiguous. Disparity can exist 

between biodiversity outcomes and fire regimes (van Wilgen et al., 2014). 

Increased fire frequency has been shown to result in higher diversity in 

herbaceous species, which in turn increases the diversity and abundance of 

herbivores (van Wilgen et al., 2007; Smith et al., 2012), often at the expense 

of woody species.  However, Palmquist et al., (2014) showed that reduced fire 

frequency led to an overall decrease in plant species richness across all major 

function types, though the decrease is much more apparent in herbaceous 

than woody species. Relationships between fire and diversity can differ 

among taxa. Parr et al.,  (2004), for example, showed that the diversity of ant 
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assemblages is not strongly affected by fire frequency. Woody vegetation in 

savannas evolved in the presence of fire and adaptions to fire are exhibited by 

a wide range of plant families (Bond & Keeley, 2005). Species display varying 

fire tolerance through different traits, for example, bark thickness, bark 

moisture and resprouting capabilities (Keeley et al., 2011). Higgins et al., 

(2012) demonstrated that bark mositure and specific allometric traits are often 

selected for in savannas subject to long-term fire regimes. Keeley et al., 

(2011) demonstrated that plant traits are adapted to regimes rather than just 

to the presence of fire itself. Therefore it is likely that in areas where fires 

occur, depending on intensity and frequency, certain species with specific 

traits will do better than others, ultimately affecting species composition. 

 

Substantial woody encroachment on savanna landscapes has been observed 

globally over the last century (Archer et al., 1995) and is of great concern both 

ecologically and socioeconomically (Kangalawe, 2009; Sirami et al., 2009). 

Drivers such as climate change, increased atmospheric CO2, fire 

management and increased grazing have all been implicated in causing this 

global phenomenon (Bond & Midgley, 2012). Currently, however, there is a 

lack of consensus among researchers as to what has caused this widespread 

vegetation change. Fire is implemented to manage savannas, decreasing 

potential maximum woody cover and decreasing unwanted encroaching 

woody species. However, tree species display varying tolerance to fire and in 

some cases it has been reported that fire can encourage some encroaching 

species as it can break seed dormancy and decrease competition allowing 

successful establishment (Walters et al., 2004). There are also growing 
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concerns that some woody species can now resprout much more quickly after 

fire as a result of increased allocation to root stocks due to increasing 

atmospheric CO2 (Kgope et al., 2010).  Therefore, if fire is to be used as a 

management tool for preventing woody encroachment, it is essential that 

species responses to fire are fully understood. If not, there is the potential that 

current management practices could make the problem worse. 

 

This study is set in the long-term Experimental Burn Plots in Kruger National 

Park, South Africa. Making use from historical data sets from the 1950s, 

1990s and a field survey conducted in 2012, I examine how fire and/or 

regional climate shape long-term changes in species composition and 

diversity over time. I investigate changes in tree composition and diversity 

under four different fire frequency regimes in wet and dry savannas over a 

sixty-year period. I also examine changes in tree densities for four different 

genera (Acacia, Combretum, Dichrostachys and Terminalia) to examine the 

effectiveness of fire as a management strategy against woody encroachment.  

 

6.2. Methods 

6.2.1. Study site  

The study site was located on Experimental Burn Plots (EBPs) at Kruger 

National Park (KNP), South Africa. This study focused on the EBPs in 

Pretoriuskop, the wet savanna, and Skukuza, the dry savanna. See chapter 1 

for detailed description. 
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6.2.2. Field Methods 

Vegetation surveys were carried out in three time periods between 1954 and 

2012. The first vegetation surveys were carried out during 1954-1957 shortly 

after the establishment of the experiments. Woody vegetation was surveyed 

using two diagonal belt transect 305 x 1.52m in size per treatment plot. The 

second vegetation surveys were conducted between 1996 and 1997. Very 

similar survey methods were employed, however the transect belts were 2m 

wide and varied in length from 200-500m long. The third vegetation survey 

was carried out in 2012; where again similar methods were implemented, but 

the belt transect lengths were 2 x 100m. All woody vegetation within the 

transects was measured and identified to species level. Trees that could not 

be identified in the field were sampled and later identified using resources 

from the Skukuza herbarium at KNP. All recorded species were checked for 

synonyms in order to avoid duplication. Grasses, herbaceous species and 

climber plants were excluded from all surveys.  

 

6.2.3. Analysis 

The diversity of trees on each transect in each plot for each of the time 

periods was calculated using the Shannon-Weiner index for tree species. A 

linear mixed effect model was used to examine changes in the relationship 

between tree diversity and fire frequency over time. The modelled fixed 

effects were fire frequency, time period, region (wet or dry savanna) and an 

interaction between these fixed effects, with field plot modelled as a random 

intercept to account for the nested study design and associated variation 

across plots. Prior to analysis we examined the possible effects that different 
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transect areas may have on tree diversity. Initially we plotted diversity with 

transect area for our data and found no correlation, displaying an estimate of 

negative to near zero effect. We also ran a preliminary linear mixed effect 

model that included transect area as a fixed effect, though this yielded a lower 

AIC score than the model that did not include transect area. Thus it was 

apparent for our study that the small differences in transect area did not alter 

diversity and so it was excluded from our final model.  

 

Genus rather than species was used to produce tree community composition 

as nearly all dominant species in the study site belonged in separate genera 

and there were 87 genera in total across both regions and all time periods. A 

tree composition list was produced for each separate transect and all genera 

was converted to a proportion for each transect. A principal component 

analysis (PCA) was then conducted for all tree compositions across both 

regions, time and fire regimes, no weighting was implemented to equalise the 

genera. The first three component scores explained 75% of the variation of 

the data and were used in further analyses. A linear mixed effect model using 

the same random and fixed effects as for tree diversity was used to examine 

variation in principal components 1, 2 and 3. Additionally key species traits 

were listed and species rank curve produced (Appendix A, B and C). 

 

In addition to examining tree composition, four key genera were selected, 

Acacia and Combretum for the dry savanna and Terminalia and 

Dichrostachys for the wet savanna. There was only one species in each of the 

latter genera, i.e. T. sericea and D. cinerea.  Strychnos was clearly a 
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dominant genus (Fig. 6.2) in the dry savanna but it was excluded from the 

analysis, as nearly all individuals surveyed were seedlings. Tree density (per 

m2) for each of these key genera was calculated for each transect at each plot 

for the corresponding region and then transformed to a logarithmic scale to 

reduce heteroscedascity. In order to examine whether or not density for these 

genera had changed over time under different fire regimes a linear mixed 

effect model was applied for each genus. In this analysis the fixed effects 

were fire frequency and the time period only, including an interaction between 

these fixed effects. All linear mixed effect models were fitted using the nlme 

package (Pinheiro et al., 2014) and performed in R (R Core Team, 2013). In 

all instances, models were fitted using Maximum Likelihood (ML) with field 

plot modelled as a random intercept to account for the nested study design 

and associated variation across plots. AIC scores were generated using the 

MuMIn package (Barton, 2013), using the dredge function for each of the 

models in order to determine which model combinations were the most 

parsimonious. 

