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ABSTRACT: Fire is recognized as an integral part of savanna ecosystems that 

shaped and continues to shape savannas since the Miocene. The prevalence of fire 

in this system influences nutrient cycling and soil (carbon) C pools. Fire may affect 

ecosystem productivity and biogeochemical processes through nutrient volatilization, 

altered organic matter quantity, and indirectly through altered vegetation structure. 

Despite the resulting effects on soil resources, substantial uncertainty about fire 

history effects exists, especially in semi-arid ecosystems. I explored the independent 

and interactive effects of fire history and vegetation patch types (bare ground, under 

grass and under shrub) on soil nutrients, soil organic carbon (SOC) and soil 

respiration in a semi-arid ecosystem, central Namibia. To determine the independent 

and interactive effects of fire history and vegetation patch types on soil nutrients and 

SOC, I collected soil samples in four fire blocks with different fire history (time since 

last burn ranging from 1- 25 years and fire interval ranging from 6.2 – 18.5 years). In 

each fire block, six transects (200 m) were laid out randomly, and soil samples were 

collected at every 40 m along each transect in the 0-10 cm soil layer. Chemical 

analyses for soil nutrients (total N, P, K, Na, Ca & Mg) and SOC were performed at 

the soil Laboratory. To determine the effect of fire history on soil respiration and how 

it responds under different vegetation patch types, I used a LI-6400XT instrument. 

Eight sampling sites were established in all four fire blocks, with three treatments per 

site. The treatments represented the vegetation patch types (bare ground, under 

grass and under shrub). Additionally, I collected soil cores from each sampling point 

for later determination of gravimetric water content and laboratory incubation 

experiment that allowed me to investigate potential carbon mineralization, to control 

water content and temperature and other environmental conditions that occur under 

field conditions. In the incubation experiment, soil cores were incubated for 3 weeks 

at 60% water holding capacity (WHC), under room temperature. Soil CO2 efflux was 

measured for 15 days with an infrared gas analyzer (Licor 6400). 

 

Soil organic carbon was not significantly different among fire blocks and vegetation 

patch types. The blocks that burned 2 and 24 years ago had low total N relative to 

the 1 and 14 blocks. The block that burned 2 years ago had the lowest available P 

relative to other fire blocks. Sodium showed a consistent trend, decreasing with 

increasing time since last burn. There was no clear trend for other exchangeable 
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cations K, Mg and Ca; however they were high in the recently burned area. These 

cations typically increase after fire because of their presence in the ash as a result of 

high threshold temperature at which these elements volatilize, which may have not 

been reached during the fire. Soil respiration responded to time since last burn 

differently under different vegetation patch types with under shrub having generally 

high soil CO2 efflux relative to under grass and bare ground, suggesting fire may 

have important indirect effects on soil respiration through its alteration of  vegetation 

cover. In the laboratory experiment, soil CO2 efflux was high relative to the field 

experiment, and was not significantly different among vegetation patch types. Based 

on my field and incubation results, this study concluded that the higher soil 

respiration observed under shrubs in the field experiment is largely attributed to root 

respiration, suggesting fire did not significantly hurt soil microbes.  

 

Fire history had a limited and inconsistent effect on soil nutrients, SOC and soil 

respiration. This suggests that soil resources return rapidly to pre-fire conditions. In 

addition, these fires were likely to have not been sufficiently intense to cause long-

term detrimental impacts and impair the recovery of soil resources. Moreover, site to 

site spatial variation may have had a stronger controlling influence on soil nutrients, 

soil organic carbon and soil respiration. Therefore there should be no concern in 

using fire within the experienced frequencies (6.2 – 18.5 years) as a tool to improve 

positive resource utilization. 

 

Keywords: cations; dystrophic sandy; fire blocks; LI-6400XT; microbial activity; 

organic matter; soil CO2 efflux; time since last burn; vegetation patch type  
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REPORTED RESULTS FOR THIS DISSERTATION 

 

The following section lists the chapters, submitted for the purpose of this thesis, that 

emanate from the “the effect of fire history on soil nutrients, soil carbon and soil 

respiration in a semi-arid savanna woodland, central Namibia” project. For each 

chapter, the title is provided. In addition, a short statement regarding the rationale of 

each chapter and the author’s contribution to it is provided. 

 

Each chapter of this thesis was prepared as an individual report.  

 

Chapter 1: I present a detailed background and rationale for the study. 

 

Chapter 2: Focuses on the effects of fire history on soil nutrients and soil organic 

carbon in a semi-arid savanna. I investigate how fire history and vegetation patch 

type, and their interaction influence soil nutrients and soil organic carbon.  

 

My contribution: I was responsible for the project design (partly), including the 

design of the data sheets, and for the collection of all the data used in writing the 

paper. I compiled the preliminary results, analysed data and wrote the manuscript. 

 

Chapter 3: Focuses on the effects of fire history on soil respiration in a semi-arid 

savanna. I investigate how soil respiration responds to time since last burn under 

different vegetation patch types (bare ground, under grass and under shrub). 

 

My contribution: I was responsible for the project design (partly), including the 

design of the data sheets, and for the collection of all the data used in writing the 

paper. I compiled the preliminary results, analysed data and wrote the manuscript. 

 

Chapter 4: Conclusions and recommendation. I summarize the findings of this study. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND AND RATIONALE OF THE STUDY 

 

Fire is a natural disturbance that occurs in most ecosystems but it is of particular 

importance in grasslands, savannas, and Mediterranean ecosystems (Trollope, 

2007). It is recognised as a key factor that shaped and continues to shape savannas 

(Neary et al., 2005; Oktay et al., 2009) since the Miocene (Osborne, 2008). 

Savannas occupy about 20% of the land surface of the Earth and 40% of Africa’s 

land surface (Scholes & Hall, 1996). Savannas have about 10-50% canopy coverage 

of woody plants and a well-developed grass layer (Scholes & Hall, 1996). They are 

the basis of major industries in Africa including livestock, biodiversity conservation 

and wildlife-related tourism (van Wilgen, 2009). Savannas have a distinctive dry 

season, which in combination with the grassy understory fuels make savannas 

extremely flammable during the dry season (Scholes & Hall, 1996). Fires of both 

natural and anthropogenic origin can increase available soil nutrients (Snyder, 1986), 

and regulate ecosystem productivity and diversity (DeBano et al., 1998). Fire 

regimes have been altered by human activities (such as fire suppression and early or 

late burning practices) particularly in recent times, by either reducing or increasing 

fire intensity, fire severity and fire return interval (Nguyen, 2011; Satyam & 

Jayakumar, 2012). The effects of anthropogenic transformations of fire regimes are 

not well understood and documented, especially in arid and semi-arid savanna 

ecosystems (Sheuyange et al., 2005). Fire regimes and their changes are a critical 

foundation in understanding and describing effects of fire on soil resources, 

vegetation structure and composition as well as the global carbon cycle under the 

changing climate (Grissino-Mayer et al., 2004; Schoennagel et al., 2004; Pechony & 

Shindell, 2010).  

 

Early views on the role and use of fire in the management of savanna ecosystems 

were divergent in Southern Africa (Van Wilgen, 2009). Some believed fire to be 

something undesirable that should totally be avoided. This led to the establishment 

of Fire Protection Committees in 1946, which focused on the protection and 

suppression of any burning in arid savanna areas (Trollope, 1984 as cited in Van 
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Wilgen, 2009). Others recognised that deliberate burning had several ecological 

benefits (Busse, 1908; Staples, 1926 as cited in Van Wilgen, 2009). In the 1950s, it 

was recognised that the role of fire needed to be better understood, and views 

toward fire as an extreme enemy have changed slowly over the ensuing decades 

(Van Wilgen, 2009). Many came to view fire as something that was not always 

detrimental to the ecosystems, and had to be properly understood and appreciated 

(Van Wilgen, 2009). This led to the initiation of many critically important long-term 

burning experiments in Southern Africa (e.g. in Etosha National Park, Kruger 

National Park and Pilanesberg National Park (Van Wilgen, 2009)). As ecological 

understanding advanced further among land managers, fire has become recognized 

as an integral part of savanna ecosystems that is both inevitable and necessary (Van 

Wilgen, 2009). In addition, land managers have increasingly viewed fire as a 

legitimate land management tool, if carefully timed and used (Goldammer, 1999).   

 

Whether naturally or anthropogenically applied, fire influences vegetation 

communities. Fire is important in determining the composition and structure of the 

savanna ecosystems (Bond & Van Wilgen, 1996; Anderson et al., 2003). This is so 

because in the absence of fire, considerable areas of savannas could potentially 

develop into closed woodlands (Van Wilgen, 2009). Fire reduces the chances of 

woody establishment events by drastically increasing the mortality of seedlings and 

saplings and by maintaining woody species at a browsable level (Joubert et al., 

2008). Fire may indirectly influences soils by changing vegetation composition and 

structure, and litter cover, which in turn influences organic matter inputs and the 

amount of bare ground exposed. The degree of fire impact in an ecosystem depends 

largely on fire regimes (DeBano et al., 1998). Fire regimes are characterized by the 

combination of fire frequency, intensity, severity, seasonality, vegetation 

composition, physical characteristics of fuel load, size of burn that prevail in a given 

area (Oba, 1990; DeBano et al., 1998; Trollope, 1999). The concept of fire regime 

provides an integrated way of understanding the patterns of fire and the impacts of 

fire on ecosystem composition and structure (Hardy et al., 1998; Morgan et al., 2001; 

McKenzie et al., 2011).  
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Fire can directly alter chemical, biological and physical properties of the soil (Menaut 

et al., 1993; Certini, 2005) and therefore influence soil carbon properties, nutrient 

cycling patterns and soil surface carbon dioxide (CO2) efflux. Fire may influence the 

rate of soil surface CO2 efflux by altering the contribution of above and belowground 

plant respiration to total soil CO2 emissions and by modifying the amount of soil 

organic matter (Sawamoto et al., 2012). In low intensity fires, combustion of litter and 

soil organic matter increases plant available nutrients, which results in rapid growth 

of herbaceous plants and a significant increase in plant storage of nutrients (Satyam 

& Jayakumar, 2012). On the other hand, high intensity fires can result in the 

complete loss of soil organic matter, volatilization of nitrogen (N), phosphorus (P), 

sulphur (S), potassium (K) and the death of microbes (Satyam & Jayakumar, 2012). 

