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1.1 INTRODUCTION 

Recent forest fires in Greece burned around 3000 km2 or over 2% of the country 

(Boschetti et al. 2008), killing 84 people and causing immediate damage of over two 

billion euros. In October 2007, wildfires in California burned around 2000 km2, killing 

nine and leading to the evacuation of half a million people. Notwithstanding the impact 

of these two events, the area that was burned amounted to not even 0.15% of the global 

area that is burned every year. Recent studies based on satellite data estimated the 

global extent of vegetation fires at around 300 to 350 million hectares, with the most 

extensive burned area located in sub-Saharan Africa (Van der Werf et al. 2003, Tansey et 

al. 2004, Giglio et al. 2006a, b, FAO 2007) (Fig. 1).  

 

 

Fig. 1. Fires recorded in Africa in 2007 based on Modis satellite observations (Justice et al. 2002). 
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As can be seen in Fig. 1, the distribution of fire in Africa roughly follows the extent of the 

savanna biome. Savannas are characterised by the coexistence of trees and grasses, the 

balance of which is governed by fire, herbivory, moisture and nutrients (Scholes & Archer 

1997). The herbaceous layer in tropical savannas is dominated by grasses of the C4 

photosynthetic pathway, which is more efficient than C3 photosynthesis at low levels of 

CO2 and high temperatures (Ehleringer et al. 1997, Sage & Kubien 2007). The CO2 

efficiency of C4 photosynthesis led to the hypothesis that the origin and rapid expansion 

of the savanna biome in the late Miocene, around six to eight million years ago (Ma), was 

triggered by low atmospheric CO2 levels (Cerling et al. 1997, Ward 2004, Beerling & 

Osborne 2006, Osborne 2008). However, recent evidence of CO2 levels during the 

Oligocene and Miocene does not support this hypothesis (Pagani et al. 1999, 2005) and 

Keeley & Rundel (2005) argued that the Miocene expansion of C4 grasslands was driven 

by an increase in fire activity. Increased seasonality during the Miocene, characterized by 

high biomass production in the wet season followed by a pronounced dry season, 

created a highly favourable fire climate, which facilitated the conversion of woodlands 

into grasslands (Keeley & Rundel 2005). Ecological differences between C3 and C4 grasses 

in relation to fire are also highly relevant for the structure and functioning of 

contemporary savanna ecosystems. Compared to C3 grasses, tropical C4 grasses are 

characterized by low protein levels and high fibre contents (Caswell et al. 1973, 

Barbehenn et al. 2004). Accordingly, decomposition rates are slow and productive C4 

grasslands promote fire by rapidly building up substantial fuel loads (Bond et al. 2003a). 

Indeed, hundreds of millions of hectares of savanna areas are burned annually (Hao et al. 

1990), making tropical C4 grasslands the most frequently and extensively burned biome 

in the world (Hao & Liu 1994, Barbosa et al. 1999, Bond et al. 2005). 

Since fire requires oxygen and fuel, the history of vegetation fires starts in the 

late Silurian period (around 420 Ma) after the earliest vascular land plants had originated 

and O2 levels were sufficiently high (Glasspool et al. 2004, Scott & Glasspool 2006). 

Vegetation biomass increased and became less moisture-dependent in the Devonian, 

leading to the first widespread forest fires in the early Carboniferous (Mississippian) 

around 360 Ma when woody vegetation had spread over the land and O2 levels had 

risen sharply (Scott & Glasspool 2006). Throughout the geologic time scale, fire activity 

varied with fluctuating O2 levels in the atmosphere (Scott 2000). Fire ignition was mainly 

by lightning strikes (Scott 2000) until the domestication of fire by man in the Pleistocene. 

The first use of fire by hominids is subject to debate, however (James 1989). 

Conservative estimates point at the late Middle Pleistocene, about 0.3–0.5 Ma (James 
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1989), although indirect evidence from South Africa (Brain & Sillen 1988) and China 

(Weiner et al. 1998; but see Wu 1999, Lopez-Gonzalez et al. 2006) suggests that the use of 

fire goes back over 1 million years. Fire activity increased considerably in the middle and 

late Holocene, mainly as a result of slash-and-burn agriculture and charcoal production 

(Carcaillet et al. 2002).  

 At present, vegetation fires are common in many temperate, tropical and boreal 

ecosystems (Bond & Keeley 2005). In Africa alone, an estimated 2.3 million km2 or 7.7% of 

the land area was burned in the year 2000, equalling 64% of the global burned area (FAO 

2007). Most vegetation fires occur in savannas and grasslands, Mediterranean 

shrublands (e.g., fynbos) and boreal forests (Bond et al. 2005). The far majority of 

present-day wildfires are of anthropogenic origin, with lightning contributing no more 

than 10% of global biomass burning (Crutzen & Andreae 1990). Areas are burned for 

numerous reasons. Throughout the tropics, fire is widely used as a land management 

tool and reasons for burning include the preparation of agricultural fields, stimulating 

off-season regrowth for cattle or wild herbivores and providing firebreaks around 

houses or villages (Laris 2002). Lewis (2002) argued that these reasons represent the 

vestiges of a European pastoralists’ burning regime, and that traditional burning practice 

can be based on very different reasons such as hunting, ceremonial purposes or to drive 

away dangerous supernatural beings. Regardless of the background, widespread 

vegetation fires have shaped the distribution of the biomes of the world (Bond & Keeley 

2005). The existence of mesic savannas (>650 mm rainfall) critically depends on fire and 

herbivory (Bond et al. 2003a, Sankaran et al. 2008) and it has been estimated that 

without fire the global extent of closed forests would double in area (Bond et al. 2005).   