 
 
6.3. Results 
 

6.3.1. Tree diversity 

Fire had a clear impact on tree diversity, in both the wet and dry savannas, 

where the presence of fire led to a decrease in tree diversity (Fig. 6.1). During 

the 1950s, tree diversity appeared to be unaffected by any fire frequency 

regimes. However, it was apparent that tree diversity did decrease over time, 

(Fig. 6.2), as there was an increasing dominance of a few key species at both 

savannas in the 1990s and 2012 time periods. In the wet savanna, 
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Dichrostachys and Terminalia increased while in the dry savanna Combretum 

and Strychnos increased overtime across the fire plots.  In the 1990s and in 

2012, all fire frequency regimes negatively impacted tree diversity. In contrast, 

the control (fire-exclusion) plots increased greatly in tree diversity. The effects 

of increased fire frequency with tree diversity varied among the time periods. 

During the 1990s, annual fires resulted in the smallest reductions in diversity, 

while in 2012 annual fires resulted in almost the greatest reductions in 

diversity. The most parsimonious model for our results (Table 6.1) was the 

model that included time period and fire frequency and an interaction between 

these terms (AIC 154.5). The model that included fire frequency rather than 

fire presence was the most parsimonious overall. From my results it was 

evident that tree diversity had declined over time with all fire frequency 

treatments but had increased in the fire exclusion plots. Interestingly, region 

appeared to have very little effect in altering tree diversity. 

Table 6.1: Results of an analysis of the effects of, time period, region and fire frequency or 
presence on tree diversity at Pretoriuskop, the wet savanna, and Skukuza, dry savanna, in 
Kruger National Park, South Africa. Akaike’s Information Criterion for each model with a ∆ 
AIC less than 6 is present (inclusion denoted by a * symbol). Two sets of models were fitted, 
one with fire frequency and the other with fire fitted as a binary, presence/absence factor  

 

  

Model terms Region 

Fire 

Frequency Year 

Region: 

Frequency 

Region: 

Year 

Frequency: 

Year 

Region: 

Frequency: Year AIC ∆AIC 

  

* * 

  

* 

 

154.5 0 

Fire 

Frequency * * *   * 
 

156.3 1.84 

 * * *  * * 
 

156.4 1.93 

 

* * * * * * 

 

160.9 5.41 

 * * * *  *  160.9 6.4 

 
Region Fire Year 

Region: 

Fire 

Region: 

Year Fire: Year Region: Fire: Year AIC ∆AIC 

 
 * *   *  156.8 0 

 
* * *   *  158.5 1.68 

Fire Presence * * *  * *  158.5 1.7 

 
* * * *  *  160.7 3.93 

 
* * * * * *  160.8 4 
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Figure 6.1 Tree diversity (mean ±1 S. E.) in plots subject to different burn treatments 
estimated from the linear mixed effect model. Results are shown for the long-term 
experimental burn plots during the 1950s, 1990s and 2012 at Pretoriuskop (P), the wet 
savanna and Skukuza (S), the dry savanna. 
 
 
 
 
 
 

Control 
Triennial 
Biennial 
Annual 
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Figure 6.2 Tree composition expressed as a proportion at Pretoriuskop, the wet savanna and 
Skukuza the dry savanna. All genera that contribute to less than 0.04 of total composition are 
grouped together under “other”. 
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6.3.2. Tree composition 
 
The PCA analysis showed that principle component 1 explained 41% of the 

variation in tree composition, which was predominantly responsible for the 

variation between Acacia /Combretum, Terminalia /Dichrostachys and 

Strychnos (Fig. 6.3). The linear mixed effect model suggested that component 

1 scores differed with region and time (Fig. 6.4). The wet savanna in the 

1950s and 1990s had positive values of PC1, suggesting a dominance of 

Terminalia and Dichrostachys. The dry savanna during the same time period 

had negative values of PC1, implying a dominance of Acacia and Combretum. 

However, during 2012, the lowest values of PC1 were associated with wet 

savanna, whereas the dry savanna had positive scores, suggesting a shift in 

composition from a community dominated by Terminalia and Dichrostachys to 

one dominated by Acacia and Combretum. Fire presence offered a more 

parsimonious explanation than fire frequency for variation in PC1 (Table 6.2). 

The model that contained the fixed effects of period, region, fire presence, 

and an interaction between all terms was the most parsimonious overall. The 

second most parsimonious model was that including only the fixed effects of 

region and year and an interaction between these two terms (∆AIC = 4.67). 

Interestingly, the least parsimonious model was that which included fire 

frequency. 

 

Principal component 2 explained 20% of the variance in tree composition, and 

was predominantly related to for the variation between Acacia /Combretum 

and Strychnos, and additional variation between Terminalia /Dichrostachys 

and Acacia /Combretum (Fig. 6.3). The linear mixed effect model showed   
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similar patterns for PC2 as for PC1 (Fig. 6.4). Wet savanna in the 1950s and 

1990s had negative values of PC2, implying a dominance of Terminalia and 

Dichrostachys. Dry savanna during the same time period has positive PC2 

values, suggesting a dominance of Acacia, Strychnos and Combretum. By 

2012, the wet savanna had predominantly positive scores and the dry 

savanna had negative scores demonstrating a shift in dominance. Fire 

presence offered the most parsimonious explanation for variation in PC2, 

rather than fire frequency (Table 6.2). The model that contained the fixed 

effects of period, region, fire presence and interactions between year and 

region and year and fire presence was the most parsimonious. This was 

followed by the model that also included an interaction between region and 

fire.  

 

Principal component 3 explained 11% of the variation in tree composition, and 

was predominantly influenced by variation in Terminalia and Dichrostachys 

(Fig. 6.3). The linear mixed effect model showed PC3 values were influenced 

by region, year and fire (Fig. 6.4). The most parsimonious model was that 

which included the fixed effects of fire presence, period, region and 

interactions between year and fire presence and region and fire presence. 
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Figure 6.3: Biplots from principal components analyses (a: 1 and2; b: 2 and 3) of tree 
composition at Pretoriuskop, the wet savanna, and Skukuza, dry savanna, in Kruger National 
Park, South Africa  

 
 
6.3.3. Tree densities 
 
The density of Dichrostachys cinerea increased overtime, with densities 

doubling from the 1950s to 2012 under all fire treatments (Fig. 6.5a).  Fire 

presence demonstrated greater explanatory power then fire frequency. The 

most parsimonious model was that which included the fixed effect of fire 

presence and year, with no interactions (Table 6.3). The second most 

parsimonious model was that which included fire frequency and year, with no 

interactions. Fire appeared to cause a substantial increase in D. cinerea 

density and this was particularly evident in plots subject to triennial burning.  

However, there were large overlapping standard errors across the different 

fire frequencies. The control treatment (fire exclusion) displayed the lowest 

densities in D. cinerea across all time periods. 

 

Densities of Terminalia sericea increased greatly over time with large 

increases across all sites, especially at fire exclusion sites, where densities 
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tripled between the 1950s and 2012 (Fig. 6.5b).  Densities of T. sericea in 

triennial treatments appeared to increase the least over time. The most 

parsimonious model was that in which only year was included as a fixed effect 

(Table 6.3). The second most parsimonious model was that which included 

the fixed effects of fire presence and year, including an interaction between 

these terms, which was followed closely by the model that had fire frequency 

and year but with no interaction. Though there were distinct differences in 

densities of T. sericea across the different fire frequencies, overlapping 

standard errors were present.  