The loss of these soil macronutrients may have a direct impact on ecosystem 

productivity because they are essential for plant growth and nutrition and needed in 

relatively large quantities (Satyam & Jayakumar, 2012). Fire effects can vary among 

soil types; depending on the temperature reached at different soil depths as well as 

the degree of heating they can withstand (Certini, 2005). Sandy soils are more prone 

to the effects of fire because of their loose structure and texture whereas clay is less 

vulnerable due to its cohesiveness structure (DeBano, 2000). In addition to soil type, 

different inherent temperature thresholds under which soil nutrients volatilize 

determine the response of nutrients to fire (Neary et al., 1999; Certini, 2005). In a 

synthesis of fire responses in an African savanna, Scholes & Walker (1993) reported 

that in sandy soils, N may be completely lost in a soil surface at 600°C fire 

temperature. In contrast, only half of the N may be lost in a soil surface at 200°C fire 

temperature. DeBano et al., (1998) reported that in savanna soils loss of organic 

carbon by burning can occur even at relatively low temperatures such as 200°C, but 

complete combustion is only observed at high temperatures 450°C – 500°C. Thus 

the effects of fire on soil resources may be influenced by several factors that 

ultimately determine the degree of its impact.  

 

One of the most evident effects of fire on soils is the direct combustion of organic 

matter located on, or near, the soil surface (DeBano, 2000). Soil organic matter 

contains approximately 58% carbon (Post et al., 1999) and other important elements 

(such as N, P, S etc.) that are bound to organic matter and released when the 
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organic matter is decomposed or combusted (DeBano, 2000). Modification of 

organic matter by fire may also influence soil microbial populations and some 

microbial species may be favoured over others (Macadam, 1989). Fire may increase 

the ratio of bacterial relative to fungi because bacteria are generally more heat 

tolerant than fungi (Bollen, 1969;; Widden & Parkinson, 1975; Bissett & Parkinson, 

1980;Vazquez et al., 1993). This may be due to the difference in lethal temperature 

between the two microbial taxa. In a montane forest fire study, Dunn & DeBano, 

(1977) reported that bacteria lethal temperature was 210°C in dry soil and 110°C in 

wet soil and for fungi it was 155°C and 100°C, respectively. Widden & Parkinson 

(1975) also found a water-soluble substance in the soil after a fire, which was toxic 

for fungi. As a result, fire may inhibit or accelerate microbially mediated processes 

through the modification of organic matter (Macadam, 1989).   

 

The effects of fire on soils have been extensively studied in different ecosystems 

worldwide; however there has been controversy as to whether fire increases or 

decreases soil nutrients (Scholes & Walker, 1993; Ross, 1997; Neff et al., 2005; 

Castaldi et al., 2010; Novara et al., 2013; Molla et al., 2014). In particular, we know 

little about what happens to soil nutrients after fire in some semi-arid savanna 

ecosystems, including Namibian savannas. The response of soil properties to fire 

varies even in similar ecosystems (Neary et al., 2005). Some studies reported an 

increase in soil organic carbon (SOC) following the combustion of organic matter in 

savanna soils (Raison, 1979; Kovacic et al., 1986;Anderson et al., 2003; Prieto-

Fernandez et al., 2004), whereas Kavdir et al., (2005) reported no significant change 

or even an increase in soil organic carbon content. Fire may also affect nutrient 

forms differently; Kutiel & Naveh (1987) found post-fire decreases in overall soil 

nutrient availability but increases in plant available forms. Similarly, in Nylsvley, a 

poor nutrient (sandy soils) semi- arid savanna ecosystem, Scholes & Walker (1993) 

reported that after fire, nutrients such as N, P and S are returned to the soil in the 

form of ash, readily available for plant use. This temporarily enhances the primary 

production and promotes an improvement in grass quality in recently burnt areas 

(Scholes & Walker, 1993).  
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1.2 PROBLEM STATEMENT / SIGNIFICANCE OF THE STUDY 

 

Waterberg Plateau Park (WPP) is at the arid end of the woodland savanna biome 

(Giess, 1971) and like most savanna ecosystems, WPP experiences natural fires 

due to its extended dry season, which in combination with the grassy understorey 

fuels make it extremely flammable much of the year. The known recent fire history at 

WPP (1976 to 2013) includes naturally-igniting fires, accidental fire and intentional 

application to improve productivity and grazing quality. WPP has a diverse fire 

history throughout the plateau. For example, my study area has a fire history ranging 

from 1 to 25 years of time since last burn (Table 2.1 & 3.1). However, there is a 

knowledge gap on the effects of fire history on soil resources at WPP. Fire research 

has not received much attention in Namibian savannas and thus not much has been 

documented scientifically. In Namibia, fire studies have been limited to investigating 

certain aspects such as the effect of fire frequency on savanna woodlands 

(Sheuyange et al., 2005); the role of fire in preventing bush thickening (Joubert et al., 

2012) and the assessment of fire frequency, fire seasonality and fire intensity within 

the Okavango region (Stellmes et al., 2013).  

 

A critical gap in our understanding of the effects of fire history remains, in that we 

have limited understanding of responses of SOC, soil nutrients and soil respiration in 

semi-arid woodland savanna ecosystems. Previous work in similar woodland 

savannas, e.g. Nylsvley and Kruger National Park, have focused on different 

questions such as how fire impacts nutrient cycling (Scholes & Walker, 1993); the 

interactive response of herbivores, soils and vegetation to annual burning (Mills & 

Fey, 2005) and the impacts of long-term fire treatments on in situ soil hydrology 

(Riddell et al., 2012). These studies have limited data on the effects of fire history on 

soil resources. Therefore, the key element in this research project was to investigate 

the effects of fire history on soil organic carbon, soil nutrients and soil respiration and 

build on the current knowledge and understanding of fire effects on soils in savanna 

ecosystems. This project is part of a broader project looking at the impacts of fire on 

biodiversity and ecosystem processes, as well as the interactive response of 
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herbivores, soils and vegetation to fire history in woodland savannas, at the WPP.

  

1.3 OBJECTIVES 

 

1.3.1 Research objectives 

 

 To determine the effects of time since last burn on soil organic carbon and soil 

nutrients in semi-arid woodland savannas.  

 To determine whether soil respiration responds to time since last burn the same 

way under different vegetation patch types (bare ground, under grass and 

under shrub) semi-arid woodland savannas.  

 

1.3.2 Research questions 

 

 Will soil organic carbon and soil nutrients increase in response to time since 

last burn semi-arid savannas? 

 How does soil respiration respond to time since last burn under different 

vegetation patch types (bare ground, under grass and under shrub) semi-arid 

savannas? 

  

1.4  ETHICAL CONSIDERATION 

 

The research was conducted under the authority of the Ministry of Environment and 

Tourism, specifically the WPP management. Since the study was conducted in a 

conservation area, the research was carried out in line with the rules as well as the 

objectives of the park to ensure that no harm was imposed on biodiversity. Large leaf 

and stem litter was gently removed with hands during sampling to minimizing soil 

disturbance. In addition, all areas where soil samples were taken were rehabilitated 

to prevent small invertebrates from falling in the sampled holes. 
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CHAPTER 2: THE EFFECTS OF FIRE HISTORY ON SOIL NUTRIENTS AND SOIL 
ORGANIC CARBON IN A SEMI-ARID SAVANNA, CENTRAL NAMIBIA 

 
2.1 INTRODUCTION 

 

Soils are important reserves of carbon and nutrients in the biosphere (Neary et al., 

2008). Soil nutrients and carbon: nutrient ratios play significant roles in regulating the 

productivity of terrestrial ecosystems and soil carbon (C) pools (Parton et al., 1987; 

Vitousek & Howarth, 1991). Many of the terrestrial ecosystems, notably savannas, 

grasslands and Mediterranean ecosystems are fire-prone, with both natural ignition 

and anthropogenically applied fires (Trollope, 2007). In particular, savannas are 

characterized by grassy understory fuels which, in combination with the 

characteristic of extended dry season, make them extremely flammable much of the 

year (Scholes & Hall, 1996). The prevalence of fire in these systems influences 

nutrient cycling and soil C pools (Holt & Coventry, 1990). This may have long-term 

effects on site productivity as a result of nutrient losses (e.g. nitrogen (N) and 

phosphorus (P) volatilization) and redistribution via the translocation of nutrients 

downward in the soil profile during fire (Kauffman et al., 1994; DeBano, 2000). 

Additionally, savannas have a variable amount of tree cover (Scholes & Walker 

1993; Scholes & Archer, 1997) which may influence the size of soil nutrients and soil 

C pools under their canopy ( Belsky et al., 1989; Belsky, 1994; Ludwig et al., 2004). 

Campbell et al. (1988) and Scholes & Walker (1993) reported that in savannas, 

concentrations of soil nutrients and SOC are substantially higher under tree canopies 

as compared to inter-canopy (referred to as “vegetation patch type” hereafter). 

Variations in soil nutrients and SOC between vegetation patch types may be a 

function of nitrogen fixation, high litter quality and modification of soil microclimate 

(e.g. moisture and temperature) under tree canopies, which in turn influences 

decomposition rates and microbial community composition (Belsky et al., 1989; 

Belsky et al., 1993; Hudak et al., 2003). These vegetation patch type effects can 

potentially interact with fire by regulating the intensity of fire through the effects of 

grass biomass and moisture content (Higgins et al., 2000; Holdo, 2005). A key 

question, then, is: What are the independent and interactive effects of fire and 

vegetation patch types on soil nutrients and SOC in woodland savannas? This is 
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especially relevant given that fire is an active agent of nutrient cycling (Holt & 

Coventry, 1990) and an important determinant of tree canopy cover in these 

ecosystems.  

 

Previous studies have explored fire effects on soil nutrients [mainly N and to a lesser 

extent P and cations (K, Mg, Ca & Na)] and C dynamics in different savanna 

ecosystems.(Scholes & Walker, 1993; Cook, 1994; Ojima et al., 1994; Ross, 1997; 

Neff et al., 2005; Ansley et al., 2006; Khavhagali, 2008; Castaldi et al., 2010; 

Hurteau & Brooks, 2011; Holdo et al., 2012; Novara et al., 2013; Molla et al., 2014). 

However, fire effects on soils vary greatly amongst savannas because some 

ecosystems are on nutrient-rich soils whereas some are on nutrient-poor soils 

(Khavhagali, 2008; Holdo et al., 2012). Additionally, this variability may also be a 

function of factors such as fire intensity, fire severity, type of burned vegetation, 

distribution of fuel on the soil surface and regional climate (Certini, 2005; Novara et 

al., 2013) which vary over time and landscape space (Neary et al., 2005). Some 

studies reported a decline in SOC following the combustion of organic matter in 

savanna soils (Fynn et al., 2003; Knicker, 2007), whereas Kavdir et al., (2005) 

reported no significant change in SOC content after fire. In a study done in the poor 

soil nutrient Australian savannas, Cook (1994) reported a flush of nutrients (P, K, Ca, 

& Mg) and a high loss of nitrogen due to volatilization. In another nutrient poor soils 

savanna ecosystem, Aranibar et al., (2003) and Mills & Fey (2004) reported a 

decline in soil organic matter (SOM) due to frequent burning which increases 

mineralization of organic matter and microbial activities.  