 

1.2 EFFECTS OF FIRES ON THE ENVIRONMENT 

Vegetation fires can have significant ecological and environmental impacts (Gonzalez-

Perez et al. 2004), including changes in soil characteristics (e.g., organic matter content, 

soil microbial populations, susceptibility to erosion), vegetation quality and structure 

(e.g., leaf tissue nutrient levels, sward structure, tree–grass balance) and atmospheric 

impact due to burning emissions.  

Soil nutrient levels and organic matter content can be substantially altered by 

wildfires. Shortly after a fire, the availability of soil nutrients can be increased because of 

ash deposition, leading to an increase in soil pH and a corresponding increase in cation 
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exchange capacity (González-Pérez et al. 2004). For example, in acid soils phosphorus 

availability is enhanced by an increase in soil pH due to ashes (Certini 2005). However, 

increased nutrient availability is often temporary and the long-term effects of fire on 

savanna nutrient budgets are more complicated. Fire-induced changes in soil organic 

matter content are highly variable and depend on the fire regime, soil type and moisture 

content, and the vegetation that is burned (González-Pérez et al. 2004). Various studies 

have shown that grassland fires can lead to decreased nitrogen availability and 

mineralization rates (e.g., Ojima et al. 1994, Blair 1997, Turner et al. 1997, Fynn et al. 2003; 

but see Coetsee et al. 2008) and substantial decreases in the soil carbon pool (Bird et al. 

2000, Mills & Fey 2004), leading to the widespread concern that repeated burning results 

in a net loss of nitrogen and carbon from the system. Reductions in the soil carbon pool 

seem to be less affected by the frequency of burning than whether or not an area is 

burned at all, probably because of the feedback between fire frequency and fuel load 

(Bird et al. 2000). Reported decreases of nitrogen are usually greater than the loss of 

carbon, resulting in widened C:N ratios and a vegetation that is tolerant of low nitrogen 

levels (Tilman & Wedin 1991, Ojima et al. 1994, Fynn et al. 2003). In contrast to 

abovementioned studies, fires have also been reported to increase soil organic matter 

content in forest and savannas (Johnson & Curtis 2001, Brye 2006) as a result of the 

accumulation of charcoal, the deposition of charred plant material and the 

encroachment of nitrogen-fixing vegetation (Johnson & Curtis 2001, Johnson et al. 2004, 

González-Pérez et al. 2004). In addition, heavy grazing by herbivores can reduce nitrogen 

losses by fire due to decreased fuel loads or even shift the balance towards a net 

nitrogen gain (Hobbs et al. 1991).  

In addition to any fire-induced changes to the abiotic environment, fires can 

also result in reduced soil microbial biomass because of heating of the topsoil 

(Andersson et al. 2004, Certini 2005). However, these effects depend strongly on soil 

moisture content (Certini 2005) and the impact of fire on soil microbial biomass is 

generally small compared to the substantial seasonal variation (Andersson et al. 2004). 

Burning of savanna grasslands has important consequences for the quality and 

structure of the grass sward. Concentrations of some macronutrients such as nitrogen, 

phosphorus and potassium in post-fire regrowth are generally higher than in unburned 

vegetation (Christensen 1977, Boerner 1982, Singh 1993, Van de Vijver et al. 1999, Laclau 

et al. 2002), although in East Africa nutrient levels have been shown to decline within 

three months to the levels of unburned vegetation (Van de Vijver et al. 1999). In addition, 
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fires increase digestibility and alter the structure of the grass sward by increasing 

leaf:stem ratios and live:dead proportions (Van de Vijver et al. 1999). Raised nutrient 

levels in post-fire regrowth have been attributed to a variety of causes, such as the effect 

of nutrient supply through ash deposition, relocation of nutrients from roots to shoots 

and the distribution of nutrients over less biomass (see Van de Vijver et al. 1999 and 

references therein). Van de Vijver et al. (1999) concluded that in a nutrient-rich savanna 

in East Africa increased nutrient levels were the effect of increased leaf:stem ratios and 

rejuvenatory processes. The exact effects of fire on the grass sward, however, may 

depend on a variety of factors including fire intensity, local soil conditions, and 

precipitation patterns. 

Fire is among the principal factors governing the tree–grass balance in 

savannas, together with moisture, nutrients and herbivory (Scholes & Archer 1997). In 

arid and semi-arid savannas (200–700 mm rainfall), maximum woody cover increases 

linearly with rainfall and is relatively independent of fire (Sankaran et al. 2005, 2008). In 

contrast, in mesic savannas (>650 mm) moisture availability is sufficient to support a 

closed woody canopy and the coexistence of trees and grass depends principally on fire 

and herbivory (Bond et al. 2003a, Sankaran et al. 2005, 2008). Surface fires in savannas 

usually do not kill adult trees but constrain the establishment of saplings (Higgins et al. 

2000, Bond et al. 2003b). However, woody saplings can escape the ‘fire trap’ when fire 

frequencies are low, and woody cover becomes independent of burning at fire return 

intervals greater than 12–15 years (Sankaran et al. 2008). The tree–grass balance is also 

directly affected by the interactive effects between fire and herbivory, as for example 

grazing decreases fuel loads and therefore promotes tree establishment (Van 

Langevelde et al. 2003). 