Figure 6.4: Variation in principal component 1,2 and 3 scores (mean ±1 S. E.) in plots subject 
to different burn treatments estimated from the linear mixed effect model. Results are shown 
for the long-term experimental burn plots during the 1950s, 1990s and 2012 at Pretoriuskop 
(W), the wet savanna and Skukuza (D), the dry savanna.  
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Table 6.2: Results from an analysis of the effects of fire, fire frequency, time period and 
region upon components 1, 2 and 3 from a Principal Components Analysis of tree 
composition at Pretoriuskop, the wet savanna, and Skukuza, dry savanna, in Kruger National 
Park, South Africa. Results are the Akaike’s Information Criterion for linear mixed effect 
model analyses (inclusion denoted by a * symbol). Two sets of models are fitted, one with fire 
frequency as a linear covariate and the other fire fitted as a binary, presence/absence factor. 

 

Model terms Region 
Fire 

Frequency Year Region: Frequency Region: Year Frequency: Year 
Region: 

Frequency: Year AIC 
∆ 

AIC 

 
* 

 
* 

 
* 

  
-148.9 

 Principal 

component 1 * * *  *  

 

-142.6 6.35 

Fire Frequency       

   

 

Region Fire Year Region: Fire Region: Year Fire: Year Region: Fire: Year AIC 
∆ 

AIC 

 

* * * * * * * -153.6  

Principal 

component 1 *  *  *   -148.9 4.67 

Fire Presence * * *  * *  -148.8 4.76 

 
* * * * * *  -148.0 5.55 

 
* * *  *   -147.0 6.55 

 

Region 

Fire 

Frequency Year Region: Frequency Region: Year Frequency: Year 

Region: 

Frequency: Year AIC 

∆ 

AIC 

 

* * * * * * * -161.6  

Principal 
component 2 * * *  *   -159.8 1.78 

Fire Frequency * * *  * *  -159 2.57 

 

*  *  *   -157 4.60 

 

Region Fire Year Fire: Region Region: Year Fire: Year Fire: Region: Year AIC 

∆ 

AIC 

 

* * *  * *  -167.2  

Principal 
component 2 * * * * * *  -165.0 2.15 

Fire Presence * * * * * * * -164.3 2.85 

 

* * *  *   162.9 4.32 

 

* * * * *   -160.7 6.5 

 

Region 
Fire 

Frequency Year Region: Frequency Region: Year Frequency: Year 
Region: 

Frequency: Year AIC 
∆ 

AIC 

 

* * *  *   -223.1  

Principal 

component 3 * * * * *   -22.5 0.53 

Fire Frequency *  *  *   -221.9 1.12 

 * * *  * *  -220.2 2.90 

 * * * * * *  -219.7 3.36 

 
* * *     -218.1 4.98 

 * * * *    -217.8 5.29 

 

*  *     -216.9 6.17 

 
Region Fire Year Region: Fire Region: Year Fire: Year Region: Fire: Year AIC 

∆ 

AIC 

 

* * * *  *  -225.9 0 

Principal 

component 3 * * *   *  -224.2 1.65 

Fire Presence * * * * * *  -224 1.88 

 * * * * * * * -222.4 3.52 

 * * *  * *  -222.3 3.57 
  * *   *  -221.9 3.96 

 * * * *    -220.7 5.17 
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Densities of Combretum increased from the 1950s-2012 but temporarily 

reduced during the 1990s in the dry savanna (Fig. 6.5c). The most 

parsimonious model was one in which only the fixed effect of year was 

included. This was closely followed by the model containing the fixed effects 

of both year and fire. Though overlapping standard errors were present 

across all burn frequencies, it was evident that lower densities were present in 

the annual fires. Acacia density decreased over time in all burn frequencies, 

(Fig. 6.5d). The model that included the fixed effects of year and fire presence 

was the most parsimonious, rather than the fixed effect of fire frequency.  
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Figure 6.5: Tree densities for D. cinerea and T. sericea in the wet savanna (a, b) and 
Combretum and Acacia in the dry savanna (c, d) (mean ±1 S. E.) in plots subject to different 
burn treatments estimated from the linear mixed effect model. Results are shown for the long-
term experimental burn plots during the 1950s, 1990s and 2012. 
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Table 6.3: Results from an analysis of the effects of fire, fire frequency and time period has 
upon the densities of Dichrostachys cinerea and Terminalia sericea at Pretoriuskop, the wet 
savanna, and densities of Combretum and Acacia at Skukuza, the dry savanna, in Kruger 
National Park, South Africa. Results are the Akaike’s Information Criterion for linear mixed 
effect model analyses (inclusion denoted by a * symbol). Two sets of models are fitted, one 
with fire frequency as a linear covariate and the other with fire fitted as a binary, 

presence/absence factor. 
 

Species Fire Frequency Year Frequency: Year AIC ∆ AIC 

 

* * 
 

148.9 
 

  
* 

 
158.8 9.97 

Dichrostachys 

cinerea 
* * * 159.9 11.01 

 

* 
  

238.8 89.98 

 
   

239.1 90.23 

 

Fire Year Fire: Year AIC ∆ AIC 

 

* * 
 

145.9 
 

 

* * * 150.6 4.69 

Dichrostachys 

cinerea  
* 

 
158.8 12.94 

 
* 

  
253.3 89.37 

    
239.1 93.21 

 
Fire Frequency Year Frequency: Year AIC ∆ AIC 

Terminalia 
sericea  

* 
 

276.9 
 

 
* * 

 
279.9 2.98 

 

Fire Year Fire: Year AIC ∆ AIC 

Terminalia 

sericea  
* 

 
276.9 

 

 

* * * 278.8 1.88 

  
* 

 
283.2 6.26 

 
Fire Frequency Year Frequency: Year AIC ∆ AIC 

Combretum 
 

* 
 

183.9 
 

 
* * 

 
188.2 4.38 

 

Fire Year Fire: Year AIC ∆ AIC 

Combretum 
 

* 
 

183.9 
 

 

* * 
 

185 1.1 

 
* * * 188.5 4.6 

 
Fire Frequency Year Frequency: Year AIC ∆ AIC 

Acacia * * 
 

251.4 
 

 
* * * 257.7 

 

 
Fire Year Fire: Year AIC ∆ AIC 

Acacia * * 
 

247.4 
 

 

* * * 250 2.58 
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Figure 6.6. Proportion of tree density composition for Dichrostachys cinerea and Terminalia 
sericea in the wet savanna (a, b) and Acacia and Combretum in the dry savanna (c, d) in 
plots subject to different burn treatments; annual (red), biennial (orange), triennial (green) 
control (blue). Results are shown for the long-term experimental burn plots during the 1950s, 
1990s and 2012. 

 
6.4. Discussion 
6.4.1. Tree diversity 

Our study demonstrated that fire had a negative impact on tree diversity in 

both wet and dry savannas. Over the sixty-year duration of the EBPs there 

has been a decline in tree diversity under all fire frequency treatments, but an 

increase in diversity under fire exclusion. The distinct decline in tree diversity 

will most likely be due to a lack of fire tolerance across different tree species. 

Those species that do not have traits adapted to fire will clearly be selected 

against in areas where fire occurs, which has clearly resulted in lower tree 

diversity. This can be observed in Fig. 6.2, where over time at the burnt plots 

tree composition is dominated by a few key genera. In comparison, the control 

plots showed an increase in the number of genera.  
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There is marked variation in the recovery responses of wet and dry savannas 

to fire (Sankaran et al., 2005; Buitenwerf et al., 2012; Devine et al., 2015). 