 

Recent fire studies have considered the interactive effects of fire frequency and 

vegetation patch types effects on soil nutrients and soil C content in both poor and 

rich-nutrient soils in semi-arid ecosystems, specifically in the Kruger National Park 

(Coetsee et al., 2010; Holdo et al., 2012; Khavhagali, 2008). These studies reported 

no effect of fire on soil nutrients and soil C content; however they reported strong 

positive effects of tree canopies on soil nutrients and soil C content (Khavhagali, 

2008; Coetsee et al., 2010; Holdo et al., 2012). Generally, fire reduces tree canopy 

cover in these ecosystems, thus in their studies they concluded that fire may affect 
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nutrients and C content in soils indirectly; by altering vegetation structure 

(Khavhagali, 2008; Coetsee et al., 2010; Holdo et al., 2012). The expansion on these 

earlier studies would improve our understanding of managing semi-arid woodland 

savanna ecosystems in the region. Here I used fire history data (with time since last 

burn ranging from 1 to 24 years) of different fire management blocks (Table 2.1) in a 

semi-arid woodland savanna to determine the independent and interactive effects of 

fire and vegetation patch types on soil nutrients and SOC. This is an important step 

for a better comprehension of the dynamics of carbon and soil nutrients in semi-arid 

woodland savanna ecosystems in response to ecosystem disturbances such as fire, 

to promote land management practices that may improve site productivity and 

terrestrial carbon sequestration (Concilio et al., 2006). In this study, I aimed at 

determining how soil nutrients and SOC are affected by (i) fire history (time since last 

burn ranging from 1 - 24 y) (ii) vegetation patch type (tree canopy and inter canopy) 

in four different fire blocks (Table 2.1).  

 

2.2 STUDY OBJECTIVES 

  

In order to determine how soil nutrients and SOC are affected by (i) fire history (time 

since last burn ranging from 1 - 24 y) (ii) vegetation patch type (tree canopy and no 

tree canopy) and (iii) the interaction of fire and vegetation patch type, I collected soil 

samples along six transects in each of the four fire blocks (1, 2, 3 & 4; Table 2.1). I 

hypothesized that 1) soil nutrient status and SOC would differ among fire blocks; the 

block that burned 24 years ago would have higher SOC and soil nutrient contents 

relative to the recently burned area (1 year), 2) soil nutrient and SOC contents under 

tree canopies would be enhanced relative to inter-canopy under the assumption that 

beneath canopies, there is high litter quality and shade cast would reduce light 

intensity, modify soil microclimate (e.g. moisture and temperature) and therefore 

enhance nutrient mineralization (Weltzin & Coughenour, 1990) and 3) there would be 

a significant interactive effect between fire and vegetation patch types in recently (1 

and 2 years) burned areas relative to the areas burned 14 and 24 years ago, 

because fire have reduced tree canopy in recently burned areas than in the blocks 

that burned 14 and 24 years ago. In a study done in the same area along the same 
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transects, Amputu (2016) reported that woody cover increased with time since last 

burn [1 y = 20. 3%; 2 y = 39. 7%; 14 y = 51. 0% and 24 y= 67. 5%]. 

 

2.3 STUDY SITE AND METHODS 

 

2.3.1 Site description 

 

The research was conducted in Waterberg Plateau Park (WPP) a semi-arid 

woodland savanna in the north central part of Namibia (between 20⁰ 37’S, 17⁰ 08’ E 

and 20⁰ 11’S, 17⁰ 26’ E), about 280 km northeast of Windhoek and 64 km east of 

Otjiwarongo (Fig. 2.1) at an elevation of 1650 m above sea level. The sandstone 

plateau rises up to 200 m above the surrounding plain, extending 50 km in length 

and 16 km in width (Schneider, 1993). The park is about 45 000 ha. The top of the 

plateau is made up of solidified dunes, known as aeolianite, which belongs to the 

Etjo formation and forms part of the Karoo sequence (Hegenberger, 1990). The 

sandstone is covered by Kalahari sand from the Kalahari Basin and is brownish to 

light grey and medium grained (Erb, 1993). The soil is dystrophic sandy with 

relatively low clay content (≤ 3.7%) with pH ranging from 3.6 to 6.0 (Erb, 1993; 

Erckie, 2007). The vegetation is classified as “tree savanna and Kalahari woodland” 

(Giess, 1971). The woodland overstorey is mostly dominated by Terminalia sericea 

(Schneider, 1993). Burkea africana, Ochna pulchra and Combretum spp. are also 

common on the plateau (Schneider, 1993). The understorey consists of grass 

species such as Eragrostis pallens, Brachiaria nigropedata, and Digitaria seriata.  

 

The climate is strongly seasonal (Erckie, 2007). Average annual rainfall is 450.2 ± 

75.4 mm (Mukaru, 2009). Rain falls predominantly in summer, of which 90% of this 

summer rain falls between October and March (Erb, 1993). The annual number of 

days with rainfall range between 40 and 50 (Erb, 1993). Potential annual evaporation 

ranges between 2800-3000 mm (Erb, 1993). The daily minimum temperature for 

winter months ranges between 4°C and 5°C but during June, the temperatures can 

go as low as -9°C (sasscal weatherNet, 2015), whereas in summer, the daily 
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minimum temperature ranges between 9°C and 13°C (Erckie, 2007). The daily 

maximum temperature ranges between 31°C to 39.4°C (Erckie, 2007).  

 

Waterberg Plateau Park (WPP) was proclaimed as a national park in 1972. The main 

objective of the park is to breed and maintain populations of rare and endangered 

mammal species (e.g. black & white rhino, buffalo, sable antelope, tsessebe, and 

roan antelope (Schneider, 1993). As part of the management, the park is divided into 

different fire blocks (Fig. 2.1). These fire blocks have different fire history (time since 

last burn ranging from 1 - 25 years and mean fire interval ranging from 6.2 – 18. 5 

years; Thalwitzer et al., 2011). The fire history in the park is fairy known, however, 

there is a knowledge gap on the effects of this fire history on the soil resources. 

 

 

Fig. 2.1: Location of Waterberg Plateau Park in Namibia and WPP map showing the 
fire blocks where the field experiment was conducted. 
Table 2.4 Fire history (time since last burn and mean fire return interval) of different 
fire blocks recorded at Waterberg between 1989 and 2013. 
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Fire block 

 

Time since last burn 

(year) 

 
Mean fire interval  

1 1 6.2 

2 2 9.3 

3 14 9.3 

4 24 18.5 

 

2.3.2 Data collection and soil chemical analyses 

 

In each fire block, six transects were laid out randomly and soil samples (10 cm 

depth x 7.7 cm width) were collected at every 40 m along each 200 m transect using 

a soil auger (n = 5 samples per transect). The transect starting location was selected 

randomly. Some samples were collected under canopies (tree canopy) whereas 

some were collected in open space (inter canopy) based on where 40 m point fell on 

the transect. Surface litter was removed prior to sampling. Soil samples were sealed 

in plastic bags and taken to the Soil Laboratory of the Ministry of Agriculture, Water 

and Forestry, Namibia for chemical analyses. Sampling period was from February to 

April 2014. The study follows space-for-time substitution which assumes that spatial 

and temporal variation is equivalent, hence analyses a temporal trend from a series 

of different aged-sites (Picket, 1989).  

 

(i) Soil texture 

Soil texture was determined using the pippete method Day, 1965). See the appendix 

for full method description.  

 

(ii) Soil Organic Carbon (SOC) 

Soil organic carbon was determined using the colorimetric Walkley-Black method 

(Walkley & Black, 1934). See the appendix for full method description.  

(iii) Available Phosphorus  

Soil available phosphorus was determined using the Olsen method (Olsen et al., 

1954). See the appendix for full method description.  
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(iv)  Total Nitrogen 

Total nitrogen was determined using an elemental analyzer (CHN) (LECO 

Corporation, St. Joseph, Michigan, USA). See the appendix for full method 

description.  

 

(v) Exchangeable cations 

Exchangeable cations (Na, Mg, Ca & K) were determined using Ammonium Acetate 

Solution, 1 M and pH 7. See the appendix for full method description. 

 

2.4 DATA ANALYSIS 

 

Statistical analyses were done in R 2.11.1 (R Development Core Team). Two-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests were 

used to assess whether soil nutrient and SOC differed among fire blocks and 

between vegetation patches types as well as the interaction effects between fire 

blocks and vegetation patch types.  

 

2.5 RESULTS 

 

Mean SOC ranged from 0.32 - 0.39%, whereas mean total N and available P ranged 

from 0.08 - 0.12% and 0.38 - 1.7 ppm respectively. Mean K ranged from 22.8 - 39 

ppm whereas mean Na and Mg ranged from 4 - 30 ppm and 14 - 28 ppm 

respectively. Mean Ca ranged from 43 – 66 ppm. This falls within an expected range 

as that reported by Scholes & Walker (1993) as well as Boys (2015) in similar 

dystrophic sandy soils. 

 

Soil organic carbon content (% by mass) was not significantly different (P > 0.05) 

among fire blocks (Fig. 2.2 A). Additionally, differences were not significant between 

vegetation patch types (P > 0.05) and there was also no significant interaction 

between time since last burn and vegetation patch type (P > 0.05; Fig. 2.2 A). Total 

N content (% by mass) showed a significant difference (P < 0.001) among fire blocks 
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but there were no significant vegetation patch type effects (P > 0.05) or interaction 

effects between since last burn and vegetation patch type (P > 0.05; Fig. 2.2 B). The 

block that burned 14 years ago had high total N (%) relative to other fire blocks (Fig. 

2.2 B). Phosphorus (ppm) showed a significant difference (P < 0.001) among fire 

blocks but there were no significant effects between vegetation patch types (P > 

0.05) or interaction effects between time since last burn and vegetation patch type (P 

> 0.05; Fig. 2.2 C). The fire block that burned 2 years ago had lower P (ppm) relative 

to other fire blocks (Fig. 2.2 C).  

 

Potassium (K) was significantly different among fire blocks (P < 0.001) but there 

were no significant effects between vegetation patch types (P > 0.05) or interaction 

effect between time since last burn and vegetation patch type (P > 0.05; Fig. 2.3 A). 