Global climate change has led to an increased interest in the atmospheric 

impact of biomass burning. Savanna fires are the largest source of biomass burning 

emissions worldwide (Hobbs et al. 2003), and the African savannas contribute a major 

part of the global amount of carbon emission from burning (Van der Werf et al. 2003). 

However, the net emission of carbon dioxide (CO2) from savanna fires is nil since the 

emission from burning is balanced by the CO2 uptake by grass regrowth during the wet 

season. Savanna fires are a net source of several trace gases and particles that are not 

reassimilated during regrowth (Bird et al. 2000, Scholes 1995). Although emission 

estimates in the literature vary widely (Van der Werf et al. 2003), the most important 

emissions by savanna fires apart from CO2 are carbon monoxide (CO), methane (CH4), 
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non-methane hydrocarbons, ozone (O3), nitrogen oxides (NOx), carbonaceous aerosols 

and particles (Bird et al. 2000, Sinha et al. 2003, Korontzi et al. 2004). Dry savanna fires are 

typically efficient fires that have high emission proportions of fully oxidized products 

such as CO2 and NOx (Korontzi et al. 2004). However, the combustion completeness 

depends on the moisture content of the grass sward and therefore varies with season 

and fire intensity (Korontzi et al. 2003). Moist swards early in the dry season can result in 

low intensity fires which are likely to produce high proportions of products of 

incomplete combustion such as CO and CH4 (Hoffa et al. 1999). Some trace gases such as 

CO2, CH4 and N2O are important greenhouse gases, and organic compounds and CO 

from African savanna fires have been shown to lead to widespread increases in the 

concentration of ozone (O3) over the South Atlantic region (Sinha et al. 2003).  

 

1.3 FIRE AND HERBIVORY 

African savannas are well-known for their high species richness of ungulates. Nearly a 

hundred species of ungulates occur in Africa (Kingdon 1997), and in some areas such as 

the Serengeti–Mara ecosystem more than 30 of these species coexist (Sinclair & Arcese 

1995, Sinclair & Norton-Griffiths 1979). Regular burning is likely to have significant 

ecological effects on the herbivores living in savanna ecosystems. As described above, 

fires affect the nutritional quality and structure of the grass sward and the structure of 

the habitat, both of which can affect resource selection patterns, the partitioning of 

resources among potential competitors, and species diversity patterns or assemblage 

structure of savanna ungulates. In addition, by changing the vegetation structure fires 

can lead to changes in the availability of shelter or predation risk. 

Probably the most important effect of fire to herbivores is a change in food 

availability. Wet season rainfall leads to a high biomass grass sward of inferior nutritional 

quality because of high fibre contents and low digestibility (Breman & De Wit 1983). 

During the growing season grazing herbivores therefore prefer foraging on grazing 

lawns, since heavily grazed grass swards of low height and biomass have been shown to 

be nutritionally superior to ungrazed swards (Verweij et al. 2006). In the dry season, fires 

can replace the entire moribund grass sward by nutritious regrowth that contains higher 

nutrient levels, higher leaf:stem ratios and higher digestibility than unburned vegetation 

(Van de Vijver et al. 1999). Because of the improved structure and quality of burned grass 

swards, grazing herbivores are able to reach higher forage intake rates on post-fire 

regrowth compared to unburned areas due to increased foraging efficiency (Hobbs et al. 
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1991, Moe & Wegge 1997). As a result, grazers tend to feed on grass regrowth following 

savanna fires rather than on unburned grass swards (e.g., Moe et al. 1990, Wilsey 1996, 

Moe & Wegge 1997, Gureja & Owen-Smith 2002, Tomor & Owen-Smith 2002, Archibald & 

Bond 2004). Although the preference of grazing herbivores for post-fire regrowth is 

widely acknowledged, resource selection patterns by herbivores on burned areas may 

not be uniformly distributed over time and space. Levels of nitrogen and other 

macronutrients in post-fire regrowth have been shown to decline rapidly and can reach 

sub-maintenance levels of ruminants in weeks or months after burning (Van de Vijver et 

al. 1999). In addition, variation in the terrain or the temperature and humidity during 

burning can lead to variation in fire intensity, thereby affecting regrowth structure such 

as the amount of dead stems in the sward that reduce the foraging efficiency of grazing 

herbivores. 

Besides characteristics of the grass sward itself, utilization of post-fire regrowth 

may also be affected by species-specific parameters such as water dependency or body 

mass. Body mass is considered to be a main determinant of resource partitioning among 

ungulates (Jarman 1974, Prins & Olff 1998), since large species are able to digest lower 

quality food than small species because of longer gut retention times and lower 

metabolic rate per unit body mass (Van Soest 1982, Demment & Van Soest 1985; but see 

Pérez-Barberia et al. 2004, Clauss et al. 2007). Based on this, Wilsey (1996) suggested that 

the selection of post-fire regrowth by herbivores is governed by body weight whereby 

preference for burned grassland decreases with increasing size. However, Tomor & 

Owen-Smith (2002) did not support this conclusion and emphasized instead the 

importance of biotic interactions and resource partitioning in the differential use of post-

fire regrowth. 