However, in terms of tree diversity there appears here to be no difference 

between wet and dry savannas, suggesting that selective pressures on fire 

tolerant trees are similar and that fire creates similarly harsh environment in 

both the wet and dry savannas. Previous research emphasises the 

importance not only of traits of fire tolerance but also the degree of tolerance 

(Keeley et al., 2011). Here, tree diversity was not markedly lower with 

increased burning. Therefore, although tree species may exhibit varying 

degrees of fire tolerance this did not directly translate to variation in tree 

diversity.  

 

Tree diversity was lower across all fire frequencies. This would indicate that 

intermediate levels of disturbance at least over the range of frequencies 

considered as part of this study, do not promote tree diversity. My results 

conflict with ideas of ‘burning for biodiversity”, for tree species (Parr & 

Andersen, 2006). This is not to say that fire does not promote herbaceous 

species and herbivore diversity (Smith et al., 2012). However, low tree 

diversity could have implications for animal communities, especially for bird 

and insect communities that may rely on particular tree species for food or 

shelter (Sirami et al., 2009). Our work showed there was very little difference 

between the combined presence of fire and specific frequency treatments, 

which conflicts with ideas of pyrodiversity (Mentis & Bailey, 1990; Parr & 

Andersen, 2006). It could also be that fire frequency regimes are too rigid and 
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possibly that the plots were too small to encompass sufficient pyrodiversity. In 

general, however, differences in tree diversity showed a more distinct 

difference between being burnt and not being burnt rather than in between fire 

frequencies. 

 

6.4.2. Tree composition 

Tree composition showed distinct differences between wet and dry savannas, 

which fluctuated slightly over time, whilst fire frequency appeared to have a 

limited effect, in line with Scholtz et al., (2014). Terminalia and Dichrostachys 

clearly dominated the wet savanna, whilst Strychnos, Combretum and Acacia 

were dominant in the dry savanna. The presence of fire appeared to alter the 

degree of this dominance, with Terminalia and Dichrostachys increasing in the 

wet savanna with fire and Strychnos increasing in the dry savanna with fire. 

 

Differences in rainfall are the most likely explanation for the distinct tree 

assemblages, as both sites share the same underlying geology (Biggs et al., 

2003). Previous research examining the distribution of woody species at KNP 

(Kiker et al., 2014) found Terminalia usually to be geographically restricted by 

the presence of granite geology and high rainfall. The same study also found 

Combretum and Acacia species to be dominant in drier regions of the park, 

which also corresponds to Scholtz et al., (2012). Dichrostachys (specifically 

Dichrostachys cinerea) has been known to inhabit a wide variety of climatic 

conditions (Moleele et al., 2002), however from my findings, Dichrostachys 

appears to be much more abundant in the wet savanna. The presence of 

Dichrostachys in the dry savanna had increased by 2012 (Fig. 6.2). Woody 
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encroachment could explain the recent presence of Dichrostachys in the dry 

savanna. D. cinerea is known as an encroaching woody species (Moleele et 

al., 2002), which can colonise areas through root suckering (Wakeling & 

Bond, 2007). Furthermore D. cinerea is identified as an encroaching species 

in the wet savanna at Pretoriuskop (Fig. 6.5, also see Buitenwerf et al., 2012) 

and thus this increase in the dry savanna may indicate that D. cinerea is also 

beginning to encroach into the Skukuza region of KNP.  

 

While tree composition was found to be more influenced by regional 

differences than by fire regimes, it should be noted that despite the presence 

of >80 tree genera, variation in only six genera contributed largely to the PCA. 

Thus subtle changes in less prevalent genera across the different fire 

treatments may not have been captured by this analysis but could still have 

significant implications for biodiversity. 

 

6.4.3. Tree densities 

Dichrostachys cinerea, which is a dominant species at Pretoriuskop, the wet 

savanna, is also known to be a species responsible for woody encroachment 

(Moleele et al., 2002; Wakeling & Bond, 2007). Our study suggested a 

universal increase in D. cinerea, although it increased most in plots subjected 

to fire, especially under triennial burning. Ultimately this shows that D. cinerea 

is fire tolerant and thrives in moderately burnt landscapes. This poses a 

difficult challenge to land managers tasked with combatting woody 

encroachment by D. cinerea, as fire actually appears to encourage growth. 

The reason for D. cinerea being so fire tolerant is possibly due to its rapid 
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resprouting rates from roots after fire. Recent studies from Kgope et al., 

(2010) have shown that increased atmospheric CO2 increases allocation to 

carbon rootstocks in D. cinerea. This allows faster recovery rates after fire, 

which allows a larger proportion of the population to escape the fire zone. Our 

research supports this, as D. cinerea has increased over the last sixty years 

across areas subjected to fire disturbance. Another important life history trait 

of D. cinerea is that it can reproduce vegetatively through root suckering, 

allowing it to colonise large areas quickly (Wakeling & Bond, 2007). It is likely 

that an increase in carbon rootstock will most likely encourage this form of 

growth making D. cinerea a difficult species to manage and most likely 

explains the rapid increase from the 1990s to the 2012 time period. Terminalia 

sericea displays similar fire tolerance to D. cinerea. However though densities 

of T. sericea had increased overtime the proportionality of T. sericea has 

actually decreased with the exception of the annual fires (Fig.6.6.). Though T. 

sericea did not increase in density as rapidly as D. cinerea it still poses a 

challenge on how to manage encroaching species that are fire tolerant.  

 

In the dry savanna, densities of Combretum and Acacia responded quite 

differently. Densities of Combretum have increased over time but not as 

drastically as D. cinerea and T. sericea in the wet savanna. Combretum 

species are clearly intolerant to annual fires, as Combretum densities have 

decreased from the start of the EBP trials. Densities of Acacia species 

decreased since the 1950s, across all plots including the fire-exclusion plots 

and displayed little fire tolerance, as densities were drastically reduced in all 
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fire plots. Therefore it would appear that Acacia species in this area of KNP 

are not a problematic species when managing woody encroachment with fire. 

 

In line with previous research (Buitenwerf et al., 2012), our study suggests 

that the dry savanna, is at less risk from woody encroachment than the wet 

savanna. It would also appear that fire tolerant encroaching species are less 

problematic in the dry savanna, which makes managing woody encroachment 

simpler. In contrast, the encroachment of D. cinerea and T. sericea in the wet 

savanna is a difficult problem and demonstrates that previous management 

strategies to decrease woody cover in wet savannas are unlikely to be 

effective.  
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CHAPTER SEVEN: CONCLUDING DISCUSSION. 
 
 

7.1. Overview 

The broad aim of this thesis was to examine the effects of fire on woody 

characteristics and encroachment in African savannas. More specifically I 

examined how different fire frequencies altered woody characteristics in two 

climatically distinct savannas, to assess whether and how fire mediates 

woody encroachment. In this concluding chapter I summarise the findings of 

each research chapter with a view to provide an overarching synthesis of the 

effects of fire on woody vegetation and the possible causes and implications 

of woody encroachment.  

 

7.2. The effects of fire on the characteristics of woody vegetation in 

savannas 

A prevailing conundrum associated with scientific understanding of the 

savanna biome, is that they occur in areas that could climatically support 

forests (Bond et al., 2003, 2005). Sankaran et al., (2005) propose a plausible 

resolution of this conundrum, suggesting that savannas receiving a mean 

annual rainfall of below 650mm are stable systems in which disturbances 

such as herbivory and fire are not required to maintain tree-grass coexistence, 

whereas those that receive higher rainfall are disturbance-dependent. 