The fire blocks that burned 1 and 14 years ago had high K relative to those that 

burned 2 and 24 years ago (Fig. 2.3 A). Sodium (Na) was significantly different 

among fire blocks (P < 0.001) but there were no significant effects between 

vegetation patch type (P > 0.05) or interaction effect between time since last burn 

and vegetation patch type (P > 0.05; Fig. 2.3 B). There was a sharp decrease in Na 

with increasing time since last burn (Fig. 2.3 B). Magnesium (Mg) was significantly 

different among fire blocks (P < 0.05). There were significant differences in Mg 

between vegetation patch types (P < 0.05) but no interaction effect between time 

since last burn and vegetation patch type (P > 0.05; Fig. 2.3 C). The fire block that 

burned 1 year ago had high Mg relative to the block that burned 2 years ago and Mg 

was significantly higher under tree canopies relative to inter canopy (Fig. 2.3 C). 

Calcium (Ca) was not significantly different among fire blocks (P > 0.05) but there 

was a significant effect between vegetation patch types (P < 0.05). There was also 

no interaction effect between time since last burn and vegetation patch types (P > 

0.05; Fig. 2.3 D). Ca was significantly higher under tree canopy relative to inter-

canopy. 
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Table 2.5: The soil texture content for different fire blocks. Means with different 

superscript are significantly different at P < 0.05. 

 

Time since last burn 

(year) 

Sand content (%) Clay content 

(%) 

Silt content 

(%) 

1 94.9 ±0.21  3.41 ±0.13 a 1.66 ±0.18 a 

2 94.4 ±0.18 2.95 ±0.17 b 2.66 ±0.21 b 

14 94.7 ±0.39 3.69 ±0.16 a 1.61 ±0.39 a 

24 94.9 ±0.18 3.45 ±0.13 a 1.68 ±0.12 a 

 

 

 

 

 

 

 

 

 

 

 

 

 

FB = F3, 109 = 2.635  
VPT = F1, 109 = 0.268 
FB * VPT = F3, 109 = 0.165 

 

A 
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Fig 2.2: Mean (± SE; N = 6) SOC (%), total N (%) and P (ppm) in fire blocks with 
different time since last burn (1, 2, 14, and 24 y) measured under two vegetation 
patch types (     inter-canopy and      tree canopy). The ANOVA tables show F and df 
values in a two-way ANOVA, where FB is fire block, VPT is vegetation patch type. *P 
< 0.05; **P < 0.01; ***P < 0.001. Means with different superscripts and numbers are 
significantly different at P < 0.05. 

FB = F3, 109 = 13.89*** 
VPT = F1, 109 = 0.282 
FB * VPT = F3, 109 = 0.112 

 

FB = F3, 109 = 12.00***  
VPT = F1, 109 = 0.728 
FB * VPT = F3, 109 = 0.793 

 

C 

B 

1 2 14 24 
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FB = F3, 109 = 9.965*** 
VPT = F1, 109 = 1.993 
FB * VPT = F3, 109 = 0.379 

FB = F3, 109 = 14.94***  
VPT = F1, 109 = 1.080  
FB * VPT = F3, 109 = 1.508 

 

B 

A 
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Fig. 2.3: Mean (± SE; N = 6) cations (K, Na, Mg and Ca; ppm) in fire blocks with 
different time since last burn (1, 2, 14, and 24 yrs) measured under two vegetation 
patch types (      inter-canopy and      tree canopy).  The ANOVA tables show F and 
df values in a two-way ANOVA, where FB is fire block, VPT is vegetation patch type. 
*P < 0.05; **P < 0.01; ***P < 0.001. Means with different superscripts and numbers 
are significantly different at P < 0.05. 
 

C 

D 

FB = F3, 109 = 3.290*  
VPT = F1, 109 = 9.305 ** 
FB * VPT = F3, 109 = 0.602 

 

FB = F3, 109 = 1.272  
VPT = F1, 109 = 6.060* 
FB * VPT = F3, 109 = 0.279 

 



19 

 

2.6 DISCUSSION  

 

The results show that time since last burn ranging from 1 - 24 years and fire interval 

of 6.2 – 18.5 years had limited and inconsistent effect on soil nutrients and SOC 

content. This suggests that soil resources return rapidly to pre-fire conditions. In 

addition, these fires were likely to have not been sufficiently intense to cause long-

term detrimental impacts and impair the recovery of soil resources. A further 

explanation as to why fire had limited effect on soil resources in my study could be 

that fire intensity was low during these fires due to low fuel loads and could not 

cause a detrimental impact on soil nutrients and SOC content. This is the case 

because growing seasons preceding all the fires had low rainfall (2012 = 39.6 mm; 

2013 = 36.3 mm; 1987/88 = 366 mm; (sasscal weatherNet, 2015) and therefore 

likely low fuel load. The results support previous savanna research showing that fire 

rarely causes detrimental effects on soil resources. Results from Kruger National 

Park, a similar dystrophic sandy soils ecosystem to my study site, also showed no 

significant direct fire effects on SOC, but instead suggest that fire affects soil 

nutrients and SOC indirectly by altering vegetation structure, particularly tree cover 

(Coetsee et al., 2010; Holdo et al., 2012; Khavhagali, 2008; Mills & Fey, 2004). 

Although SOC content was not significantly different between vegetation patch types 

(Fig. 2.2 A), my results show that SOC increases under tree canopy (Fig. 2.2 A). 

This may be a function of high litter quality and modification of soil microclimate (e.g. 

moisture and temperature) under tree canopies, which in turn increase organic 

matter decomposition rates (Belsky et al., 1993, Belsky et al., 1989). Total N and P 

(Fig. 2.2 B and C) differed among fire blocks; however the pattern was not 

consistent. Total N was high in 14 years block as total organic C (thus organic 

substances) was also higher in this block. Relevant is the relatively (to C organic) 

low total N in the 1 year block, indicating the short term influence of fire on total N.  

 
The blocks that burned 2 years ago had the lowest available P relative to other fire 

blocks (Fig. 2.2 C). The enlarged P content in the 1 year block due to burning of 

organic matter is plausible. There is a correlation in P to clay, indicating the 

extraction of exchangeable P from clay silicates. My total N and P results did not 

support the well-known phenomenon that nutrients increase under tree canopies 
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(Coetsee et al., 2010; Holdo et al., 2012; Scholes & Walker, 1993). This 

contradictory finding could be due to the fact that most of the soil samples collected 

under tree canopies were collected under Terminalia sericea (which is a dominant 

species in the park) and Combretum spp. which do not fix nitrogen in the soil unlike 

Acacia spp. and other leguminous plants.  

 
Sodium (Fig. 2.3 B), showed a consistent decrease with increasing time since last 

burn. The sharp decrease in Na with increasing time since last burn may be due to 

vegetation utilization by herbivores in recently burned areas relative to the areas that 

burned long ago (14 and 24 years). Uunona (2014) in a study on the impact of fire on 

vegetation utilization by herbivores in the park reported that animals preferred 

recently burned areas relative to those that have not been burned in 14 and 24 

years. This herbivore preference may have deposited Na (in addition to the Na in the 

ash) in the soil through urine and droppings from the salt licks provided in the park. 

 

There was no clear trend for other exchangeable cations K (Fig. 2.3 A), Mg (Fig. 2.3 

C) and Ca (Fig. 2.3 D), however they were high in the recently burned area. Cations 

typically increase after fire because of their presence in the ash as a result of high 

threshold temperature at which these elements volatilize (Satyam & Jayakumar, 

2012), which may have not been reached during the fire. It is likely that these fires 

had low intensities as mentioned earlier. Cations were significantly higher under tree 

canopies relative to inter canopy. This may be due to accumulation of high quality 

litter under tree canopy that leaves a layer of ash on soil surface after fire relative to 

inter canopy. There is some spatial variation between fire block 2, 14 & 24 with 

parallel relations of clay – organic C – N – P – K – Mg. Thus, differences among 

these blocks (and soil properties) are not linked to time since last burn but rather to 

spatial variation. The insignificant interactive effect between time since last burn and 

vegetation patch type on soil nutrients and SOC is also likely to be due to 

insufficiently intense fires and that the fires occurred in WPP were surface fires 

(which are more common in savanna systems) and therefore could not significantly 

interact with tree canopy to have an interactive impact in soil resources. The soil 

nutrients and SOC mean values are within the range of comparable measurements 
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in semi-arid savanna ecosystems of similar dystrophic sandy soils (Boys, 2015; 

Coetsee et al., 2010; Scholes & Walker, 1993). 

 

2.7 CONCLUSIONS 

 

My results suggest that the current fire regime in Waterberg Plateau Park has little 

and inconsistent impact on soil nutrients and SOC content. This suggests that these 

fires were not sufficiently intense and/or not frequent enough to cause detrimental 

impacts and impair soil resources recovery. These results are similar to those found 

previously in Kruger National Park, a similar dystrophic ecosystem (Coetsee et al., 

2010; Holdo et al., 2012; Khavhagali, 2008). Vegetation patch type influenced soil 

resources; with under tree canopy having high soil nutrients and SOC relative to 

inter-canopy in most cases. Although I did not observe a significant interactive effect 

between fire and vegetation patch type, it is important for studies looking at fire 

effects on soil properties to consider the interaction effect between fire and 

vegetation patch type because fire may indirectly influence soil resources by altering 

vegetation structure. Improvement of our understanding of the independent and 

interactive effects of fire and vegetation patch types on soil nutrients and SOC in 

semi-arid woodland savannas where fire is an active agent of nutrient cycling (Holt & 

Coventry, 1990) and an important determinant of tree canopy cover in these 

ecosystems (Holdo et al., 2012) will ultimately aid in understanding of nutrient cycling 

and estimating global C pools. This may be an important step for a better 

comprehension of the dynamics of carbon and soil nutrients in semi-arid ecosystems 

in response to ecosystem disturbances such as fire, to promote land management 

practices that may improve site productivity and terrestrial carbon sequestration 

(Concilio et al., 2006).  
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CHAPTER 3: EFFECTS OF FIRE HISTORY AND VEGETATION PATCH TYPE ON 
SOIL RESPIRATION IN A SEMI-ARID SAVANNA, CENTRAL NAMIBIA 

 
3.1 INTRODUCTION 

 

Soil respiration represents a significant source of CO2 in the biosphere, constituting 

the second largest carbon (C) flux in the global C cycle (Raich & Schlesinger, 1992) 

and it contributes about 20 - 40% of annual C input to the atmosphere (Raich & 

Schlesinger, 1992; Schlesinger & Andrews, 2000). Soil respired CO2 is a function of 

a number of belowground sources including root respiration, decomposition of soil 

organic matter, plant litter and root exudates (sugar, amino acids, vitamins, long 

chain carbohydrates, etc.) by soil micro-organisms (Shibistova et al., 2002). Soil 

respiration can be used as a proxy to understand microbial biomass in an ecosystem 

because it describes the level of microbial activity and therefore reflects the capacity 

of soil to support soil life including vegetation, soil faunas and microorganisms 

(Parkin et al., 1996). Rates of soil respiration may be indirectly influenced by 

disturbances such as fire, through changes in structure and composition of plant 

communities and by modifying the amount of soil organic matter in the top soil 

(Castaldi et al., 2010). However, the effects of fire on this major biogeochemical 

process are poorly understood (Concilio et al., 2003). The effects of fire on soil 

respiration are common in fire-prone ecosystems especially in arid and semi-arid 

savannas where fire is widely used as a land management practice (Trollope, 2007).  