Since fires affect tree:grass ratios in moist savanna ecosystems, long-term 

burning is likely to affect the balance of grazers and browsers (De Bie 1991). In the 

absence of fires, mesic savannas would transform into dense woodland or forest thickets 

(Swaine et al. 1992, Bond & Keeley 2005), which are habitats favoured mostly by 

browsers. In contrast, burning can favour grazers by keeping the savanna open. Because 

of the feedback between fuel load and fire intensity, interactive effects between 

herbivory and fire can affect habitat suitability for both grazers and browsers (Van 

Langevelde et al. 2003). Patches of heavy grazing such as on grazing lawns usually have 

very low grass biomass which reduces fire intensity or even prevents the spread of fire 

(Hobbs et al. 1991). Consequently, grazing can favour bush encroachment to the 
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advantage of browsers (D’Odorico et al. 2006, Kraaij & Ward 2006). Similarly, browsers 

can reduce woody biomass and accordingly promote grass growth, leading to increased 

fire intensities to the advantage of grazers (Van Langevelde et al. 2003). 

 

1.4 RESEARCH GOALS 

As described in the previous sections, savanna fires can have substantial effects on both 

the abiotic and biotic components of the environment. The interactions between fire 

and herbivory play a paramount role in savanna dynamics (Frost & Roberston 1987) as is 

shown by e.g., the interactive effects of fire and grazing on the tree–grass balance. 

However, many aspects of the effects of fire on herbivores in the African savannas are 

unclear. Although it is well-known that grazing herbivores prefer post-fire regrowth 

compared to unburned vegetation, there is little information on many effects of fire on 

African herbivores such as fire-induced changes in forage quality, resource selection and 

partitioning, assemblage structure and broad-scale diversity patterns. In addition, it is 

unclear how species-specific ecological parameters such as herbivore body mass or 

feeding guild affect these relationships. The goal of this thesis is therefore to describe 

and quantify the effects of savanna fires on various aspects of the ecology of West 

African savanna herbivores, thereby explicitly taking into account the effects of body 

mass and guild membership. Based on this research goal, this thesis attempts to answer 

the following research questions: 

1. What are the effects of fire seasonality on the quality and structure of post-fire 

regrowth, and how do these effects relate to the food requirements of grazing 

herbivores? 

2. Which factors govern resource selection patterns by ungulates on post-fire 

regrowth, and what is the influence of body mass on these selection patterns? 

3. What is the importance of herbivore body mass, diet composition and diet 

quality on resource partitioning between savanna herbivores? 

4. Do savanna fires govern the structure of ungulate assemblages at the local 

scale, such as co-occurrence patterns and guild dominance? 

5. To what extent are broad-scale patterns in species richness and assemblage 

composition of ungulates related to patterns in fire occurrence, climate, and soil 

fertility? 
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1.5 THESIS OUTLINE 

As described in the previous sections, this 

thesis attempts to describe and quantify 

the effects of savanna fires on the ecology 

of West African herbivores. The outline of 

this thesis is given in Fig. 2. Starting with 

examining the effects of fire on the grass 

sward, this thesis then moves on to assess 

patterns of herbivore foraging such as the 

selection and partitioning of resources on 

burned grass swards. It is then 

investigated whether and how savanna 

fires govern local community structure, for 

example by affecting competitive 

interactions. Finally, the importance of fire 

on regional diversity patterns of 

herbivores is described. Note that Fig. 2 is 

simplified in the sense that feedback 

mechanisms such as the effects of grazing 

on the grass sward and hence, fuel loads 

and fire activity, are not shown.   

This thesis starts with this Introduction, 

after which in Chapter 2 the study area is 

described. In Chapter 3 the effects of the fire regime on the quality of post-fire regrowth 

as a food source for grazing herbivores are assessed. This is done by means of a burning 

experiment where the experimental plots are burned either early, middle or late in the 

dry season, with the control plots left unburned. The quality of the post-fire regrowth is 

measured by concentrations of macronutrients (nitrogen, phosphorus, potassium, 

calcium, magnesium), digestibility, and parameters of sward structure such as green leaf 

biomass. The quality and sward structure of the experimental grass swards are then 

compared to the nutrient requirements of herbivores. 

Chapter 4 attempts to disentangle the effects of different habitat and grass 

sward characteristics on the utilization of post-fire regrowth, using resource selection 

functions based on logistic regression. This is done for nine species of ungulates 

effects on nutrient levels

changes in sward structure

fire

grass layer

community

structure

regional

diversity

patterns

resource selection

habitat use
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Fig. 2. Conceptual outline of this thesis. 
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throughout the dry season. Besides taking into account several habitat characteristics 

such as vegetation cover and distance to the river, and grass sward parameters such as 

regrowth age and the amount of dead stem material, the importance of herbivore body 

mass on resource selection patterns is explicitly assessed. 

In Chapter 5 the importance of diet composition, diet quality and herbivore 

body mass on the partitioning of resources by eight species of savanna herbivores is 

investigated. Resource overlap among herbivore species is quantified by means of the 

composition (i.e., the range of food plants consumed) and quality of the diet (expressed 

as fibre contents and the concentrations of nitrogen and phosphorus). Both the 

composition and the quality of the diet are based on faecal samples. The relationship 

between body mass and diet composition and quality is assessed to test the hypothesis 

that smaller herbivores select on higher quality forage compared to larger herbivores. 

In Chapter 6 the effects of savanna fires on the structure of local ungulate 

assemblages are investigated by testing the hypothesis that species are randomly 

distributed over burned and unburned areas. Using data on the distribution of 11 

herbivore species over burned and unburned sites, fire-induced changes in body mass 

distribution, co-occurrence patterns, species richness, species density and guild 

dominance of herbivore assemblages are examined. Patterns of community structure 

are also related to biotic interactions such competition and facilitation. 