However more recent work suggests that this threshold could lie at 1000 mm 

per year, with savanna and forests representing alternative stable states 

(Lehmann et al., 2011; Staver at al., 2011; Murphy and Bowman 2012). In 

chapter 3 the effects of sixty years of experimental burning on tree 

abundance, woody cover and stem structure in a dry savanna (under 650 
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mm) and in a wet savannas (over 650 mm rainfall threshold) were examined 

in order to test concepts put forward by Sankaran et al., (2005) and to gain 

further insight into the role of disturbance in altering the tree-grass balance. 

By examining vegetation responses in savannas with rainfall either side of the 

650mmm threshold, I tested whether fire frequency had a consistent 

directional effect of lowering tree abundance and woody cover and examined 

whether or not responses differ between the two savanna types.  Results 

confirmed that vegetation responses to fire did differ across this rainfall 

threshold. The presence of fire, irrespective of frequency, was much more 

influential in lowering tree abundance in the wet savanna than the dry 

savanna. Therefore, although the presence of fire can alter woody cover in 

dry savannas, it appears not to be required to permit the coexistence of trees 

and grasses. Conversely, in wet savannas, it appears that disturbance is 

required to maintain an open system. Overall this chapter highlighted the 

importance of local disturbance in maintaining savanna states in regions of 

high rainfall. Additionally this chapter supports the threshold hypothesis of a 

mean annual rainfall of 650mm rather than higher proposed thresholds of 

1000mm or over, above which woodland/forest systems can exist without 

disturbance.  

 

In chapter 4, the effects of fire on the characteristics of woody cover are taken 

a step further.  While woody cover is an important characteristic of savannas, 

in the context of climate change mitigation strategies, such as REDD+ 

initiatives, estimates of woody biomass are important (Ryan et al., 2011; 

Chave et al., 2014). In savanna systems, universal allometric scaling 
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relationships between height and diameter are widely used to estimate 

biomass, models of which are typically based on physiological and physical 

assumptions associated with tree growth (McMahon & Kronauer, 1976; West 

et al., 1997). However, most empirical data confirming the accuracy of these 

models are derived from forest trees, which experience different selection 

pressures than savanna trees. In this chapter, the effects of fire frequency on 

tree height- diameter scaling relationships in wet and dry savanna are 

examined to test whether universal models are applicable. Results showed 

that allometric scaling of tree height and diameter in savannas differed from 

universal models. Increased fire frequency significantly constrained tree 

height in the dry savanna, but such constraints were not observed in the wet 

savanna. As with woody cover, there were distinct regional differences in 

allometric scaling, mostly likely attributable to regional differences in rainfall. 

These distinct differences will ultimately affect biomass, with the dry savanna 

having a lower biomass per individual tree.  It was also apparent that 

universal allometric models are not applicable in savannas subject to burning. 

Interactions between rainfall and fire on tree architecture are also evident in 

findings from chapter three, which highlights that dry savanna trees were 

more susceptible to fire-induced coppicing.  

 

7.3. The effects of fire on tree composition and diversity  

Fire is used as a management tool to promote biodiversity in savannas; 

however scientific understanding of how fire alters species composition and 

diversity lacks cohesion (Parr & Andersen, 2006). Using historical datasets 

from the EBPs, the long-term effects of fire regimes on tree diversity and 
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composition are examined in chapter 6. The results of this chapter 

demonstrate that fire, regardless of frequency, had a negative impact on tree 

diversity, which declined over time. In contrast, tree diversity increased in the 

fire exclusion plots over the same time period. Interestingly fire appears to 

exert similar effects on tree diversity in both regions, suggesting that the 

selection pressures created by fires in savannas are fairly universal. Again 

underscoring the importance of rainfall in shaping savanna systems, the tree 

composition of the two regions differed, and it appeared that rainfall exerted a 

greater influence than disturbance on tree community composition. However, 

this is not to say that species composition in savannas is dictated strongly by 

a simple rainfall threshold, as we did not examine composition in savannas 

subject to rainfall in excess of 1000 mm per year. It is possible that species 

composition alters along a rainfall gradient rather than being influenced by 

simple thresholds. Nonetheless, we highlight the importance of rainfall in 

shaping the tree community composition of savannas and demonstrate the 

difficulty of preventing woody encroachment in wet savanna systems. 

 

7.4. Towards a coherent understanding of the causes of woody 

encroachment in African savannas 

In chapter 2, I present a synthesis of current scientific understanding of the 

causes of woody encroachment in African savannas. I postulate that, across 

Africa, rainfall is the most important determinant of maximum woody cover, 

but disturbances such as fire interact to reduce woody cover below the 

maximum at many locations.  I further suggest that woody encroachment is 

most likely driven by CO2
 enrichment, but that the mechanisms differ in wet 
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and dry savanna. I suggest that in dry savannas, increased water-use 

efficiency of trees relaxes precipitation-driven constraints, increasing woody 

growth following local perturbations. In wet savannas the increase of carbon 

allocation to tree roots, results in faster recovery rates after disturbance and a 

greater likelihood of reaching sexual maturity.  

 

In chapter 5, I explore some of these concepts in greater detail, using 

historical data to examine changes in tree abundance and stem structure in 

the wet and dry savanna over the 60-year period in which the EPBs have 

been subjected to different fire frequencies. The objective was to disentangle 

the effects of local and global drivers on woody encroachment and to 

determine which drivers are responsible for this vegetation change.  The 

findings from this chapter demonstrated that tree density has increased in 

both the wet and dry savanna over the last six decades, irrespective of burn 

frequency, indicating an external driver is most likely to be responsible for 

encroachment, such as increases in atmospheric CO2. However, increases in 

tree density were much higher and more rapid in the wet savanna, implying 

greater vulnerability to woody encroachment. The rapid encroachment in the 

wet savanna appears consistent with Bond & Midgley (2000) theory, which 

proposes that increased atmospheric CO2 increases allocation of carbon to 

rootstocks in trees allowing individuals to resprout much more quickly after 

fire, enabling them to escape the fire zone. While the presence of fire 

suppresses woody encroachment to a degree in the wet savanna, it appears 

that over time, fire is becoming less effective in maintaining an open system, 

which will be a pressing concern for land managers. In chapter six, I 
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examined how fire promotes the encroachment of a few dominant tree 

species. I show that overall; fire promotes encroaching species in the wet 

savanna, with annual burns promoting T. sericea and triennial burns 

promoting D. cinerea. The effects of burning in the dry savanna were less 

pronounced. 

 

7.5. Management implications 

The results from my thesis have important implications for fire management. 

In chapter three, I demonstrate that increased fire frequency has a limited 

effect on woody cover and abundance, suggesting that the same outcomes 

can be achieved with less frequent burns.  I also demonstrate that fire is 

unnecessary to maintain an open system in dry savannas and also that 

burning lowers woody biomass by constraining tree height (chapter four). 

However, despite fire not being necessary to maintain dry savannas, I would 

not recommend fire exclusion, as this would increase the risk of dangerous 

wild fires. In chapter five and six I show that wet savannas are more 

susceptible to encroachment and how fire encourages encroachment by T. 

sericea and D. cinerea.  