 

Arid and semi-arid savannas cover about one-third of the terrestrial land surface 

(Dregne, 1976) and they are important to global biogeochemical cycles (Lee et al., 

2004). Arid and semi-arid savannas ecosystems account for approximately 20% of 

the soil organic carbon pool (Conant et al., 2000; Lee et al., 2004). Despite the 

significance of arid savannas ecosystems in the global carbon cycle, soil respiration 

in these systems has not received much consideration (Raich & Schlesinger, 1992). 

This key knowledge gap is increasingly critical given the rise in atmospheric CO2 

concentrations which may change biogeochemical cycles and may also increase 

microbial and plant physiological responses; therefore ultimately influencing 

ecosystem structure (de Graaff et al., 2014). Change in biogeochemical cycles and 



23 

 

microbial physiological responses vary among vegetation patch types. For instance, 

under shrub patches are known to strongly influence the physical environment 

around the canopy through its effects on biotic and abiotic processes. This creates 

an “island of fertility” relative to bare ground and under grass patches (Daryanto et 

al., 2013; Throop & Archer, 2008). Long-term climate projection studies suggest that 

with increased temperatures, litter decomposition will increase more than production 

arid savannas ecosystems (Jenkinson et al., 1991; Schimel, 1995; West et al., 1994) 

and this may degrade the ecosystem through organic matter depletion. An improved 

understanding of time since last burn effects on soil respiration and its response to 

time since last burn under different vegetation patch types may help to improve the 

management of savanna ecosystems. 

 

The rate of soil CO2 efflux is determined by a range of environmental factors, 

including temperature, soil moisture and vegetation productivity (Reichstein et al., 

2003). These factors differ among vegetation patch types such as under shrubs, 

under grass and on bare ground (referred to as “vegetation patch types" hereafter). 

This may be due to soil microclimates that are modified by vegetation patch types. 

Microclimates are sensitive to ecosystem disturbances or land management 

practices such as fire, which may positively or negatively influence soil respiration 

under different vegetation patch types (Raich & Schlesinger, 1992; Schlentner & Van 

Cleve, 1985; Singh & Gupta, 1977). For instance, reduction in tree canopy cover by 

fire can affect several factors such as solar radiation, air and soil temperature, soil 

moisture and relative humidity; these abiotic factors can in turn reduce the rate of soil 

CO2 efflux (Chen et al., 1999; Ma et al., 2004; Zheng et al., 2000). Uncertainties on 

how soil respiration responds to time since last burn under different vegetation patch 

types and soil microclimate can hinder our ability to understand the level of microbial 

activity in arid and semi-arid savannas ecosystems.  

 

Determining the effects of time since last burn on soil respiration and how it 

responds under different vegetation patch types is an important step for a better 

comprehension of microbial biomass and carbon dynamics in arid and semi-arid 

savannas ecosystems; to identify and encourage land management practices that 

promote microbial activity and growth, and terrestrial carbon sequestration (Concilio 
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et al., 2006) as atmospheric CO2 concentrations continues to rise. In this study, I 

aimed at determining how soil respiration is affected by (i) fire history (time since last 

burn ranging from 2 - 25 y and mean fire interval ranging from 6.2 – 18.5 y) (ii) 

vegetation patch types (bare ground, under grass and under shrub) and (iii) the 

interaction of fire and vegetation patch types in the field and lab experiments.  

 

3.2 STUDY OBJECTIVES  

 

In order to determine how soil respiration is affected by (i) fire history (time since last 

burn ranging from 2 - 25 y and mean fire interval ranging from 6.2 – 18.5 y) (ii) 

vegetation patch types (bare ground, under grass and under shrub) and (iii) the 

interaction of fire and vegetation patch types, I conducted two experiments, a field 

experiment and a controlled laboratory incubation experiment. In the field 

experiment, soil CO2 efflux was measured in two different sampling periods that 

differed in antecedent precipitation. The experiment was done in four different fire 

blocks (Fire block 1, 2, 3 & 4; Table 3.1). The incubation experiment allowed me to 

measure potential carbon mineralization, to control water content and temperature 

and other environmental conditions that occur under field conditions. For the field 

experiment, I hypothesized that 1) soil respiration would increase with time since last 

burn because of the high root density of woody plant that increases total soil 

respiration as a result of root respiration, the well-established tree canopy (Kramer & 

Kozlowski, 1960) that can modify the microclimate, and the high quality litter layer 

that may enhance microbial activity and 2) soil respiration will be high under shrubs 

and grasses relative to bare ground because of root respiration, high soil C and litter 

influence. For the laboratory incubation experiment I hypothesized that 1) there 

would be high soil CO2 efflux from the incubation experiment relative to the field 

experiment because room temperature and 60% water holding capacity are optimal 

conditions for microbial activities, however the pattern among fire blocks would not 

be different. I tested these hypotheses in the field by measuring CO2 flux under three 

different vegetation patch types (under grass, bare ground, and under shrubs) in four 

fire blocks with different fire history (time since last burn ranging from 2 - 25 years 

and mean fire interval ranging from 6.2 – 18.5 y; Table 3.1). I collected soil cores at 
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each sampling point during field experiment and used these soils for the laboratory 

incubation experiment. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Site description 

 

Refer to chapter 2 (page 10-11) 

 

Table 6.1: Fire history (time since last burn) of different fire blocks recorded at 

Waterberg between 1989 and 2013 

 

 

Fire block 

 

Time since last burn (year) 

 
Mean fire interval 

1 2 6.2 

2 3 9.3 

3 15 9.3 

4 25 18.5 

 

3.3.2 Experimental design and measurement of soil respiration  

 

Soil respiration was measured using the LI-6400XT portable photosynthesis system 

(LICOR Inc., Lincoln, Nebraska, USA) fitted with a 6400-09 soil CO2 flux chamber 

(Fig. 3.2) in February and April 2015. Measurements were done in areas that were 

last burnt 2, 3, 15, and 25 years ago (Table 3.1). Soil CO2 flux measurements were 

done with PVC collars (interior area of 80 cm2) that were inserted 2 – 2.5 cm into the 

soil surface layer to prevent outside air from penetrating in during measurements. 

The collars were carefully inserted into the soil to minimize soil surface disturbance 

and measurements were done 15 minutes after inserting the collars. This was done 

to allow CO2 flux to stabilize because when the collar is inserted, a burst of CO2 may 

be released causing excessively high flux readings when the actual undisturbed flux 

may be small (Li-cor, 1993). In each fire block, eight sampling points were 
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established for measurements, with three collars per point to measure the response 

of soil respiration to time since last burn under different vegetation patch types. 

These three treatments per sampling point represented three different vegetation 

patch types: bare ground (open areas away from shrub canopies and devoid of 

grasses), under grass (underneath grass tufts) and under shrub (beneath shrub 

canopies) (Fig. 3.2). Terminalia sericea was chosen for the shrub vegetation patch 

types because it is the dominant species on the plateau. Sampling point locations 

were selected by generating random numbers based on the length of the fire block 

and the distance from the edge of the block. This was done to ensure that sampling 

points were at least 50 m away from the edge of the block, to avoid an impact that 

may result from the roads that demarcate the blocks. Soil collars were placed within 

5 m of the sampling point and one replicate of each of the three vegetation patch 

types was selected per sampling point. Vegetation patch types that were most 

representative of the vegetation patches surrounding the sampling point were 

selected.  For under shrubs, collars were placed mid-way between the shrub center 

and the dripline and away from sub-canopy grasses. For grasses, collars were 

placed beneath the leaves. For bare ground, collars were placed mid-way in an open 

area. 

 

Before taking respiration measurements, the soil chamber was placed near the soil 

surface to determine ambient soil surface CO2 concentration. The concentration (390 

ppm) was used as the ‘target’ concentration. A chamber drawdown of 10 ppm below 

target concentration was used as the starting point for all respiration measurements, 

then CO2 concentration in the chamber started building up 10 ppm above the target 

concentration as a result of soil respiration, and then final measurements were made 

at 390 ppm CO2 concentrations (Li-cor, 1993).  
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Fig. 3.1: Soil collar being inserted into the soil for a bare ground patch. The collar is 
inserted carefully to minimize soil surface disturbance and it is inserted 15 minutes 
prior to measurements (Photo by H. Throop, 2015). 
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Fig.  3. 2: Measuring soil CO2 flux on bare ground. The soil chamber is placed over 
the collar and measurements complete a 3 cycle without moving or interfering with 
the machine (Photo by H. Throop, 2015). 

 

3.3.3 Soil temperature and soil moisture 

 

Since soil respiration is influenced by soil moisture and temperature, these variables 

were recorded during respiration measurements. Soil temperature was monitored 

simultaneously with soil CO2 efflux with a thermocouple soil temperature probe 

(LICOR 6000-09TC) inserted in the soil to a depth of 10 cm near the soil flux 

chamber. Soil cores (10 cm deep) were extracted from each collar with a soil corer 

(interior diameter: 5 cm) and were sealed in plastic bags for later determination of 

gravimetric soil moisture content and for the lab incubation experiment. Gravimetric 

soil moisture content was determined according to Black (1965). Approximately 100 

g of soil from each soil sample was dried in the oven at 110°C for 48 hours. The 

water mass (or weight) was then calculated as the difference between the weights of 

the wet and oven dry samples. The oven drying process was repeated until there 

was no further mass loss.  
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3.3.4 Laboratory incubation 

 

The soil cores (n = 125 samples) collected within the collars during field experiment 

were incubated for 3 weeks at 60% water holding capacity (WHC) (Linn & Doran, 

1984), under room temperature. I put 75 g of soil in small containers (interior area: 

42.25 cm2, height: 2.5 cm). Large (± 3 mm) litter pieces (e.g. leaves, grass, branches 

and roots) were removed manually, so the incubated samples were roots-free. Soil 

CO2 efflux was measured for 15 days with an infrared gas analyzer (Licor 6400). The 

soil container was placed inside a PVC collar, with a cap covering the bottom part of 

the collar to prevent leakage. The soil chamber was placed over the collar for 

measurements. On the second week of the incubation, there were variations in 

moisture content; some samples had minimal moisture and some were dry, so I re-

wetted them to 60% water holding capacity. To determine how much water to add to 

each sample, I weighed the samples to determine the water content moisture in each 

sample and calculate how much water was needed to make 60% water holding 

capacity.  