Chapter 7 attempts to relate broad-scale diversity patterns of ungulates to fire 

occurrence, moisture availability and soil fertility. Based on satellite images and digital 

maps of several environmental variables, patterns in species richness (alpha diversity) 

and differences in species composition between ungulate assemblages (beta diversity) 

are related to gradients in fire occurrence, actual evapotranspiration and soil fertility 

throughout western Africa. This is done for both the entire species set of West African 

ungulates as well as the two main guilds, i.e., grazers versus browsers/frugivores.  

Chapter 8 provides a broad discussion of the results of this research. Here, the 

results are integrated and placed in a broader context. In addition, any implications of 

this research for the management of fire and wildlife are discussed. This thesis concludes 

with English and Dutch summaries of this research. 

 



Chapter 1                                                                                                                                                                                                                                      . 

12  

REFERENCES 

 

Andersson, M., Michelsen, A., Jensen, M. and Kjøller, A. (2004). Tropical savannah woodland: effects

  of experimental fire on soil microorganisms and soil emissions of carbon dioxide. Soil 

 Biology and Biochemistry 36: 849-858. 

Archibald, S. and Bond, W. J. (2004). Grazer movements: spatial and temporal responses to burning 

 in a tall-grass African savanna. International Journal of Wildland Fire 13: 377-385. 

Barbehenn, R.V., Chen, Z., Karowe, D.N. and Spickard, A. (2004). C3 grasses have higher nutritional 

 quality than C4 grasses under ambient and elevated atmospheric CO2. Global Change 

 Biology 10: 1565-1575. 

Barbosa, P.M., Grégoire, J.-M. and Pereira, J.M.C. (1999). An algorithm for extracting burned areas 

 from time series of AVHRR GAC data applied at a continental scale. Remote Sensing of 

 Environment 69: 253-263. 

Beerling, D.J. and Osborne, C.P. (2006). The origin of the savanna biome. Global Change Biology 12: 

 2023-2031. 

Bird, M.I., Veenendaal, E.M., Moyo, C., Lloyd, J. and Frost, P. (2000). Effect of fire and soil texture on 

 soil carbon in a sub-humid savanna (Matopos, Zimbabwe). Geoderma 94: 71-90. 

Blair, J.M. (1997). Fire, N availability, and plant response in grasslands: a test of the transient 

 maxima hypothesis. Ecology 78: 2359-2368. 

Boerner, R.E.J. (1982). Fire and nutrient cycling in temperate ecosystems. Bioscience 32: 187-191. 

Bond, W.J., Midgley, G.F. and Woodward, F.I. (2003a). What controls South African vegetation – 

 climate or fire? South African Journal of Botany 69: 79-91. 

Bond, W.J., Midgley, G.F. and Woodward, F.I. (2003b). The importance of low atmospheric CO2 and 

 fire in promoting the spread of grasslands and savannas. Global Change Biology 9: 973-

 982. 

Bond, W.J. and Keeley, J.E. (2005). Fire as a global ‘herbivore’: the ecology and evolution of 

 flammable ecosystems. Trends in Ecology and Evolution 20: 387-394. 

Bond, W.J., Woodward, F.I. and Midgley, G.F. (2005). The global distribution of ecosystems in a 

 world without fire. New Phytologist 165: 525-538. 



.                                                                                                                                                                                                              General introduction                                              

13  

Boschetti, L., Roy, D., Barbosa, P., Boca, R. and Justice, C.O. (2008). A MODIS assessment of the 

 summer 2007 extent burned in Greece. International Journal of Remote Sensing 29: 

 2433-2436. 

Brain, C.K. and Sillen, A. (1988). Evidence from the Swartkrans cave for the earliest use of fire. 

 Nature 336: 464-466. 

Breman, H. and De Wit, C.T. (1983). Rangeland productivity and exploitation in the Sahel. Science 

 221: 1341-1347. 

Brye, K.R. (2006). Soil physiochemical changes following 12 years of annual burning in a humid-

 subtropical tallgrass prairie: a hypothesis. Acta Oecologica 30: 407-413. 

Carcaillet, C., Almquist, H., Asnong, H., Bradshaw, R.H.W., Carrión, J.S., Gaillard, M.-J., Gajewski, K., 

 Haas, J.N., Haberle, S.G., Hadorn, P., Müller, S.D., Richard, P.J.H., Richoz, I., Rösch, M., 

 Sánchez Goñi, M.F., Von Stedingk, H., Stevenson, A.C., Talon, B., Tardy, C., Tinner, W., 

 Tryterud, E., Wick, L. and Willis, K.J. (2002). Holocene biomass burning and global 

 dynamics of the carbon cycle. Chemosphere 49: 845-863. 

Caswell, H., Reed, F. and Stephenson, S.N. (1973). Photosynthetic pathways and selective 

 herbivory: a hypothesis. American Naturalist 107: 465-480. 

Cerling, T.E., Harris, J.M., MacFadden, B.J., Leakey, M.G., Quade, J., Eisenmann, V. and Ehleringer, J.R. 

 (1997). Global vegetation change through the Miocene/Pliocene boundary. Nature 389: 

 153-158. 

Certini, G.  (2005). Effects of fire on properties of forest soils: a review. Oecologia 143: 1-10. 

Christensen, N.L. (1977). Fire and soil–plant nutrient relations in a pine–wiregrass on the coastal 

 plain of North Carolina. Oecologia 31: 27-44. 