 

The use of fire as a management strategy against woody encroachment 

should take in consideration the existing encroaching species. For example, 

an area in D. cinerea is encroaching will be hard to manage by fire, as burning 

encourages the encroachment of this species. Overall, increasing fire 

frequency had a limited effect woody cover, but changing the seasonality of 

fire may not help the situation either. Late dry burn can be dangerous, but wet 
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season burns have been known to increases woody growth due to lowering 

competition with grasses when water is at its most abundant (Govender at al., 

2006). This leaves land managers and farmers in a difficult situation with little 

way of controlling rapid encroachment. Archer & Predick (2014) suggests that 

in the areas where fire has a minimal impact on encroachment, farmers 

should adapt to different land use strategies, such as timber harvesting rather 

than cattle farming. Though this may be an option for some farmers it is 

unlikely to be a viable option in national parks or nature reserves whose 

economy relies on ecotourism and thus the ability for tourists to see wildlife. 

Overall woody encroachment in dry savannas appears to be of less concern 

and more manageable than rapid encroachment in wet savanna, which is still 

a pressing concern for farmer, land managers and conservationists alike.  

 

7.6. Concluding remarks 

My PhD thesis contributes to our understanding of the effects of fire on woody 

vegetation and encroachment in African savannas by demonstrating that not 

only do the effects of fire on woody vegetation differ according to savanna 

type, so too does the process of woody encroachment. My research 

reinforces Sankaran et al., (2005) rainfall threshold of 650 mm and that 

savanna type should be taken into account when implementing fire 

management strategies. For whereas fire is necessary to maintain an open 

system in the wet savanna, this is not the case in the dry savanna, though fire 

does alter tree architecture. However, thresholds should be used with caution 

as opinions differ with regards to the boundary of this threshold (Sankaran et 
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al 2005; Lehmann et al., 2011; Staver at al., 2011; Murphy and Bowman 

2012) and changes in climate may alter where these thresholds lie.  

 

Woody encroachment has occurred across all fire treatments in both the wet 

and dry savanna since the beginning of the EBPs in 1954. However, more 

rapid woody encroachment in the wet savanna suggests that these 

environments are more vulnerable to encroachment. Woody encroachment is 

most likely driven by CO2
 enrichment, but the mechanisms differ between 

savanna types. In wet savannas an increase of carbon allocation to tree roots, 

results in faster recovery rates after disturbance escaping the firetrap more 

quickly. The use of fire to manage woody encroachment is not straightforward 

as fire can encourage the encroachment of certain trees especially in wet 

savannas. As a result, existing management strategies are likely to become 

increasingly ineffective at keeping woody cover below maximum levels, with 

significant implications for land manager and conservationists.  
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APPENDIX A: SPECIES TRAITS 
  
Species trait information including morphological and physiological traits for all 
species recorded in the 1950s, 1990s and 2012 at the EBPs in KNP.  



Species 1950s 1990s 2012 Resprout 

Nitrogen 

Fixing Leaf structure Presence of hair Tree structure Bark texture Spinesence 

Acacia ataxacantha Absent Absent Present Stem Yes Compound Present Tree fissured/scaly Present 

Acacia burkei Present Present Present Stem Yes Compound Present Tree fissured/scaly Present 

Acacia exuvialis Present Present Present Stem Yes Compound Absent Tree flakey/peeley Present 

Acacia gerrardii Present Present Present Stem Yes Compound Present Tree fissured/scaly Present 

Acacia nigrescens Present Present Present Stem Yes Compound Present Tree fissured/scaly Present 

Acacia senegal Absent Present Absent Stem Yes Compound Absent Tree/Shrub flakey/peeley Present 

Acacia sieberiana  Absent Present Absent Stem Yes Compound Present Tree flakey/peeley Present 

Acacia swazica Absent Present Absent Stem Yes Compound Present Tree/Shrub flakey/peeley Present 

Albizia harveyi Present Present Present Root Yes Compound Present Tree fissured/scaly Absent 

Albizia versicolor Present Present Present Root Yes Compound Present Tree fissured/scaly Absent 

Allophylus decipiens Absent Absent Present Stem No Compound Absent Shrub fissured/scaly Absent 

Annona senegalensis Present Present Present Stem No Simple Absent Shrub fissured/scaly Absent 

Antidesma venosum Present Present Present Stem No Simple Absent Shrub fissured/scaly Absent 

Balanites maughamii Absent Absent Present Root No Compound Absent Tree Smooth Present 

Bauhinia galpinii Present Present Present Stem Yes Simple Absent Shrub fissured/scaly Absent 

Bridelia mollis Absent Absent Present Stem No Simple Absent Shrub fissured/scaly Absent 

Canthium ciliatum Absent Absent Present Root No Compound Absent Shrub Smooth Present 

Catunaregam spinosa Absent Present Present Root No Simple Absent Shrub fissured/scaly Absent 

Chaetachme aristata Present Absent Absent Root No Simple Absent Tree/Shrub Smooth Present 

Cissus cornifolia Present Present Present Root No Simple Absent Shrub fissured/scaly Absent 

Coddia rudis Present Absent Absent Root No Simple Absent Tree/Shrub Smooth Absent 

Combretum apiculatum Present Present Present Stem No Simple Absent Tree Smooth Absent 

Combretum collinum Present Present Present Stem No Simple Present Tree fissured/scaly Absent 

Combretum hereroense Present Present Present Stem No Simple Present Tree fissured/scaly Absent 

Combretum imberbe Present Present Absent Stem No Simple Absent Tree fissured/scaly Absent 

Combretum molle Present Present Present Stem No Simple Present Tree fissured/scaly Absent 
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Combretum mossambicense Absent Present Absent Stem No Simple Present Tree/Shrub Smooth Absent 

Combretum zeyheri Present Present Present Stem No Simple Present Tree fissured/scaly Absent 

Commiphora africana Present Present Absent Stem No Compound Absent Tree/Shrub flakey/peeley Present 

Commiphora neglecta Absent Present Absent Stem No Compound Present Tree flakey/peeley Present 

Commiphora schimperi Present Absent Present Stem No Compound Absent Tree/Shrub flakey/peeley Present 

Commiphora tenuipetiola Absent Present Absent Stem No Compound Absent Tree flakey/peeley Absent 

Corchorus kirkii Absent Absent Present Root No Simple Present Shrub fissured/scaly Absent 

Croton gratissimus Absent Present Absent Stem No Simple Absent Tree/Shrub Smooth Absent 

Dalbergia armata Absent Absent Present Root Yes Compound Absent Shrub fissured/scaly Present 

Dalbergia melanoxylon Present Present Present Stem Yes Compound Absent Tree/Shrub fissured/scaly Present 

Dichrostachys cinerea Present Present Present Root Yes Compound Absent Tree fissured/scaly Present 

Diospyros dichrophylla Absent Absent Present Stem No Simple Present Tree/Shrub Smooth Absent 

Diospyros lycioides Present Present Present Stem No Simple Present Tree/Shrub Smooth Absent 

Diospyros mespiliformis Present Present Present Stem No Simple Present Tree/Shrub fissured/scaly Absent 

Diospyros whyteana Absent Present Absent Stem No Simple Present Tree/Shrub Smooth Absent 

Dombeya rotundifolia Present Present Present Roots No Simple Present Tree fissured/scaly Absent 