 

3.4 DATA ANALYSIS 

 

Statistical analyses for soil respiration were done in R 2.11.1 (R Development Core 

Team). Two-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison tests were used to assess whether soil respiration differed among fire 

blocks and vegetation patch types, as well as the interaction between fire blocks and 

vegetation patch types. The correlation analysis between soil CO2 efflux and soil 

moisture among vegetation patch types were made in STATISTICA 12 (StatSoft, 

Inc). 
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3.5 RESULTS  

3.5.1 Field Experiment  

 

Mean soil respiration was almost 2 times lower (2.7 µmol m-2 s-1) in the recently 

burned block relative to the block burned 25 years ago (4.7 µmol m-2 s-1) in the dry 

period (February, Fig 3.3 A). Among vegetation patch types, mean soil respiration 

ranged from 2.5 (on bare ground) to 5.8 µmol m-2 s-1 (under shrub). In a wet period 

(April, Fig. 3.3 B), mean soil respiration ranged from 6.62 µmol m-2 s-1 in a recently 

burned block to 6.32 µmol m-2 s-1 in the block burned 25 years ago. This falls within 

an expected range as that reported by Veenendaal et al., (2014) in a similar semi-

arid woodland savanna in Botswana. 

 

There was a significant difference in mean soil respiration observed between two 

sampling periods. Greater CO2 efflux (mean = 6.25 ± 0.23 µmol m-2 s-1) was 

observed in April when there was high soil moisture (gravimetric water content mean 

= 3.07 ± 0.12 %) than in February (mean = 3.51 ± 0.10 µmol m-2 s-1) (Fig. 3.3 A) 

when soil moisture was minimal (gravimetric water content mean = 0.47 ± 0.06 %). 

There was a significant difference (P < 0.01) in soil CO2 efflux among fire blocks in 

February (Fig. 3.3 A). A significant difference (P < 0.01) in soil CO2 efflux was 

observed between the fire block that was burned 25 years ago and the recently 

burned (2 years ago) block. However, there was no significant difference (P > 0.05) 

in soil CO2 efflux among fire blocks during April (Fig. 3.3 B). Soil CO2 efflux differed 

among vegetation patch types in both sampling periods (April P < 0.001; February P 

< 0.001), with under shrubs having higher soil CO2 efflux relative to other vegetation 

patch types (Fig. 3.3 A and B). There was a significant interaction between fire block 

and vegetation patch types in February (P < 0.05; Fig. 3.3 A) and in April (P < 0.05; 

Fig. 3.3 B). In February (Fig. 3.3 A), the interaction was inconsistent among fire 

blocks with the 2, 3 and 15 y fire blocks having high soil CO2 efflux under shrub 

whereas in the 25 y fire blocks under grass had high soil CO2 efflux. The interaction 

was consistent among fire blocks in April (Fig. 3.3 B); with under shrub having higher 

soil CO2 efflux, followed by under grass and bare ground had the lowest. 
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Fig. 3.3: Mean (± SE; [Feb: N = 24; April: N = 38]) soil CO2 efflux (µmol m-2 s-1) in fire 
blocks with different time since last burn (2, 3, 15 and 25 yrs) measured under three 
vegetation patch type (bare, grass and shrub) for A) February, during a dry period, 
and B) April, during a wet period. The ANOVA tables show F and df values in a two-
way ANOVA, where FB is fire block, VPT is vegetation patch type. *P < 0.05; **P < 
0.01; ***P < 0.001. Means with different lower-case letters and numbers are 
significantly different at P < 0.05. 
 
 
 

A 

B 

FB = F3, 276 = 14.121***  
VPT = F2, 276 = 14.013 ***  
FB * VPT = F6, 276 = 3.373** 

 

 

FB = F3, 439 = 0.495  
VPT = F2, 439 = 73.029 ***  
FB * VPT = F6, 439 = 2.234 * 

 

       ANOVA Table 
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3.5.2 Laboratory incubation experiment 
 

Mean soil respiration in the lab incubation was almost 70 % (5.85 µmol m-2 s-1; Fig 

3.4 A) more than in the field experiment (3.50 µmol m-2 s-1; Fig 3.3 A) in February 

(the dry period). In April (wet period), no significant difference was observed in mean 

soil respiration between the experiments (incubation: 6.34 µmol m-2 s-1 and field 

experiment: 6.64 µmol m-2 s-1). Among vegetation patch types, mean soil respiration 

in the incubation experiment (5.35 µmol m-2 s-1; Fig 3.4 A) was twice as much on 

bare ground relative to the field experiment (2.5 µmol m-2 s-1; Fig 3.3 A) and slightly 

increased from 5.8 - 6.7 µmol m-2 s-1 under shrubs, in February. In April, mean soil 

respiration in the lab incubation was almost 20 % (4.7 µmol m-2 s-1; Fig 3.4 B) more 

than in the field experiment (5.6 µmol m-2 s-1; Fig 3.3 B) on bare ground and 

decreased by 30 % (7.98 - 6.13 µmol m-2 s-1) under shrubs.  

  

In lab incubations, there was no significant difference (P > 0.05) in soil CO2 efflux 

between the sampling periods (Fig. 3.4). Soil CO2 efflux was not significantly 

different among fire blocks in February (P > 0.05) but was significantly different in 

April (P < 0.01). The blocks that burned 2, 3 and 15 years ago had high soil CO2 

efflux relative to the block burned 25 years ago. There was a significant difference 

(February, P < 0.05; April, P < 0.01) in soil CO2 efflux among vegetation patch types 

during both sampling periods, with under shrub soils generally having higher soil 

CO2 efflux relative to bare ground and under grass (Fig. 3.4). There was a significant 

interaction (P < 0.05) between fire blocks and vegetation patch types in February. In 

February (Fig. 3.4 A), the interaction was inconsistent among fire blocks with the 3 y 

and 25 y fire blocks having high soil CO2 efflux under shrub whereas there was no 

difference in soil CO2 efflux among vegetation patch types in a 2 y and 15 y fire 

blocks. Similarly, the interaction was inconsistent among fire blocks in April (Fig. 3.4 

B). In the 2 y fire block, under grass soils had the lowest soil CO2 efflux whereas in 

the 3 y under soils shrub had the highest soil CO2 efflux. In the 15 y and 25 y all 

vegetation patch types had the same soil CO2 efflux. Moisture content had a 

significant effect (P < 0.01) on soil CO2 efflux among vegetation patch type; however 

there was no strong correlation [bare ground: r2 = 0.071; under grass: r2 = 0.151 & 

under shrub: r2 = 0.062] between soil CO2 efflux and water content among 
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vegetation patch type (Fig. 3.5). The correlation was improved when outliers (   ) 

were removed (bare ground: r2 = 0.230; under grass: r2 = 0.172 & under shrub: r2 = 

0.098).  
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Fig. 3.4: Mean (± SE; N = 75) soil CO2 efflux (µmol m-2 s-1) during laboratory 
incubations from soil samples collected in fire blocks with different time since last 
burn (2, 3, 15, and 25 yrs) under three vegetation patch types (bare    , grass     and 
shrub    )  during two sampling periods for A) February (dry period) and B) April  (wet 
period). The samples were incubated over 3 weeks. The ANOVA tables show F and 
df values in a two-way ANOVA, where FB is fire block and VPT is vegetation patch 
types. *P < 0.05; **P < 0.01; ***P < 0.001. Means with different superscript and 
numbers are significantly different at P < 0.05. 

B 

A FB = F3, 877 = 2.241 
VPT = F2, 877 = 4.976 **  
FB * VPT = F6, 877 = 2.662** 

 

       ANOVA Table 

 

FB = F3, 838 = 8.307***  
VPT = F2, 838 = 1.091  
FB * VPT = F6, 838 = 2.234*   
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P < 0.01, r2 = 0.23 

 

 

P < 0.01, r2 = 0.172 

 

 

A 

B 
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Fig. 3.5: Correlation between soil respiration and water content among vegetation 

patch types (A = bare ground; B = under grass and C = under shrub). 

 

3.6 DISCUSSION 

 

I hypothesized that soil respiration may increase with time since last burn but there 

was no consistent pattern among fire blocks. This may suggests that soil microbes 

return rapidly to pre-fire conditions or that some microbes were not significantly 

affected by time since last burn because microbes like bacteria are generally heat 

tolerant (Vazquez et al., 1993; Widden & Parkinson, 1975; Bissett & Parkinson, 

1980; Bollen, 1969). In addition, these fires were likely to have not been sufficiently 

intense, and therefore lethal temperature for different microbes may not have been 

reached during these fires to cause long-term detrimental impacts and impair their 

recovery. Moreover, site to site spatial variation may have had a stronger controlling 

influence on soil respiration among fire blocks. Although my findings regarding soil 

CO2 efflux reduction in recently burned areas by fire (due to canopy removal) were in 

contrast with other studies (Holt et al., 1990; Sawamoto et al., 2012; Nakane et al., 

1983), a consistent trend was more apparent among vegetation patch types, with 

under shrub soils generally having high soil CO2 efflux relative to other patch types. 

This suggests that fire may indirectly influence soil CO2 efflux by reducing vegetation 

C 
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cover, as Amputu (2016) reported that woody cover increased with time since last 

burn [2 y = 20. 3%; 3 y = 39. 7%; 15 y = 51. 0% and 25 y = 67. 5%] in the same 

area. Change in canopy may have long-term legacy effects on the magnitude and 

pattern of litter inputs, and reduces decomposer communities at the former canopy 

site, hence directly affecting decomposition rates (Throop & Archer, 2007). Soil 

respiration may decrease due to a decline in tree root respiration as a result of tree 

damage or death after fire. Plant top-kills reduce photosynthesis rates which 

ultimately influences tree root respiration (Sawamoto et al., 2012). Without 

specifically quantifying the contribution of root respiration and respiration from 

microbes to total respiration, I cannot be sure of how each component contributed to 

the observed total soil respiration. However, Holt et al., (1990); and Nakane et al., 

(1983) reported that root respiration typically contributes between 40 - 60% to total 

soil respiration. This seems to be evident considering the field and incubation 

experiment results; it suggests that soil respiration observed under shrub in the field 

experiment is largely attributed to root respiration. In contrast to Sawamoto et al., 

(2012) findings that there is higher soil CO2 efflux in an area that has not been 

burned for long due to higher woody plant density, my results do not suggest that 

consistent trend. This could be explained by the fact that I did not separate out 

woody patches as 'old' (existing before fire), regrowth of old trees post fire, or new 

plants establish post-fire. This may cause a lot of inconsistent variance among 

blocks and among woody patches within fire blocks (Throop & Archer, 2008).  