Clauss, M., Schwarm, A., Ortmann, S., Streich, W.J. and Hummel, J. (2007). A case of non-scaling in 

 mammalian physiology? Body size, digestive capacity, food intake, and ingesta passage 

 in mammalian herbivores. Comparative Biochemistry and Physiology - Part A 148: 249-

 265. 

Coetsee, C., February, E.C. and Bond, W.J. (2008). Nitrogen availability is not affected by frequent 

 fire in a South African savanna. Journal of Tropical Ecology 24: 647-654. 

Crutzen, P.J. and Andreae, M.O. (1990). Biomass burning in the tropics: impact on atmospheric 

 chemistry and biogeochemical cycles. Science 250: 1669-1678. 



Chapter 1                                                                                                                                                                                                                                      . 

14  

D’Odorico, P., Laio, F. and Ridolfi, L. (2006). A probabilistic analysis of fire-induced tree–grass 

 coexistence in savannas. American Naturalist 167: E79-87.    

De Bie, S. (1991). Wildlife resources of the West African Savanna. PhD thesis, Wageningen 

 Agricultural University, Wageningen.  

Demment, M.W. and Van Soest, P.J. (1985). A nutritional explanation for body size patterns of 

 ruminant and non-ruminant herbivores. American Naturalist 125: 641-672. 

Ehleringer, J.R., Cerling, T.E. and Helliker, B.R. (1997). C4 photosynthesis, atmospheric CO2, and 

 climate. Oecologia 112: 285-299. 

FAO (2007). Fire management – global assessment 2006. FAO Forestry Paper 151, FAO, Rome. 

Frost, P.G.H. and Robertson, F. (1987). The ecological effects of fire in savannahs. Pp. 93-140 in 

 Walker, B.H. (ed.) Determinants of tropical savannahs. IRL press, Oxford. 

Fynn, R.W.S., Haynes, R.J. and O’Connor, T.G. (2003). Burning causes long-term changes in soil 

 organic matter content of a South African grassland. Soil Biology and Biochemistry 35: 

 677-687. 

Giglio, L., Csisar, I. and Justice, C.O. (2006a). Global distribution and seasonality of active fires as 

 observed with the Terra and Aqua Moderate Resolution Imaging Spectroradiometer 

 (MODIS) sensors. Journal of Geophysical Research 111: doi:10.1029/2005JG000142. 

Giglio, L., Van der Werf, G.R., Randerson, J.T., Collatz, G.J. and Kasibhatla, P.S. (2006b). Global 

 estimation of burned area using MODIS active fire observations. Atmospheric Chemistry 

 and Physics 6: 957-974. 

Glasspool, I.J., Edwards, D. and Axe, L. (2004). Charcoal in the Silurian as evidence for the earliest 

 wildfire. Geology 32: 381-383. 

González-Pérez, J.A., González-Vila, F.J., Almendros, G. and Knicker, H. (2004). The effect of fire on 

 soil organic matter – a review. Environment International 30: 855-870. 

Gureja, N. and Owen-Smith, N. (2002). Comparative use of burned grassland by rare antelope 

 species in a lowveld ranch, South Africa. South African Journal of Wildlife Research 32: 

 31-38. 

Hao, W. M. and Liu, M. H. (1994). Spatial and temporal distribution of tropical biomass burning. 

 Global Biochemical Cycles 8: 485-503. 



.                                                                                                                                                                                                              General introduction                                              

15  

Hao, W.M., Liu, M.H. and Crutzen, P.J. (1990). Estimates of annual and regional releases of CO2 and 

 other trace gases to the atmosphere from fires in the tropics, based on the FAO statistics 

 for the period 1975-1980. Pp. 440-462 in Goldammer, J.G. (ed.) Fire in the tropical biota : 

 ecosystem processes and global challenges. Ecological Studies 84, Springer Verlag, 

 Berlin. 

Higgins, S.I., Bond, W.J. and Trollope, W.S.W. (2000). Fire, resprouting and variability: a recipe for 

 grass–tree coexistence in savanna. Journal of Ecology 88: 213-229. 

Hobbs, N. T., Schimel, D. S., Owensby, C. E., and Ojima, D. S. (1991). Fire and grazing in the tallgrass 

 prairie: contingent effects on nitrogen budgets. Ecology 72: 1374-1382. 

Hobbs, P.V., Sinha, P., Yokelson, R.J., Christian, T.J., Blake, D.R., Gao, S., Kirchstetter, T.W., Novakov, T. 

 and Pilewskie, P. (2003). Evolution of gases and particles from a savanna fire in South 

 Africa. Journal of Geophysical Research 108: doi:10.1029/2002JD002352. 

Hoffa, E.A., Ward, D.E., Hao, W.M., Susott, R.A. and Wakimoto, R.H. (1999). Seasonality of carbon 

 emissions from biomass burning in a Zambian savanna. Journal of Geophysical Research 

 104: 13841-13853. 

James, R. (1989). Hominid use of fire in the lower and middle Pleistocene: a review of the evidence. 

 Current Anthropology 30: 1-26. 

Jarman, P.J. (1974). The social organization of antelopes in relation to their ecology. Behaviour 48: 

 215-266. 

Johnson, D.W. and Curtis, P.S. (2001). Effects of forest management on soil C and N storage: meta 

 analysis. Forest Ecology and Management 140: 227-238. 