Ehretia amoena Absent Absent Present Stem No Simple Present Tree/Shrub fissured/scaly Absent 

Ehretia obtusifolia Present Present Present Stem No Simple Present Tree/Shrub Smooth Absent 

Ehretia rigida Present Present Absent Root No Simple Absent Tree Smooth Absent 

Elaeodendron transvaalense Present Present Present Stem No Simple Absent Tree/Shrub Smooth Absent 

Euclea divinorum Present Present Present Root No Simple Absent Shrub Smooth Absent 

Euclea natalensis Present Present Present Root No Compound Present Tree/Shrub fissured/scaly Absent 

Faurea saligna Absent Present Absent Stem No Simple Absent Tree fissured/scaly Absent 

Ficus sycomorus Absent Present Absent Stem No Simple Present Tree flakey/peeley Absent 

Flacourtia indica Present Present Present * No Simple Present Tree/Shrub Smooth Present 

Flueggea virosa Absent Present Present Root No Simple Absent Tree/Shrub fissured/scaly Absent 

Galpinia transvaalica Absent Present Absent Root No Simple Absent Tree fissured/scaly Absent 
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Gardenia volkensii Present Present Present Roots No Compound Absent Tree/Shrub Smooth Absent 

Gossypium herbaceum Absent Present Absent Roots/stem No Simple Absent Shrub Smooth Absent 

Grewia bicolor Absent Present Present Root No Simple Present Tree/Shrub Smooth Absent 

Grewia caffra Absent Absent Present Root No Simple Absent Shrub fissured/scaly Absent 

Grewia flavescens Present Present Present Root No Simple Present Shrub Smooth Absent 

Grewia hexamita Present Present Present Root No Simple Absent Shrub Smooth Absent 

Grewia monticola Present Present Absent Root No Simple Present Tree/Shrub fissured/scaly Absent 

Gymnosporia buxifolia Present Present Present Root No Simple Absent Tree/Shrub Smooth Present 

Gymnosporia senegalensis Present Present Present Root No Simple Absent Tree/Shrub Smooth Present 

Heteropyxis natalensis Absent Present Absent Stem No Simple Present Tree flakey/peeley Absent 

Hippobromus pauciflorus Absent Present Absent * No Compound Absent Tree fissured/scaly Absent 

Hyperacanthus amoenus Absent Present Absent Root No Simple Absent Tree/Shrub Smooth Present 

Kraussia floribunda Absent Present Present Root No Simple Absent Tree/Shrub Smooth Absent 

Lannea discolor Present Present Present Stem No Compound Present Tree fissured/scaly Absent 

Lannea edulis Present Present Absent Root No Compound Present Shrub Smooth Absent 

Lannea schweinfurthii Present Present Present Stem No Compound Absent Tree Smooth Absent 

Lantana rugosa Absent Absent Present Root No Simple Present Shrub Smooth Absent 

Lippia javanica Present Absent Present Root No Simple Present Shrub Smooth Present 

Lonchocarpus bussei Absent Absent Present Stem Yes Compound Absent Tree fissured/scaly Absent 

Lonchocarpus capassa Present Present Present Stem Yes Compound Present Tree fissured/scaly Absent 

Manilkara mochisia Absent Present Absent Root/stem No Simple Absent Tree/Shrub Smooth Absent 

Mundulea sericea Present Present Present Root/stem Yes Compound Present Tree/Shrub fissured/scaly Absent 

Mystroxylon aethiopicum Absent Present Present Roots No Simple Absent Tree/Shrub Smooth Absent 

Ochna natalitia Present Present Present Root No Simple Absent Tree fissured/scaly Absent 

Olea europaea Absent Present Present Roots No Simple Absent Tree Smooth Absent 

Ormocarpum trichocarpum Present Present Present Root No Compound Present Shrub Smooth Absent 

Ozoroa engleri Absent Present Absent Root No Simple Present Tree/Shrub Smooth Absent 
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Ozoroa sphaerocarpa Present Present Present Root No Simple Present Tree Smooth Absent 

Pappea capensis Present Present Present Root No Simple Absent Tree/Shrub Smooth Absent 

Parinari curatellifolia Present Present Present Stem No Simple Absent Tree fissured/scaly Absent 

Pavetta edentula Absent Absent Present Stem No Simple Absent Tree/Shrub fissured/scaly Absent 

Pavetta gardeniifolia Absent Absent Present Stem No Simple Present Tree/Shrub Smooth Absent 

Pavetta schumanniana Present Present Present Stem No Simple Present Tree/Shrub fissured/scaly Absent 

Peltophorum africanum Present Present Present Stem Yes Compound Absent Tree fissured/scaly Absent 

Phyllanthus reticulatus Present Present Present Root No Simple Absent Tree/Shrub fissured/scaly Absent 

Piliostigma thonningii Present Present Present Stem Yes Simple Present Tree/Shrub fissured/scaly Absent 

Plectroniella armata Absent Present Present * No Simple Absent Tree/Shrub Smooth Present 

Psydrax obovata Absent Absent Present * No Simple Absent Tree fissured/scaly Absent 

Psydrax locuples Absent Present Present * No Simple Absent Tree/Shrub fissured/scaly Absent 

Pterocarpus angolensis Present Present Present Stem Yes Compound Absent Tree fissured/scaly Absent 

Pterocarpus rotundifolius Present Present Present Stem Yes Compound Absent Tree fissured/scaly Absent 

Putterlickia pyracantha Absent Present Absent * No Simple Absent Tree/Shrub Smooth Present 

Rhoicissus tridentata Absent Absent Present Stem No Compound Present Shrub Smooth Absent 

Rhus chirindensis Absent Absent Present Root No Compound Absent Tree/Shrub fissured/scaly Present 

Rhus gueinzii Absent Absent Present Root No Compound Absent Tree/Shrub fissured/scaly Present 

Rhus pentheri Absent Present Present Root No Compound Present Tree/Shrub fissured/scaly Absent 

Rhus pyroides Present Present Present Root No Compound Present Tree/Shrub fissured/scaly Absent 

Rhus rehmanniana Absent Absent Present Root No Compound Present Tree/Shrub fissured/scaly Absent 

Rhus tomentosa Absent Absent Present Root No Compound Absent Tree/Shrub Smooth Absent 

Rhus transvaalensis Present Present Absent Root No Compound Absent Tree/Shrub Smooth Absent 

Salix mucronata Absent Absent Present Stem No Simple Absent Tree/Shrub fissured/scaly Absent 

Schotia brachypetala Absent Present Absent Stem Yes Compound Absent Tree fissured/scaly Absent 

Sclerocarya birrea subsp 

caffra Present Present Present Stem No Compound Absent Tree fissured/scaly Absent 

Senna petersiana Present Present Present Root/stem Yes Compound Present Tree/Shrub Smooth Absent 
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Spirostachys africana Absent Present Present Stem No Simple Present Tree fissured/scaly Absent 

Strychnos madagascariensis Present Present Present Root No Simple Present Tree/Shrub Smooth Absent 

Strychnos spinosa Present Present Absent Root No Simple Present Tree/Shrub flakey/peeley Absent 

Syzygium cordatum Absent Present Absent * No Simple Absent Tree Smooth Absent 

Syzygium guineense Absent Present Present Stem No Simple Absent Tree fissured/scaly Absent 