 

Higher soil CO2 efflux was observed in April (wet period) relative to February (dry 

period). This difference may be a function of soil moisture differences observed 

during the sampling periods as indicated by the correlation. Under shrubs had high 

soil CO2 efflux relative to bare ground and under grass, this could be attributed to 

deposition of high-quality litter on the soil surface beneath shrubs, which enhances 

carbon cycling activity, significant growth of woody root biomass, and generally a 

favourable microclimate beneath shrubs (Belsky, 1994; Hibbard et al., 2001; Liu et 

al., 2010; Makhado & Scholes, 2011; McCulley et al., 2004; Schlesinger et al., 1996; 

Zou et al., 2007). Shrubs have a dense lateral root system from the trunk which 

decreases with distance from the trunk. In other words, a gradient exists in root 
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density and root respiration as the distance increases from the trunk (Belsky, 1994; 

Cable et al., 2012; Khavhagali, 2008).  

 

My hypothesis that soil CO2 efflux increases in laboratory incubation experiment 

relative to the field experiment was strongly supported (incubation [mean = 6.10 ± 

0.11 µmol m-2 s-1]; field [mean = 5.17 ± 0.15 µmol m-2 s-1]). Lab incubation results 

suggest that room temperature and 60% water holding capacity are optimal 

conditions for microbial activity. The results are in agreement with other studies 

conducted from other soil types (Zhou et al., 2014; Linn & Doran, 1984). In an 

incubation experiment of tilled and non-tilled clay soils, Linn & Doran (1984) found 

that a soil water content equivalent to 60% of a soil's water holding capacity 

maximises aerobic microbial activity. Zhou et al., (2014) also found microbial activity 

to be at maximum at 60% water holding capacity. The WHC in soil may be a useful 

indicator of the relative potential for aerobic and anaerobic microbial activity in soil 

(Linn & Doran, 1984). High soil CO2 efflux observed from incubation experiments in 

Feb (Fig. 3.4 A) provided a better reflection of the potential carbon mineralization 

(under room temperature and 60% WHC conditions), which did not come out in the 

field experiment (Fig. 3.3 A); nonetheless it showed how much CO2 efflux there is in 

dry versus wet conditions . This then, suggests that lower soil respiration observed in 

the field experiment was not limited by microbial populations and their activities. This 

disparity is rather a function of low moisture content that was observed during field 

sampling. Additionally, environmental factors such as variations in soil-surface 

temperatures, intensity of solar radiation and vegetation structure which were 

present in the field (and not in the incubation experiment) may have contributed to 

this disparity. The different pattern among vegetation patch type between the field 

and incubation experiments (Fig. 3.3 & 3.4) strongly reflects how root respiration 

under grass and shrub contributed to total respiration in the field experiment because 

the soil cores were roots free in the incubation experiment.  

 

Although moisture content had a significant effect on soil CO2 efflux as expected, the 

correlation between the two was rather weak, particularly under shrubs. This is likely 

to be due to the fact that under shrub soil respiration is dependent upon various 

factors such as root density, high litter quality and hence this reduces the 
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proportional dependence of soil respiration on soil moisture under shrub relative to 

other patch types. Additionally, other factors such as light intensity, soil temperature, 

time of the day etc may have influenced soil CO2 efflux other than moisture content, 

hence causing a weak correlation. Outliers that were observed could be a function of 

high root density, animal respiration (especially termite mounds) under sampling 

points.  

 

3.7 CONCLUSIONS 

 

The results suggest that time since last burn ranging from 2 - 25 years and mean fire 

interval of 6.2 – 18.5 years had limited and inconsistent significant direct effect on 

soil respiration, suggesting no significant effect on soil microbial biomass. Soil 

respiration responded to time since last burn differently under different vegetation 

patch types, but it was generally highest under shrubs. This suggests that fire may 

have important indirect effects on soil respiration if it alters vegetation cover. 

Additionally, my results suggest that studies and models emphasizing the rates of 

soil respiration (as a proxy for microbial biomass) and its response to disturbances 

such as fire in arid and semi-arid savannas ecosystems must take vegetation patch 

types into account. This is the case because of heterogeneity in microclimates 

modified among different vegetation patch types, which in turn influences soil 

respiration. Additionally, Buchmann (2000) and Raich & Tufekcioglu (2000) reported 

that there is a difference in the amount of carbon under each vegetation patch type, 

which influences soil respiration. Improvement of our understanding of the effects of 

fire on soil respiration and how it responds in different vegetation patch types in arid 

and semi-arid savanna ecosystems where there are very few measurements of soil 

CO2 efflux (Epule, 2015; Raich & Schlesinger, 1992), will ultimately aid in 

understanding microbial activities in the ecosystem as well as estimating global soil 

respiration. These relationships may be a critical component for a better 

comprehension of microbial biomass and activities as well as carbon dynamics in 

semi-arid savanna ecosystems and will assist in identifying and encouraging land 

management practices that promote soil health system and reflects the soil capacity 

to support soil life.   
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CHAPTER 4: CONCLUSION AND RECOMMENDATIONS 
 

This study sets out to fill a critical gap in our understanding of the effects of fire 

history on soil resources in dystrophic sandy soils. Therefore, the main aim of this 

study was to investigate the effect of time since last burn on soil nutrients, SOC and 

soil respiration in an arid and semi-arid woodland savanna ecosystem, central 

Namibia. I used fire history data of four fire blocks (with time since last burn ranging 

from 1 - 25 years and mean fire interval of 6.2 – 18.5 years) to explore the response 

of soil nutrients, soil organic carbon and soil respiration to time since last burn and 

vegetation patch type, and to explore the interaction between these two variables.  

 

Results in chapter 2 showed that time since last burn had a limited and inconsistent 

effect on soil nutrient and soil organic carbon, supporting results of earlier work in 

semi-arid savanna ecosystems (Coetsee et al., 2010; Holdo et al., 2012; Khavhagali, 

2008). This suggests that soil resources return rapidly to pre-fire conditions. In 

addition, these fires were likely to have not been sufficiently intense due to low fuel 

loads as a result of low rainfall during the growing seasons preceding all the fires; 

therefore could not cause long-term detrimental impacts and impair the recovery of 

soil resources. Additionally, in this study other factors such as soil texture and 

topography may have had a stronger controlling influence on soil nutrients and soil 

organic carbon. Moreover, site to site spatial variation may have had a stronger 

controlling influence on soil nutrients, soil organic carbon and soil respiration among 

fire blocks. Vegetation patch type showed no significant effects on SOC, total N and 

P; however, exchangeable cations (K, Na, Mg and Ca) were significantly higher 

under tree canopies relative to inter-canopy. This is likely to be due to the 

accumulation of high quality litter under tree canopies that leaves a layer of ash on 

the soil surface after fire. No significant interactive effects between fire and 

vegetation patch type on soil nutrients and SOC were observed.  

 

Results in chapter 3 also showed that time since last burn had a limited and 

inconsistent effect on soil respiration. This may suggests that soil microbes return 

rapidly to pre-fire conditions or that some microbes were not significantly affected by 

time since last burn because microbes like bacteria are generally heat tolerant 
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(Vazquez et al., 1993; Widden & Parkinson, 1975; Bissett & Parkinson, 1980; Bollen, 

1969). In addition, these fires were likely to have not been sufficiently intense, and 

therefore lethal temperature for different microbes may not have been reached 

during these fires to cause long-term detrimental impacts and impair their recovery. 

There was a strong effect of vegetation patch type on soil respiration, were soils 

under shrubs generally had higher respiration relative to other vegetation patch 

types. There was also an interactive effect between time since last burn and 

vegetation patch type. This suggests that fire may have important indirect effects on 

soil respiration through its alteration of  vegetation cover. Based on my field and 

incubation results, this study concluded that the higher soil respiration observed 

under shrubs in the field experiment is largely attributed to root respiration, 

suggesting fire did not significantly affect soil microbes.  

 

The current fire regime in the park does not have a significant impact on soil 

nutrients and soil microbes; therefore there should be no concern in using fire, within 

the frequencies experienced (6.2 – 18.5 years) as a tool to improve positive resource 

utilization. This study improves our understanding of the effects of fire on soil 

resources and how these resources respond across different vegetation patch types 

in arid and semi-arid savannas. The results may assist in identifying and promoting 

land management practices that may improve site productivity in the park. 

Additionally, the results can be useful in estimating global soil respiration. This study 

has also shown that investigations of soil nutrients, soil organic carbon and soil 

respiration in response to disturbances such as fire in arid and semi-arid savanna 

ecosystems must take vegetation patch types into account. This is the case because 

each vegetation patch type modifies its microclimate differently, and there is a 

difference in the amount of carbon under each vegetation patch type, which in turn 

may influence soil microbial activities.  

 

This study serves as a baseline for soil resources monitoring in the park. Therefore, 

long-term monitoring of the response of soil resources to fire history in these fire 

blocks need to be considered for better park management practices. The long-term 

monitoring data will not only be restricted to the management of Waterberg Plateau 

Park but could be useful to land managers in other semi-arid savanna ecosystems in 
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the region. Future studies should consider the sampling season, fire intensity and 

topography as factors that may also influence the response of soil resources to fire.  
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APPENDIX  

Appendix1. Chemical analyses methods 

(i) Soil Texture 

 

Soil samples were air dried and passed through a 2 mm sieve. Soil texture was 

determined by the Pipette Method (Particle Size Analysis). Approximately 20.00 g of 

air-dry soil from each sample was weighed into an identical 250 ml polyethylene 

bottles plus the blank. About 20 ml of dispersing agent followed by 100 ml of water 

(de-ionised water) was added. The solution was shaken for two separate 30 minute 

periods at 180 oscillations per minute during the day. The solution was left to stand 

overnight. Three sets of dry aluminium weighing dishes were weighed. One set for 

sand, clay and another for silt. About 80 ml of water was added to the bottles and 

stand bottles were put in a location at constant temperature and that is vibration free. 

The bottles were shaken by hand for 30 seconds, and placed onto the bench, the 

inner lid was carefully remove the inner lid to allow sedimentation to settle. The 

samples were then placed in the aluminium weighing dish and dried in an oven at 

100 oC for about 3 hours. Set of dishes containing the clay and silt samples were 

placed in the oven and weigh when dry to determine the clay and silt content. Sand 

fraction were separated by washing the contents of the bottle onto a 53 µ sieve with 

several portions of tap water. The sand was washed free of silt, clay and dispersing 

solution by playing a fine jet of water over the sieve for about 60 seconds. The 

washed sand was carefully transferred into a weighed aluminium dish and dry at 100 

oC overnight.  