Johnson, D.W., Susfalk, R.B., Caldwell, T.G., Murphy, J.D., Miller, W.W. and Walker, R.F. (2004). Fire 

 effects on carbon and nitrogen budgets in forests. Water, Air and Soil Pollution, Focus 4: 

 263-275. 

Justice, C.O., Giglio, L., Korontzi, S., Owens, J., Morisette, J.T., Roy, D., Descloitres, J., Alleaume, S., 

 Petitcolin, F. and Kaufman, Y. (2002). The MODIS fire products. Remote Sensing of 

 Environment 83: 244-262. 

Keeley, J.E. and Rundel, P.W. (2005). Fire and the Miocene expansion of C4 grasslands. Ecology 

 Letters 8: 683-690. 

Kingdon, J. (1997). The Kingdon field guide to African mammals. Academic Press, San Diego. 



Chapter 1                                                                                                                                                                                                                                      . 

16  

Korontzi, S., Ward, D.E., Susott, R.A., Yokelsen, R.J., Justice, C.O., Hobbs, P.V., Smithwick, E.A.H. and 

 Hao, W.M. (2003). Seasonal variation and ecosystem dependence of emission factors for 

 selected trace gases and PM2.5 for southern African savanna fires. Journal of Geophysical 

 Research 108: 1-14. 

Korontzi, S., Roy, D.P., Justice, C.O. and Ward, D.E. (2004). Modeling and sensitivity analysis of fire 

 emissions in southern Africa during SAFARI 2000. Remote Sensing of Environment 92: 

 255-275. 

Kraaij, T. and Ward, D. (2006). Effects of rain, nitrogen, fire and grazing on tree recruitment and 

 early survival in bush-encroached savanna, South Africa. Plant Ecology 186: 235-246. 

Laclau, J. P., Sama-Poumba, W., De Dieu Nzila, J., Bouillet, J. P. and Ranger, J. (2002). Biomass and 

 nutrient dynamics in a littoral savanna subjected to annual fires in Congo. Acta 

 Oecologica 23: 41-50. 

Laris, P. (2002). Burning the seasonal mosaic: preventative burning strategies in the wooded 

 savanna of southern Mali. Human Ecology 30: 155-186. 

Lewis, D. (2002). Slower than the eye can see : environmental change in northern Australia's cattle 

 lands, a case study from the Victoria River District, Northern Territory. Tropical Savannas 

 CRC, Darwin.  

López-González, F., Grandal-d’Anglade, A. and Vidal-Romani, J.R. (2006). Deciphering bone 

 depositional sequences in caves through the study of manganese coatings. Journal of 

 Archaeological Science 33: 707-717. 

Mills, A.J. and Fey, M.V. (2004). Frequent fires intensify soil crusting: physicochemical feedback in 

 the pedoderm of long-term burn experiments in South Africa. Geoderma 121: 45-64. 

Moe, S. R. and Wegge, P. (1997). The effects of cutting and burning of grass quality and axis deer 

 (Axis axis) use of grassland in lowland Nepal. Journal of Tropical Ecology 13: 279-292. 

Moe, S. R., Wegge, P. and Kapela, E. B. (1990). The influence of man-made fires on large wild 

 herbivores in Lake Burungi in northern Tanzania. African Journal of Ecology 28: 35-43. 

Ojima, D.S., Schimel, D.S., Parton, W.J. and Owensby, C.E. (1994). Long- and short-term effects of 

 fire on nitrogen cycling in tallgrass prairie. Biogeochemistry 24: 67-84. 

Osborne, C.P. (2008). Atmosphere, ecology and evolution: what drove the Miocene expansion of 

 C4 grasslands? Journal of Ecology 96: 35-45. 



.                                                                                                                                                                                                              General introduction                                              

17  

Pagani, M., Freeman, K.H. and Arthur, M.A. (1999). Late Miocene atmospheric CO2 concentrations 

 and the expansion of C4 grasses. Science 285: 876-879. 

Pagani, M., Zachos, J.C., Freeman, K.H., Tipple, B. and Bohaty, S. (2005). Marked decline in 

 atmospheric carbon dioxide concentrations during the Paleogene. Science 309: 600-603. 

Pérez-Barberia, F.J., Elston, D.A., Gordon, I.J. and Illius, A.W. (2004). The evolution of phylogenetic 

 differences in the efficiency of digestion in ruminants. Proceedings of the Royal Society  of 

 London B: Biological Sciences 271: 1081-1090. 

Prins, H.H.T. and Olff, H. (1998). Species-richness of African grazer assemblages: towards a 

 functional explanation. Pp. 449-490 in Newbery, D.M., Prins, H.H.T. and Brown, N. (eds.) 

 Dynamics of tropical communities. Blackwell Science, Oxford. 

Sage, R.F. and Kubien, D.S. (2007). The temperature response of C3 and C4 photosynthesis. Plant, 

 Cell and Environment 30: 1086-1106. 

Sankaran, M., Hanan, N.P., Scholes, R.J., Ratnam, J., Augustine, D.J., Cade, B.S., Gignoux, J., Higgins, 

 S.I., Le Roux, X., Ludwig, F., Ardo, J., Banyikwa, F., Bronn, A., Bucini, G., Caylor, K.K., 

 Coughenour, M.B., Diouf, A., Ekaya, W., Feral, C.J., February, E.C., Frost, P.G.H., Hiernaux, P., 

 Hrabar, H., Metzger, K.L., Prins, H.H.T., Ringrose, S., Sea, W., Tews, J., Worden, J. and 

 Zambatis, N. (2005). Determinants of woody cover in African savannas. Nature 438: 846–

 849. 