Tarenna supra-axillaris Absent Present Absent * No Simple Absent Tree/Shrub fissured/scaly Absent 

Terminalia sericea Present Present Present Root/stem No Simple Present Tree fissured/scaly Absent 

Trichilia emetica Absent Present Absent Stem No Compound Present Tree Smooth Absent 

Turraea nilotica Present Present Present * No Simple Present Tree/Shrub fissured/scaly Absent 

Vangueria infausta Present Present Absent Root No Simple Present Tree/Shrub flakey/peeley Absent 

Xerophyta retinervis Absent Present Absent 

 

No Simple Absent Shrub fissured/scaly Present 

Ximenia caffra Present Present Present Root No Simple Absent Tree/Shrub fissured/scaly Present 

Zanthoxylum capense Present Present Present * No Compound Absent Tree/Shrub fissured/scaly Present 

Zanthoxylum davyi Absent Absent Present Stem No Compound Absent Tree fissured/scaly Present 

Ziziphus abyssinica Absent Absent Present * No Simple Present Tree/Shrub fissured/scaly Present 

Ziziphus mucronata Present Present Present Stem No Simple Present Tree/Shrub fissured/scaly Present 
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APPENDIX B: SPECIES RANK INFORMATION 
 
Ranked species data produced from plotting rank abundance curve for all species across 
both the wet and dry savanna across all fire treatments and time periods at the EBPs 
 
 

Genus Rank Abundance Proportion 
Accumulated 

Frequency 
Log 

Abundance Rank frequency 

Dichrostachys 1 40.7 21.2 21.2 1.6 1.2 

Terminalia 2 26.4 13.8 35 1.4 2.4 

Strychnos 3 25.4 13.2 48.2 1.4 3.6 

Acacia 4 18.8 9.8 58 1.3 4.8 

Combretum 5 14.6 7.6 65.6 1.2 6 

Gymnosporia 6 8 4.2 69.8 0.9 7.2 

Dalbergia 7 6.2 3.2 73 0.8 8.4 

Ormocarpum 8 6.1 3.2 76.2 0.8 9.6 

Senna 9 4.8 2.5 78.7 0.7 10.8 

Catunaregam 10 3.4 1.8 80.5 0.5 12 

Euclea 11 3.3 1.7 82.2 0.5 13.3 

Sclerocarya 12 3.1 1.6 83.8 0.5 14.5 

Ochna 13 2.7 1.4 85.2 0.4 15.7 

Lonchocarpus 14 2.3 1.2 86.4 0.4 16.9 

Coddia 15 2.3 1.2 87.6 0.4 18.1 

Pavetta 16 2.1 1.1 88.7 0.3 19.3 

Albizia 17 1.9 1 89.7 0.3 20.5 

Pterocarpus 18 1.7 0.9 90.6 0.2 21.7 

Diospyros 19 1.7 0.9 91.5 0.2 22.9 

Turraea 20 1.6 0.9 92.3 0.2 24.1 

Ehretia 21 1.2 0.6 92.9 0.1 25.3 

Grewia 22 1.2 0.6 93.5 0.1 26.5 

Annona 23 1 0.5 94.1 0 27.7 

Parinari 24 0.9 0.5 94.6 0 28.9 

Ziziphus 25 0.8 0.4 95 -0.1 30.1 

Rhus 26 0.8 0.4 95.4 -0.1 31.3 

Peltophorum 27 0.7 0.3 95.7 -0.2 32.5 

Lannea 28 0.6 0.3 96.1 -0.2 33.7 

Ximenia 29 0.6 0.3 96.4 -0.2 34.9 

Mundulea 30 0.6 0.3 96.7 -0.2 36.1 

Cissus 31 0.5 0.3 96.9 -0.3 37.3 

Antidesma 32 0.5 0.2 97.2 -0.3 38.6 

Flueggea 33 0.4 0.2 97.4 -0.4 39.8 

Phyllanthus 34 0.4 0.2 97.6 -0.4 41 

Canthium 35 0.4 0.2 97.8 -0.4 42.2 

UNIDESPECI 36 0.3 0.2 98 -0.5 43.4 

Bauhinia 37 0.3 0.2 98.2 -0.5 44.6 

Commiphora 38 0.3 0.2 98.3 -0.5 45.8 

Olea 39 0.3 0.1 98.4 -0.6 47 
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Psydrax 40 0.3 0.1 98.6 -0.6 48.2 

Ozoroa 41 0.3 0.1 98.7 -0.6 49.4 

Zanthoxylum 42 0.3 0.1 98.9 -0.6 50.6 

Plectroniella 43 0.2 0.1 99 -0.6 51.8 

Solanum 44 0.2 0.1 99.1 -0.7 53 

Rhoicissus 45 0.2 0.1 99.2 -0.7 54.2 

Ivy.grape 46 0.2 0.1 99.3 -0.7 55.4 

Vangueria 47 0.1 0.1 99.3 -0.9 56.6 

Xerophyta 48 0.1 0.1 99.4 -0.9 57.8 

Corchorus 49 0.1 0.1 99.5 -0.9 59 

Pappea 50 0.1 0.1 99.5 -0.9 60.2 

Gardenia 51 0.1 0.1 99.6 -1 61.4 

Dombeya 52 0.1 0 99.6 -1.1 62.7 

Spirostachys 53 0.1 0 99.7 -1.1 63.9 

Bridelia 54 0.1 0 99.7 -1.3 65.1 

Lippia 55 0.1 0 99.7 -1.3 66.3 

Elaeodendron 56 0 0 99.8 -1.3 67.5 

Flacourtia 57 0 0 99.8 -1.3 68.7 

Mystroxylon 58 0 0 99.8 -1.3 69.9 

Piliostigma 59 0 0 99.8 -1.4 71.1 

Kraussia 60 0 0 99.8 -1.4 72.3 

Syzygium 61 0 0 99.9 -1.5 73.5 

Hippobromus 62 0 0 99.9 -1.5 74.7 

Allophyllus 63 0 0 99.9 -1.6 75.9 

Putterlickia 64 0 0 99.9 -1.6 77.1 

Chaetachme 65 0 0 99.9 -1.7 78.3 

Cassine 66 0 0 99.9 -1.8 79.5 

Gossypium 67 0 0 99.9 -1.8 80.7 

Hermannia 68 0 0 99.9 -1.8 81.9 

Lantana 69 0 0 100 -1.8 83.1 

Salix 70 0 0 100 -1.9 84.3 

Trichilia 71 0 0 100 -2 85.5 

Hyperacanthus 72 0 0 100 -2 86.7 

Balanites 73 0 0 100 -2 88 

Jasminum 74 0 0 100 -2 89.2 

Rhynchosia 75 0 0 100 -2.1 90.4 

Croton 76 0 0 100 -2.2 91.6 

Manilkara 77 0 0 100 -2.2 92.8 

Galpinia 78 0 0 100 -2.2 94 

Heteropyxis 79 0 0 100 -2.4 95.2 

Tarenna 80 0 0 100 -2.5 96.4 

Faurea 81 0 0 100 -2.7 97.6 

Ficus 82 0 0 100 -2.7 98.8 

Schotia 83 0 0 100 -2.7 100 
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APPENDIX C: SPECIES RANK DIAGRAM 
 
Ranked abundance curve for species composition and abundance across both the wet and 
dry savanna across all fire treatments and time periods at the EBPs 
 
 
 

 
 