 

(ii) Organic Carbon (SOC) 

 

Soil samples were air dried and passed through a 2 mm sieve. Soil organic carbon 

was determined using the colorimetric Walkley-Black method (Walkley & Black, 

1934). Approximately 1 mg of air-dry soil from each sample was weighed and 

glucose standards of different concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 parts per 

million (ppm)) were prepared. The weighed soil samples and glucose standards 

were then transferred into a 16 x 120 mm test tube with 1 ml of 1N potassium 
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dichromate (K2Cr2O7) solution; 2 ml of concentrated sulfuric acid (H2SO4) was 

gradually added. The solutions were mixed using a vortex mixer set at low speed. 

The samples were heated at 80oC for 60 minutes in an oven. After the samples 

cooled down, 7 ml of de-ionised water was added. The solutions were allowed to 

settle overnight in a refrigerator. The following day, absorbance was measured at 

600 nm, using a UV/VIS spectrophotometer (model 916; GBC Scientific Equipment, 

Melbourne, Australia). A calibration curve was prepared using glucose standards 

concentrations. 

 

(ii)  Available Phosphorus  

 

Soil available phosphorus was determined using the Olsen method (Olsen et al., 

1954). Approximately 5 g of the sieved, air-dried soil from each sample was weighed 

into a 125 ml flask. Standard phosphate solutions of different concentrations (0, 0.4, 

0.8, 1.2, 1.6, 2.0 mg/l) were prepared and subject to the same procedures as sample 

solutions. Roughly 0.3 g of activated charcoal (to increase the surface area of 

adsorption) and 50 ml of extracting solution (sodium bicarbonate) were added to 

each flask and the solutions were shaken for 30 minutes. The solutions were filtered 

through a Whatman #40 filter paper, and 5 ml from each sample was pipetted into a 

25 ml volumetric flask. Each flask was filled to 10 ml with de-ionised water and 1 

drop of p-nitrophenol indicator was added. An amount of 300 µl 4M sulphuric acid 

and 4 ml colour reagent were also added to each flask and the solutions were 

shaken for 30 minutes. De-ionised water was added to each flask to make to volume 

and the absorbance was measured at 882 nm using a UV/VIS spectrophotometer 

(model 916; GBC Scientific Equipment, Melbourne, Australia). A calibration curve 

was prepared using standard phosphate solution concentrations. 

 

(iv)  Total Nitrogen 

 

Total nitrogen was determined using an elemental analyzer (CHN) (LECO 

Corporation, St. Joseph, Michigan, USA). Approximately 1 mg from each soil sample 

was pre-weighed and encapsulated (in foil). The samples were placed in the CHN 
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machine's loader and transferred to the instrument's purge chamber directly above 

the furnace, eliminating the atmospheric gases from the transfer process. The 

samples were then introduced to the primary furnace containing only pure oxygen, 

resulting in a rapid and complete combustion (oxidation) at 950°C. At this stage, 

carbon, hydrogen, and nitrogen present in the sample were oxidized to carbon 

dioxide (CO2), water (H2O) and nitrogen dioxide (NO2) respectively, and are swept 

by the oxygen carrier through a secondary furnace for further oxidation and 

particulate removal. The NO2 is passed through a reduction tube filled with copper to 

reduce the gases to N2 and remove any excess oxygen present from the combustion 

process. The total nitrogen results were given in percent by weight values (LECO, 

2013). 

(v)  Exchangeable cations  

 

The standard solutions used in the cation analysis were prepared as below; and they 

were subject to the same procedures (after preparation) as sample solutions. A 1000 

mg/l stock standard 50 ml of Ca stock, 50 ml of Na, 20 ml of K and 5 ml of Mg were 

pipetted into a 200 ml volumetric flask and de-ionised water was added to make to 

volume. These stock standards were used to prepare working standards; for Ca and 

Mg, the combined stock solution (0-5-10-15-20-25 ml) was pipetted into 250 ml 

volumetric flask. To each flask, 25 ml of NH4OAc 1 M solution and 125 ml 1 % of 

lanthanum solution were added, and de-ionised water was also added to make to 

volume. The standard series were 0-5-10-15-20-25 mg/l Ca and 0- 0.5- 1.0- 1.5- 2.0- 

2.5 mg/l Mg. For Na and K, the combined stock solution (0-5-10-15-20-25 ml) was 

pipetted into 250 ml volumetric flask. To each flask, 25 ml of NH4OAc 1 M solution 

and 125 ml 1 % of lanthanum solution were added, and de-ionised water was also 

added to make to volume. The standard series were 0-5-10-15-20-25 mg/l Na and 0-

2-4-6-8-10 mg/l K. These standards were used to calibrate the spectrometry 

machine.  

 

Approximately 5 g of sieved, air-dry soil from each sample was weighed into 

extraction flasks. A 50 ml ammonium acetate solution was added from a reagent 

dispenser and the solutions were shaken at 180 oscillations per minute for 30 
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minutes. The solutions were allowed to stand for a few minutes and then filtered into 

test tubes. The solutions were stored in the refrigerator overnight. The absorbance 

was read at different wavelengths for different elements [Ca = 315.887, Mg = 

279.079, Na = 589. 592 and K = 766. 490 nm] using an Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES; Thermo Fisher Scientific, Cambridge, 

UK). A calibration curve was prepared using standard solution concentrations.  

 

Appendix 2. GPS coordinates for the beginning and end of transects surveyed for 

soil nutrients and SOC in 2014.  

Treatment Transect Beginning End 

1 1 S 20.34940 E 17.36468 S 20.34931 E 17.36276 

1 2 S 20.34717 E 17.36301 S 20.34722 E 17.36112 

1 3 S 20.33695 E 17.35962 S 20.33693 E 17.35771 

1 4 S 20.32828 E 17.35189 S 20.32824 E 17.35382 

1 5 S 20.32043 E 17.39806 S 20.31859 E 17.39804 

1 6 S 20.34509 E 17.40938 S 20.34506 E 17.41131 

2 1 S 20.29462 E 17.40840 S 20.29278 E 17.40841 

2 2 S 20.29152 E 17.39159 S 20.28969 E 17.39159 

2 3 S 20.29130 E 17.38774 S 20.28947 E 17.38774 

2 4 S20.28523 E 17.353268 S 20.28522 E 17.35077 

2 5 S 20.31055 E 17.35288 S 20.31052 E 17.35098 

2 6 S 20.30417 E 17.35312 S 20.30415 E 17.35119 

14 1 S 20.31953 E 17.34557 S 20.31952 E 17.34748 

14 2 S 20.32588 E 17.33940 S 20.32764 E 17.33596 

14 3 S 20.32657 E 17.32745 S 20.32834 E 17.32745 

14 4 S 20.32821 E 17.31689 S 20.32999 E 17.31689 

14 5 S 20.32523 E 17.31526 S 20.32520 E 17.31332 

14 6 S 20.33197 E 17.33899 S 20.32928 E 17.31330 

24 1 S 20.34939 E 17.35604 S 20.34938 E 17.35758 

24 2 S 20.35646 E 17.35784 S 20.35646 E 17.35974 

24 3 S 20.33073 E 17.34793 S 20.33069 E 17.34984 

24 4 S 20.33423 E 17.31628 S 20.33241 E 17.31626 

24 5 S 20.32704 E 17.34859 S 20.32843 E 17.34854 

24 6 S 20.32930 E 17.31523 S 20.3312   E 17.33904 
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Appendix 3. GPS coordinates for the sites surveyed for soil respiration in February 

2015. 

 

 

 

 

 

Treatment Point Month Longitude Latitude 

2 1 February 20.327951 17.353493 

2 2 February 20.326910 17.352429 

2 3 February 20.327272 17.352465 

2 4 February 20.327156 17.352147 

2 5 February 20.328630 17.352856 

2 6 February 20.326939 17.353386 

2 7 February 20.327177 17.353962 

2 8 February 20.327177 17.353962 

3 1 February 20.325513 17.353132 

3 2 February 20.326076 17.351869 

3 3 February 20.325780 17.351964 

3 4 February 20.325650 17.351777 

3 5 February 20.324834 17.351829 

3 6 February 20.324807 17.352085 

3 7 February 20.325540 17.352959 

3 8 February 20.325656 17.352869 

15 1 February 20.327956 17.350846 

15 2 February 20.327664 17.350846 

15 3 February 20.327636 17.350718 

15 4 February 20.327392 17.350558 

15 5 February 20.329205 17.351580 

15 6 February 20.329135 17.351115 

15 7 February 20.327737 17.349882 

15 8 February 20.327581 17.349599 

25 1 February 20.325853 17.351864 

25 2 February 20.326003 17.350337 

25 3 February 20.325845 17.350536 

25 4 February 20.325974 17.349946 

25 5 February 20.325049 17.350308 

25 6 February 20.324948 17.349901 

25 7 February 20.326187 17.349599 

25 8 February 20.326230 17.349880 
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Appendix 4. GPS coordinates for the sites surveyed for soil respiration in April 2015. 

Treatment Point Month Longitude Latitude 

2 1 April 20.326943 17.352154 

2 2 April 20.327070 17.352344 

2 3 April 20.327561 17.352149 

2 4 April 20.327690 17.352509 

2 5 April 20.327974 17.352692 

2 6 April 20.328129 17.352536 

2 7 April 20.327154 17.353022 

2 8 April 20.327395 17.353324 

2 9 April 20.327326 17.352028 

2 10 April 20.327296 17.352532 

3 1 April 20.325768 17.351835 

3 2 April 20.325558 17.351804 

3 3 April 20.325577 17.351725 

3 4 April 20.325300 17.352138 

3 5 April 20.325192 17.352469 

3 6 April 20.325405 17.352738 

3 7 April 20.325697 17.352205 

3 8 April 20.325787 17.352489 

3 9 April 20.325782 17.352808 

3 10 April 20.325456 17.352944 

15 1 April 20.327165 17.350617 

15 2 April 20.327178 17.350925 

15 3 April 20.327627 17.350627 

15 4 April 20.327389 17.350523 

15 5 April 20.327246 17.350331 

15 6 April 20.327491 17.350200 

15 7 April 20.327262 17.349670 

15 8 April 20.327409 17.349425 

15 9 April 20.327301 17.349976 

15 10 April 20.327638 17.349974 

25 1 April 20.325954 17.350278 

25 2 April 20.326090 17.350246 

25 3 April 20.326152 17.350329 

25 4 April 20.326286 17.350183 

25 5 April 20.326154 17.350101 

25 6 April 20.325957 17.350374 

25 7 April 20.325680 17.350595 

25 8 April 20.325321 17.350332 

25 9 April 20.326224 17.349678 

25 10 April 20.325885 17.349808 
 