Sankaran, M., Ratnam, J. and Hanan, N. (2008). Woody cover in African savannas: the role of 

 resources, fire and herbivory. Global Ecology and Biogeography 17: 236-245. 

Scholes, R.J. (1995). Greenhouse gas emissions from vegetation fires in Southern Africa. 

 Environmental Monitoring and Assessment 38: 169-179. 

Scholes, R.J. and Archer, S.R. (1997). Tree–grass interactions in savannas. Annual Review of Ecology 

 and Systematics 28: 517–544. 

Scott, A.C. and Glasspool, I.J. (2006). The diversification of Paleozoic fire systems and fluctuations in 

 atmospheric oxygen concentration. Proceedings of the National Academy of Science, 

 USA 103: 10861-10865. 

Scott, A.C. (2000). The pre-Quaternary history of fire. Palaeogeography, Palaeoclimatology, 

 Palaeoecology 164: 281-329. 

Sinclair, A.R.E. and Arcese, P. (eds.) (1995). Serengeti II: dynamics, management, and conservation  of 

 an ecosystem. University of Chicago Press, Chicago. 



Chapter 1                                                                                                                                                                                                                                      . 

18  

Sinclair, A.R.E. and Norton-Griffiths, M. (eds.) (1979). Serengeti: dynamics of an ecosystem. 

 University of Chicago Press, Chicago. 

Singh, R. H. (1993). Effect of winter fire on primary productivity and nutrient concentration of dry 

 tropical savanna. Vegetatio 106: 63-71. 

Sinha, P., Hobbs, P.V., Yokelson, R.J., Bertschi, I.T., Blake, D.R., Simpson, I.J., Gao, S. Kirchstetter, T.W. 

 and Novakov, T. (2003). Emissions of trace gases and particles from savanna fires in 

 southern Africa. Journal of Geophysical Research 108: doi:10.1029/2002JD002325. 

Swaine, M.D., Hawthorne, W.D. and Orgle, T.K. (1992). The effects of fire exclusion on savanna 

 vegetation at Kpong, Ghana. Biotropica 24: 166-172. 

Tansey, K., Grégoire, J-M., Stroppiana, D., Sousa, A., Silva, J.M.N., Pereira, J.M.C., Boschetti, L., Maggi, 

 M., Brivio, P.A., Fraser, R., Flasse, S., Ershov, D., Binaghi, E., Graetz, D. and Peduzzi, P. 

 (2004). Vegetation burning in the year 2000: Global burned area estimates from SPOT 

 VEGETATION data. Journal of Geophysical Research – Atmospheres 109: 

 doi:10.1029/2003JD003598.  

Tilman, D. and Wedin, D. (1991). Dynamics of nitrogen competition between successional grasses. 

 Ecology 72: 1038-1049. 

Tomor, B. M. and Owen-Smith, N. (2002). Comparative use of grass regrowth following burns by 

 four ungulate species in Nylsvlei Nature Reserve, South Africa. African Journal of Ecology 

 40: 201-204. 

Turner, C.I., Blair, J.M., Schartz, R.J. and Neel, J.C. (1997). Soil N and plant responses to fire, 

 topography, and supplemental N in tallgrass prairie. Ecology 78: 1832-1843. 

Van de Vijver, C.A.D.M., Poot, P. and Prins, H.H.T. (1999). Causes of increased nutrient 

 concentrations in post-fire regrowth in an East African savanna. Plant and Soil 214: 173-

 185. 

Van der Werf, G.R., Randerson, J.T., Collatz, G.J. and Giglio, L. (2003). Carbon emissions from fires in 

 tropical and subtropical ecosystems. Global Change Biology 9: 547-562. 

Van Langevelde, F., Van de Vijver, C.A.D.M., Kumar, L., Van de Koppel, J., De Ridder, N., Van Andel, 

 J., Skidmore, A.K., Hearne, J.W., Stroosnijder, L., Bond, W.J., Prins, H.H.T. and Rietkerk, M. 

 (2003). Effects of fire and herbivory on the stability of savanna ecosystems. Ecology 84: 

 337-350. 

Van Soest, P.J. (1982). Nutritional ecology of the ruminant. O and B Books, Corvallis. 



.                                                                                                                                                                                                              General introduction                                              

19  

Verweij, R.J.T., Verrelst, J., Loth, P.E., Heitkönig, I.M.A. and Brunsting, A.M.H. (2006). Grazing lawns 

 contribute to the subsistence of mesoherbivores on dystrophic savannas. Oikos 114: 108-

 116. 

Ward, J.K. (2004). Evolution and growth of plants in a low CO2 world. Pp. 232-257 in Ehleringer, J.R., 

 Cerling, T.E. and Dearing, M.D. (eds.)  A history of atmospheric CO2 and its effects on 

 plants, animals and ecosystems. Ecological Studies 177, Springer-Verlag, Berlin. 

Weiner, S., Xu, Q., Goldberg, P., Liu, J. and Bar-Yosef, O. (1998). Evidence for the use of fire at 

 Zhoukoudian, China. Science 281: 251-253. 

Wilsey, B. J. (1996). Variation in use of green flushes following burns among African ungulate 

 species: the importance of body size. African Journal of Ecology 34: 32-38. 

Wu, X. (1999). Investigating the possible use of fire at Zhoukoudian, China. Science 283: 299a.




